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Abstract

We present here a first-generation model and initial reactivity (with O2 and NO) study for the heme/non-heme diiron active site
chemistry of nitric oxide reductase (NOR), a denitrifying bacterial enzyme which converts nitric oxide to nitrous oxide
(2NO+2e−+2H+�N2O+H2O). This research is also pertinent because of the considerable recent biological, chemical and
industrial interest in NO and nitrogen oxides. The study employs the binucleating ligand 5L, with tetradentate tris(2-pyridyl-
methyl)amine (TMPA) chelate tethered to a tetraarylporphyrin (with three 2,6-difluorophenyl meso substituents). The new,
reduced, diiron(II) compounds [(5L)FeII···FeII�Cl]+ (2) have been synthesized by dithionite reduction of the previously character-
ized m-oxo complex [(5L)FeIII�O�FeIII�Cl]+ (1) and characterized as either a perchlorate (from 2a; lmax 424 (Soret), 544 nm,
tetrahydrofuran (THF)) or tetraarylborate (2b; BArF) anion complexes. NMR spectroscopic studies indicates 2 possesses a
high-spin heme in non- or weakly coordinating solvents (CH2Cl2 or THF), and the evidence suggests that coordination from one
of the pyridyl arms of the TMPA tether is involved. Reaction of 2 with O2 results in the generation of an intermediate which is
relatively stable at −80°C in THF (lmax; 416 (Soret), 538 nm), hypothesized to be a peroxo-bridged heme/non-heme diiron(III)
complex. Warming of this intermediate gives back 1. The reaction course of 2 with nitric oxide depends on the concentration. On
a UV–Vis scale (B10 mM), a low-temperature stable intermediate (from 2a (THF); lmax 414 (Soret), 548 nm) forms, which upon
warming gives the m-oxo complex 1, and presumably produces nitrous oxide. At higher concentrations, gas chromatographic
analysis shows that both N2O and NO2 are produced, while UV–Vis, NMR, infrared and resonance Raman spectroscopic
evidence indicates that a new red metal complex product obtained contains a iron(II)–nitrosyl moiety. This air-sensitive
compound also reverts to 1 upon exposure to O2. Discussion includes reference to nitric oxide reductase (NOR) chemistry, and
suggestions for the mechanism(s) of the observed reactions and product NOx formation. © 2000 Elsevier Science S.A. All rights
reserved.
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1. Introduction

Denitrification, the reduction of nitrate to dinitrogen,
consists of four distinct steps: NO3

−�NO2
−�NO�

N2O�N2 [1,2]. Historically, there has been consider-
able interest in this process due to its importance in the
global nitrogen cycle. More recently, nitrate has been

Abbre6iations: NOR, nitric oxide reductase; CcO, cytochrome c
oxidase; TMPA, tris(2-pyridylmethyl)amine; BArF, tetrakis(3,5-bis-
trifluoromethyl-phenyl)borate; MALDI–TOF–MS, matrix assisted
laser desorption ionisation time of flight mass spectrometry; por,
porphyrin; THF, tetrahydrofuran; GC, gas-chromatography.
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attributed as a pollutant to ground- and surface-water,
NO is detrimental in ozone chemistry, and N2O has
been identified as a major greenhouse gas [1]. These
environmental issues have led to increased attention
and research efforts in the chemistry of these species.

In bacterial denitrification, nitrogen oxides are uti-
lized as terminal electron acceptors in electron trans-
port phosphorylation to harvest energy for metabolic
functions, predominately under anaerobic conditions
[1]. The enzyme responsible for the reduction of NO to
N2O is nitric oxide reductase (NOR). It was the last
enzyme to be identified among the four enzyme systems
involved in bacterial denitrification and is thus some-
what less well characterized [3]. Nevertheless, NOR is
now known to be a membrane-bound cytochrome bc
complex, containing 2 sub-units (NorB and NorC), that
catalyzes the reduction of two NO molecules into N2O
and water. The two electrons required in this process
are donated by cytochrome c [4].

NOR isolated from Paracoccus denitrificans [1,5] was
shown to contain a stoichiometry of one high- and one
low-spin heme b, one low-spin heme c, and one non-
heme iron per enzyme. Structural studies have shown
that the larger of the two sub-units, NorB, contains
binding sites for the two heme bs and the non-heme
iron [1]. From resonance Raman [6], EPR [4,7,8], and
MCD [8] studies, it has been concluded that the active
form of NOR reacting with NO is a reduced dinuclear
iron(II) center and comprises the high-spin heme b and
the non-heme iron. Moreover, NorB exhibits a high
sequence homology to that of sub-unit I of cytochrome
c oxidase (CcO), and the six histidine residues that
ligate heme a, heme a3, and CuB in CcO are conserved
in NorB [1]. From these observations it has been sug-
gested that NOR and CcO are evolutionarily related
enzymes (with CcO evolving from NOR) and that the
non-heme iron in NOR occupies the exact same posi-
tion of CuB in CcO [1]. In addition, NOR from Para-
coccus denitrificans was found to reduce dioxygen [3,9],
and CcO has been long known [10] to reduce NO to
N2O at a much slower rate than NOR [8] (albeit new
evidence suggests that under anaerobic conditions CcO
does not catalyze the reduction of NO [11]), therefore
providing further support to the suggestion of the close
relation between CcO and NOR.

As part of our research program to model the heme-
Cu active site chemistry of CcO, we have been develop-
ing chemistry which employs binucleating ligands
having a heme along with a tethered chelate which can
bind another metal such as copper [12–14]. Initial use
of the ligand 5L (with tetradentate TMPA tethered to a
porphyrin periphery) resulted in our isolation and char-
acterization of the diiron complex [(5L)FeIII�O�
FeIII�Cl](ClO4) (1a) [15]. Recent biophysical studies
[6,8] have led to suggestions that such a m-oxo
heme/non-heme diiron(III) moiety (or perhaps a proto-

nated m-OH− analog) may be present in the NOR
active site resting (oxidized) state, and this may even
represent a reaction turnover intermediate. Thus, com-
plex 1 can be considered a first generation NOR struc-
tural mimic.

Here, we wish to report the synthesis and characteri-
zation of related reduced complexes, [(5L)FeII···
FeII�Cl]+ (2)(as ClO4

− or BArF− salts), which may
thus serve as an NOR active-site mimic for the func-
tionally reactive form poised for nitric oxide binding
and reduction. In developing models to provide insights
into NOR reaction mechanism, the reactivities of this
complex with nitric oxide, as well as dioxygen, will also
be described.

2. Experimental

2.1. Materials and methods

Commercially available reagents and solvents were
used without further purification, unless stated other-
wise. Dichloromethane (CH2Cl2) was distilled from
CaH2 under Ar. Tetrahydrofuran (THF) was distilled
over sodium/benzophenone under Ar. Propionitrile
(C2H5CN) was first distilled over P2O5, then refluxed
and distilled over CaH2. All solvents were deoxy-
genated by bubbling Ar directly through the solution
and followed by two cycles of freeze–pump–thaw.
Deuterated solvents were distilled according to stan-
dard procedures and deoxygenated by at least three
cycles of freeze–pump–thaw. Glassware was flame-
dried under vacuum prior to use. Air-sensitive manipu-
lations were carried out with rigorous exclusion of
dioxygen using standard Schlenk techniques under an
atmosphere of Ar or in a MBraun Labmaster 130
Vacuum/Atmospheres glovebox under nitrogen. Nitric
oxide of research purity was purchased from MG In-
dustries, and purified by passage through two traps
cooled by: 1. acetone/dry ice (−78°C), 2. hexane/liquid
nitrogen (−94°C), and followed by passage through a
P2O5 column. Labeled 15N18O was purchased from
ICON (isotopic purity: 15N — 99.9%, 18O — 99.4%)
and used without further purification.
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Infrared spectra were recorded on a Mattson Galaxy
4030 FT-IR spectrometer. Solution IR spectra were
obtained using a CaF2 windowed cell. NMR spectra
were measured on a Bruker 300 MHz NMR instru-
ment or a Varian NMR instrument at 400 MHz. All
spectra were recorded in airtight 5 mm o.d. screw cap
NMR tubes fitted with septum purchased from
Wilmad, and chemical shifts are reported as d values
downfield from an internal standard of Me4Si (1H), as
d values referenced from solvent peaks, or as d values
referenced to an external standard of a,a,a-trifluoro-
toluene at −63.73 ppm (19F). UV–Vis spectroscopy
was recorded either with a Shimadzu UV160U diode
array spectrophotometer or at low temperature with a
Hewlett–Packard 8452A diode array spectrometer
driven by a Gateway computer with software written
by OLIS, Inc. The spectrometer was equipped with a
variable-temperature Dewar as described elsewhere
[16]. Specially designed cuvettes fitted with Schlenk
joints were used to obtain the UV–Vis spectra. Gas
chromatography was performed on a Hewlett–Packard
5890 series II gas chromatograph using a HP-5 column
(cross-linked 5% Ph Me Silicone, dimension 30 m×
0.53 mm×0.88 mm, 30 ml min−1 flow rate with the
initial temperature at 30°C, and a heating rate of 0.5°C
min−1) and equipped with a thermal conductivity de-
tector. Resonance Raman spectra were obtained as
previously described [6]. Samples were prepared by
dissolving the reduced complex to be studied in THF
in an NMR tube and bubbling them with O2 at
−80°C. Matrix assisted laser desorption ionization
time of flight (MALDI–TOF–MS) mass spectra were
recorded on a Kratos Analytic Kompact MALDI 4
mass spectrometer equipped with a 337 nm nitrogen
laser (20 kV extraction voltage).

2.2. Syntheses and procedures

2.2.1. Synthesis of [(5L)FeIII�O�FeIII�Cl](ClO4) (1a)
This compound was synthesized according to the

literature [15]. A typical procedure is as follows: under
Ar, 450 mg (0.43 mmol) of 5L was dissolved in deoxy-
genated DMF (30 ml) in a 100 ml Schlenk flask, and
the solution was taken to reflux. Then, 1.027 g (8
mmol, 18 equiv.) of FeCl2 was added under Ar and the
reaction mixture was heated at reflux for an additional
2 h, at which time the solution turned a dark reddish
color. Subsequently, the solution was allowed to cool
to room temperature (r.t.) while exposed to air. The
solution at this point had turned to a more intense red.
Once cooled, saturated NaCl (20 ml) solution was
added to the mixture, resulting in the formation of a
brown precipitate. The mixture was placed at −20°C
overnight. The reaction mixture was filtered through a
Celite plug (5 cm) to remove the precipitate, and the
plug was subsequently washed with water until the

washings were colorless. The Celite plug with the
precipitate was dried under vacuum, and then washed
with CH2Cl2 to remove the absorbed material. The
organic layer was dried over Na2SO4 for 1 h, and then
the solid was removed by filtration. The solvent
was removed by rotary evaporation and the product at
this point was believed to be [(5L)FeIII�O�FeIII�Cl](Cl).
This solid was dissolved in CH3CN (30 ml), and com-
bined with a separately prepared solution of CH3CN
(5 ml) containing 0.1 g of NaClO4. (Caution: NaClO4 is
explosive if handled incorrectly, care must be taken
when using this reagent).

The solution was stirred for 1 h, then filtered
through a Celite plug and washed with CH3CN (3×20
ml), and finally the solvent was removed on the rotary
evaporator. This crude product was purified by column
chromatography (1.5 cm×15 cm, neutral alumina)
with methanol in CH2Cl2 gradient (2–5%). The proce-
dure yielded 0.2 g (35% yield from 5L) of pure product.
Rf (alumina, 5% methanol/CH2Cl2)=0.25. UV–Vis
(CH2Cl2), lmax: 413 (Soret), 567 nm. 1H NMR (300
MHz, CDCl3, ppm): 22–20 (br, methylene CH2 and
PY-6H), 15.8 (br, pyrrole-H), 15.21, 12.4 (PY-3H and
PY-5H), 7.6 (phenyl-H).

2.2.2. Synthesis of [(5L)FeIII�O�FeIII�Cl](BArF) (1b)
An identical procedure (as above) was followed in

order to synthesize [(5L)FeIII�O�FeIII�Cl](Cl). At this
point, 350 mg (0.28 mmol) of crude material was
dissolved in a 100 ml round bottom flask with CH3CN
(30 ml). Then 290 mg of NaBArF (0.33 mmol, 1.16
equiv.), prepared as described in the literature [17], was
added to the solution and allowed to stir overnight.
The solution was filtered over Celite to remove insolu-
ble salts and the Celite was washed with CH3CN (2×
10 ml). The organic solvent was removed by rotary
evaporation to yield a purplish solid. This solid was
further purified by column chromatography (neutral
alumina, first with CH2Cl2, then switched to 0.5%
methanol/CH2Cl2 over a gradient). The procedure
yielded 100 mg (7% yield from 5L) of purple solid. Rf

(alumina, 1% MeOH/CH2Cl2)=0.18. UV–Vis spec-
troscopy (CH2Cl2, lmax): 413 nm (Soret), and 567 nm.
IR (Nujol): 1463, 1377, 1354, 1277, 1124, 997 cm−1.
1H NMR (CDCl3, 300 MHz) representative peaks: d

22–20 (br, methylene CH2 and PY-6H), 15.72 (br,
pyrrole-H), 15.14, 12.3 (PY-3H and PY-5H), 11.53
[11]. 19F NMR (CD2Cl2, 400 MHz): d −63.4 (s, sharp,
BArF), −106–9 (m, br, TPP-fluorine), integration
BArF−: TPP-F=4:1.

2.2.3. Synthesis of [(5L)FeII···FeII�Cl]+

[(5L)FeII···FeII�Cl](ClO4) (2a) and [(5L)FeII···FeII�Cl]-
(BArF) (2b) were prepared following the same proce-
dure of reduction with sodium dithionite as described
elsewhere for the synthesis of [(5L)FeII···CuI](BArF)
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[13]. An example is as follows: under Ar, a solution of
[(5L)FeIII�O�FeIII�Cl](ClO4) (1a) (110 mg, 0.08 mmol)
in deoxygenated CH2Cl2 (90 ml) was added to a 1 M
solution of sodium dithionite in deoxygenated water
(40 ml). The two solutions were mixed thoroughly with
Ar bubbling for 30 min, at which time the color of the
organic layer had changed from a dark red–brown to
an intense red. The organic layer was separated from
the aqueous layer, and the solvent was removed in
vacuo to produce a purple–red solid (80 mg, 75%).
UV–Vis spectroscopy of [(5L)FeII···FeII�Cl](ClO4) (2a)
(THF): lmax=424 (Soret) and 544 nm; (C2H5CN):
lmax=422 (Soret) and 532 nm; and [(5L)FeII···FeII�Cl]-
(BArF) (2b) (THF): lmax=424 (Soret) and 549 nm. IR
of 2a (Nujol): 1462, 1261, 1099, 1018, 798 cm−1. Solu-
tion IR of 2b in THF: 1463, 1354, 1279, 1163, 1129
cm−1. 1H NMR of 2a ((300 MHz, THF-d8, ppm):
53–58 (m, pyrrole)).1H NMR of 2b ((300 MHz, THF-
d8, ppm): 57 (m, pyrrole), 28 (s, pyrrole)). 1H NMR of
2b ((300 MHz, CD2Cl2, ppm): 28.7 (s), 28.9 (s), 30.2
(s), 30.6 (s) — all pyrrole). 19F NMR spectroscopy of
[(5L)FeII···FeII�Cl](ClO4) (3) shows two sets of peaks
all belonging to TPP-F: ((400 MHz, THF-d8, ppm): the
first set appears at −108.11 (br, s, integration=1:1
for this set), and −108.76 (br, s). The second set
appears at −112.97 (sh, s, integration=1:2:1 for this
set), −113.39 (sh, s), and −113.80 (sh, s)). 2b ((400
MHz, THF-d8, ppm): −65.3 (s, BArF−), −104
(br, TPP-F), −105 (br, TPP-F), integration
(BArF:TPP-F) is 4:1). MALDI–TOF–MS for both
compounds show a peak at m/z=1186, corresponding
to the species [(5L)FeII···FeII�Cl]+ (M−BArF−)+ and
(M−ClO4

−)+.

2.2.4. Reaction of [(5L)FeII···FeII�Cl]+ (2a and 2b)
with dioxygen, by UV–Vis spectroscopy

Typically, a dilute stock solution (B10 mM) was
made up by dissolving a few crystals of solid in THF
(5 ml) in the glove box. This solution was transferred
to a cuvette assembly, diluted with THF to the concen-
tration desired, and removed from the glove box. The
solution was cooled to −80°C and a UV–Vis spec-
trum recorded. Next, dioxygen was added directly to
the solution through a syringe and the spectrum taken
again. The cuvette was warmed to r.t., and was re-
cooled to −80°C before the UV–Vis spectrum was
again recorded, in order to follow the reaction to
completion.

2.2.5. Reaction of [(5L)FeII···FeII�Cl]+ (2a and 2b)
with dioxygen followed by 1H NMR spectroscopy

For 1H NMR spectroscopy, typically 20 mg of solid
was transferred to an air-free NMR tube and the
solvent added to the sample, all performed in the glove
box. The tube was then sealed with a screw cap
and taken out of the glove box. After the spectrum of

the reduced complex was obtained, the sample was
exposed to oxygen at r.t., either by injecting dioxy-
gen using a syringe through the septum or by unscrew-
ing the cap. The solution was then shaken to allow
complete mixing. The spectrum of the oxidized
complex was taken after an obvious color change
(from an intense red to a reddish brown) had
occurred.

2.2.6. Reaction of [(5L)FeII···FeII�Cl]+ (2a and 2b)
with nitric oxide at low complex concentration

A solution of low complex concentration, i.e. B10
mM, was prepared in the glove box by adding a few
milligrams of compound to 5 ml of THF. Some of this
solution was transferred to an UV–Vis air-free cuvette
assembly. The cuvette was then removed from the box,
cooled to −80°C, and a spectrum recorded. The inert
atmosphere was evacuated from the cuvette headspace
and replaced with purified NO. The cuvette was shaken
periodically under NO for 30 min at −80°C, after
which time the excess NO was removed in vacuo and
the UV–Vis spectrum taken again. The solution was
warmed to r.t. and the UV–Vis spectrum of the solu-
tion was again recorded.

2.2.7. Reaction of [(5L)FeII···FeII�Cl]+ (2a and 2b)
with nitric oxide at higher complex concentration and
isolation of product

In this case, stock solutions employed were ]0.1
mM to allow for GC analysis of the head space of the
flask for gaseous products formed during the reaction.
A typical experiment consisted of dissolving 100 mg of
[(5L)FeII···FeII�Cl](ClO4) (2a) in 400 ml of THF (0.19
mM) in a 500 ml Schlenk flask in the glove box. The
flask was charged with a stirrer and stoppered with a
septum. Once outside, the flask was cooled to −80°C
with stirring. The flask was then evacuated to remove
the inert atmosphere and placed under a purified NO
atmosphere for 30 min with stirring (the head-space of
the flask was monitored by GC throughout the experi-
ment to ensure that N2O or NO2 was not produced by
disproportionation of NO). At this time the excess NO
was removed and the flask warmed to r.t. Gaseous
samples taken from the head-space were then checked
by GC for products. Calibration of the GC instrument
for NO2 and N2O was performed by injecting individ-
ual samples of NO2 and N2O into the GC and their
times of elution, under identical conditions as that of
the experiment, were noted. A UV–Vis spectrum of
the solution was obtained following the GC studies.
Heptane was then added to the solution under Ar, and
a red powder-like solid was precipitated and isolated.
The UV–Vis spectrum of this solid redissolved in THF
was identical to that of the solution from which it was
isolated.
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3. Results and discussion

3.1. Syntheses of heme/non-heme diiron(II) complexes
[(5L)FeII···FeII�Cl](ClO4) (2a) and
[(5L)FeII···FeII�Cl](BArF) (2b)

For modeling the reactivity of the NOR active site
with NO or O2, the synthesis of reduced reactive di-
iron(II) complexes was needed. Our initial attempts to
generate an [(5L)FeII···FeII�X]+ species were carried out
by adding FeIIBr2 to the ‘empty tether’ iron(II) complex
[(5L)FeII]; this latter species has been previously de-
scribed [13]. The idea was that FeIIBr2 can be added
directly to this reduced complex to generate the
[(5L)FeII···FeII�Br]+ species. However, this method did
not work well and only impure products (as judged by
UV–Vis spectroscopy) could be obtained. The insolu-
bility of FeIIBr2 probably also contributed to the
difficulties encountered.

The second and successful approach was to directly
reduce the previously characterized diiron(III) m-oxo
compound [(5L)FeIII�O�FeIII�Cl]+ (1) [15]. The coun-
teranion of the parent complex, i.e. [(5L)FeIII�O�
FeIII�Cl](Cl) (see Section 2), can be substituted through
a simple counterion exchange method, e.g.
[(5L)FeIII�O�FeIII�Cl](Cl) is stirred with NaBArF to
exchange the Cl− counterion for BArF−. The 19F
NMR spectrum of the resulting [(5L)FeIII�O�FeIII�
Cl](BArF) (1b) complex in CD2Cl2 reveals a new peak
at −63.4 ppm (s, sh) in addition to the peaks from
−106 to −109 ppm. These latter resonances have been

previously assigned as tetraphenylporphyrinate ortho
and para fluorine signals, from examination of spectra
of (5L)FeII ‘empty-tether’ complexes [13]; therefore the
new peak was assigned to BArF−. Subsequent reduc-
tion of 1b is carried out using sodium dithionite in a
mixed solvent system, followed by extraction into
dichloromethane; precipitation gives the desired
product, [(5L)FeII···FeII�Cl](BArF) (2b), in high yield.
An analogous procedure was followed in order to gen-
erate [(5L)FeII···FeII�Cl](ClO4) (2a). These reduced
complexes show characteristic (porphyrinate)FeII UV–
Vis spectra [13], e.g. 424 (Soret) and 544 nm in THF for
[(5L)FeII···FeII�Cl](ClO4) (2a).

From 1H NMR spectroscopy, an iron(II) spin-state
solvent dependency is observed for complexes
[(5L)FeII···FeII�Cl]+ (2), Table 1. This is best demon-
strated in the behavior of [(5L)FeII···FeII�Cl](BArF)
(2b). In non-coordinating solvents (i.e. CD2Cl2), the
pyrrole resonances are split into four peaks (28–31
ppm) (Fig. 1), typical of a five-coordinate high spin
Fe(II) in an unsymmetrical tethered tetraarylporphyri-

Table 1
Summary of spectroscopic data

[(5L)FeII···FeII�Cl](ClO4) (2a) [(5L)FeII···FeII�Cl](BArF) (2b)

UV–Vis 424 (Soret), 544 nm a 424 (Soret), 549 nm a

422 (Soret), 532 nm b

1H NMR 53–58 (m, pyrrole) ppm c 28 (s, pyrrole), 57 (m, pyrrole) ppm c

28.7 (s), 28.9 (s), 30.2 (s), 30.6 (s) (all pyrrole),
10.60 (s, py), −10.19 (s, py) ppm d

−108.11 (br, s), −108.76 (br, s), −112.97 (sh, s),19F NMR e −63.5 (s, BArF−), −104 (br, TPP-F),
−113.39 (sh, s), −113.80 (sh, s) (all TPP-F) ppm f −105 (br, TPP-F) ppm f

m/z=1186 (M−ClO4
−)+ m/z=1186 (M−BArF−)+MALDI–TOF–MS

416 (Soret), 538 nm gUV–Vis O2 intermediate 416 (Soret), 538 nm g

420 (Soret), 544 nm h

UV–Vis NO intermediate 414 (Soret), 548 nm g 414 (Soret), 546 nm g

a THF.
b C2H5CN.
c 300 MHz, THF-d8.
d 300 MHz, CD2Cl2.
e Referenced to a,a,a-trifluorotoluene.
f 400 MHz, THF-d8.
g THF, −80°C.
h C2H5CN, −80°C.
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Fig. 1. 1H NMR spectrum (CD2Cl2) of [(5L)FeII···FeII�Cl](BArF) (2b) showing the pyrrole (a) and pyridyl (b) protons.

nate environment [13a]. Additional peaks are observed
at 10.6 ppm and upfield at −10.2 ppm. We attribute
these latter resonances to protons on one of the pyridyl
arms of the tethered TMPA moiety in 5L, since very
similar peaks are observed for (6L/5L)Fe(II) ‘empty-
tether’ complexes [13], where these pyridyl arms are not
metal-coordinated and readily available to act as heme
axial ligands [13]. Que and co-workers [18] have shown
that the pyridyl arms of the (TMPA)FeII moiety un-
dergo facile exchange processes with the solvent in
solution. Thus, we suggest that it is possible for a
pyridyl arm in [(5L)FeII···FeII�Cl](BArF) (2b) to coordi-
nate to the proximate (heme)Fe(II).

For [(5L)FeII···FeII�Cl](BArF) (2b) in moderately co-
ordinating solvents such as THF-d8, the pyrrole reso-
nances are split into two sets of peaks. One set shifts
downfield to 50–60 (m) ppm (similar to
[(5L)FeII···CuI]+ in THF-d8) [13] and the other set
appears at 28.1 as a broad singlet (as for
[(5L)FeII···FeII�Cl](BArF) (2b) in CD2Cl2, but without
splitting). These downfield pyrrole resonances are con-
sistent with a five-coordinate high spin Fe(II), but now
with the presence of a mixture of species, as there is
competition between the pyridyl arm and THF solvent
acting as the fifth axial ligand. There is also a weak
signal at −9.2 (s) ppm, but the corresponding peak
resulting from the coordination of the pyridyl arms to
FeII, at around 11 ppm is absent. For
[(5L)FeII···FeII�Cl](ClO4) (2a) in THF-d8, it appears
that only THF acts as axial ligand, since a high-spin
Fe(II) spectrum is obtained where the pyrrole peaks are
split into multiplets at 53–58 ppm. In the strongly
coordinating solvent pyridine-d5, the pyrrole signals of
[(5L)FeII···FeII�Cl](BArF) (2b) shift to the diamagnetic

region, suggesting a hexacoordinate low spin (porphyri-
nate)FeII(pyridine)2 center is present.

3.2. Reaction of [(5L)FeII···FeII�Cl](ClO4) (2a) and
[(5L)FeII···FeII�Cl](BArF) (2b) with dioxygen

The reactivities of Fe(II)-containing compounds with
dioxygen have been studied extensively [19]. However,
previous studies have concentrated on reactions be-
tween dioxygen with either exclusively heme or non-
heme ferrous compounds only. In addition to nitric
oxide chemistry in modeling the active-site reactivity of
NOR, reactions of dioxygen with [(5L)FeII···FeII�Cl]+

are of interest in understanding the small molecular
reactivity of heme/non-heme diiron centers. Also, NOR
has been shown to reduce dioxygen [3,9], as mentioned
before.

When dioxygen is added directly to [(5L)FeII···
FeII�Cl]+ at r.t. in THF, the various salt complexes
react rapidly and cleanly to form [(5L)FeIII�
O�FeIII�Cl]+, as monitored by UV–Vis spectroscopy.
No intermediate is observed. However, when
[(5L)FeII···FeII�Cl]+ reacts with dioxygen in THF or
C2H5CN at −80°C, a relatively stable (�2–3 h) inter-
mediate can be detected by low-temperature UV–Vis
spectroscopy (see Section 2), Fig. 2. This intermediate
exhibits a spectrum with a Soret band that is blue-
shifted compared to the reduced complex in the same
solvent. The characteristics of the O2-adducts of di-
iron(II) complexes under various conditions are:
([(5L)FeII···FeII�Cl](ClO4) (2a) in THF; 416 (Soret) and
538 nm; C2H5CN, 420 (Soret) and 544 nm;
[(5L)FeII···FeII�Cl](BArF) (2b) in THF, 416 (Soret) and
538 nm, Fig. 2. The shifts are consistent with previous
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observations in the literature [19e] for metallo-por-
phyrin complexes reacting with O2 and converting them
from Fe(II) to Fe(III). The product formed from either
decomposition over time at −80°C, or by warming the
solution to r.t., is identified as [(5L)FeIII�O�FeIII�Cl]+,
by UV–Vis spectroscopy (Fig. 2). 1H NMR spectro-
scopic comparisons of the product isolated by oxygena-
tion of 2 also proves that the product formed from
exposing [(5L)FeII···FeII�Cl]+ (2) to dioxygen is indeed
[(5L)FeIII�O�FeIII�Cl]+ (1). While no direct evidence
is available at this time, we suggest that the intermedi-
ate in this reaction could be an intra-molecularly
formed m-1,2-peroxo diiron(III) complex, [(5L)FeIII�
O�O�FeIII�Cl]+, similar to Fe�O�O�Cu species pro-
posed to form in heme-Cu cytochrome c oxidase mod-
els [21].

There is a possibility that the observed O2-adduct
may just be a simple porphyrin Fe�O2 complex which
can be stable at low temperature [20]. Further studies
(e.g. by 1H NMR spectroscopy) are needed. And, there
are other plausible types of peroxo bound intermediates
that may represent the lmax�416 nm intermediate (Fig.
2) observed in the O2 reaction with [(5L)FeII···FeII�Cl]+

(2). Namely, these are an inter-molecular (non-heme
Fe�O�O�Fe non-heme) species [19a,22], an inter-molec-
ular (heme Fe�O�O�Fe heme) complex [19b,23], a
mononuclear ferric porphyrin peroxo [24] species, or a
complex with an inter-molecular (heme Fe�O�O�Fe
non-heme) interaction. However, a closer look suggests
that the first three possibilities may be ruled out simply
on the basis of their respective reported UV–Vis spec-
tra. Dimeric non-heme Fe(III) peroxo, dimeric heme
Fe(III) peroxo, and monomeric ferric peroxo complexes
generally exhibit very different UV–Vis spectra than
the intermediate detected in this work [22–24]. Also,

previous work has shown that ((TMPA)Fe�
O�O�Fe(TMPA)) was not detected even at −80°C
[18]. Furthermore, if a dimeric heme–heme Fe(III)2

peroxo complex is the intermediate, the autoxidation
[23a] of this complex would instead probably lead to
the bis-porphyrinate m-oxo tetranuclear species
[Cl�Fe···(5L)FeIII�O�FeIII(5L)···Fe�Cl]n+ as the final
product; this should exhibit bands at around 399
(Soret) and 560 nm in its UV–Vis spectroscopy [25,26].
Lastly, this intermediate lacks the stability that is ob-
served in monomeric ferric peroxo complexes [24]. In-
ter-molecular (heme Fe�O�O�Fe non-heme) binding
cannot be ruled out, but seems unlikely as both steric
considerations and low complex concentration used
would make an intra-molecular interaction more favor-
able. Thus, we suggest that the reaction which occurs
here is:

[(5L)FeII···FeII�Cl]+ (2)+O2

� [(5L)FeIII�O�O�FeIII�Cl]+

� [(5L)FeIII�O�FeIII�Cl]+ (1)+1
2O2 (1)

Mechanisms by which m-peroxo diiron(III) complexes
can thermally decompose to m-oxo diiron(III) com-
pounds have been described for heme complexes [27],
and more recently for non-heme diiron species
[19a,22c,28]. A number of mechanisms are observed or
postulated.

3.3. Reactions of [(5L)FeII···FeII�Cl](ClO4) (2a) and
[(5L)FeII···FeII�Cl](BArF) (2b) with nitric oxide at low
and high complex concentrations

There is considerable literature on the binding of
nitric oxide to (heme)Fe(II)/(III) complexes, synthesized
through various routes [29–32], and an NO bound
non-heme Fe(II) complex has also been isolated and
characterized [33]. However, there still lacks an accu-
rate structural and functional model for NOR. Re-
cently, a triiron(II) complex that contains both heme
and non-heme metal centers [34] has been synthesized,
but [(5L)FeII···FeII�Cl]+ (2) probably depicts a more
precise active site model for the reduced NOR active
site.

UV–Vis spectroscopic monitoring of the reaction of
[(5L)FeII···FeII�Cl]+ (2) at low complex concentration
(i.e. B10 mM) with NO at −80°C in THF shows that
there is the formation of an intermediate (see Table 1
and Fig. 3) which is stable at low temperature. Interest-
ingly, the lmax of the band observed complies more
closely with a [(heme)FeII�(NO)2] and other hexa-coor-
dinated (heme)Fe(II) complex than a penta-coordinated
(heme)Fe(II) complexes [30,31]. UV–Vis spectral prop-
erties of the non-heme iron center within the observed
species cannot be ascertained, as extinction coefficient
due to this chromophore would be much lower than the

Fig. 2. Low temperature UV–Vis spectra (−80°C, THF) following
the reactions of [(5L)FeII···FeII�Cl](BArF) (2b) (lmax=424, 549 nm)
with O2 to form an intermediate (lmax=416, 538 nm), and final
m-oxo product [(5L)FeII�O�FeII�Cl](BArF) (1b) (lmax=412, 567 nm).
See text for further details.
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Fig. 3. Low temperature UV–Vis spectra (−80°C, THF) following
the reactions of [(5L)FeII···FeII�Cl](BArF) (2b) (lmax=424, 549 nm)
with NO to form an intermediate (lmax=414, 546 nm). See text for
further details.

for the presence of a penta-coordinated [(heme)-
FeII�NO] structure. In THF, the FT-IR spectrum ex-
hibits a peak at 1660 cm−1, which conforms to obser-
vations for other (porphyrinate)Fe(II) compounds
containing a bent, terminal NO moiety [29,32b,36].
Resonance Raman spectroscopy data obtained on the
final product (from reaction of NO with [(5L)FeII···
FeII�Cl](BArF) (2b)) are also consistent with a pentaco-
ordinated ferrous–NO complex. The Fe�N and N�O
stretches observed at 521 (D(15N18O)= −11 cm−1) and
1657 cm−1, respectively, are very similar to other five-
coordinate low-spin ferrous heme nitrosyl complexes
such as (tetraphenylporphyrinate)iron(II)–NO in THF
[37].

One final observation about the red product of NO
reaction with [(5L)FeII···FeII�Cl]+ (2) is that this com-
pound is air-sensitive. In THF solvent, exposure to O2

readily converts it to [(5L)FeIII�O�FeIII�Cl]+ (1), as
monitored by UV–Vis spectroscopy. Mechanistic stud-
ies have not been carried out, but this reaction may
proceed by dioxygen displacement of bound NO, fol-
lowed by oxidation of the iron centers to the highly
stable m-oxo product 1. Another possibility is that O2

oxidation of the heme-NO produces nitrite or nitrate,
which is followed by oxygen transfer [38].

3.4. Possible mechanism of obser6ed reactions

Future studies will be required to probe the reaction
between [(5L)FeII···FeII�Cl]+ (2) and nitric oxide in
order to understand the mechanism for the production
of N2O and NO2, seemingly a disproportionation of
NO. Such metal complex mediated disproportionation
reactions are known, although they usually result in the
trapping of the NO2 fragment in a metal-coordinated
nitrite (NO2

−) complex [39]. Nitrous oxide production
from reaction of iron compounds with NO is not
uncommon; reduced myoglobin [40] and the non-heme
ribonucleotide reductase [41] proteins have both been

heme iron center [33]. Upon warming the solution of 2
which has been exposed to NO to r.t., the observed
intermediate converts to the m-oxo complex
[(5L)FeIII�O�FeIII�Cl]+ (1), as judged by the UV–Vis
changes.

Reactions of this type have been observed in Cu(I)
compounds [35], in which oxo-bridged dicopper(II)
complexes have formed from Cu(I) compounds reacting
with NO. The concomitant generation of nitrous oxide,
N2O, was observed. In the case of reaction of
[(5L)FeII···FeII�Cl]+ with NO, it is possible that the
reaction may proceed in a similar fashion:

[(5L)FeII···FeII�Cl]+ (2)+2NO

� [(5L)FeIII�O�FeIII�Cl]+ (1)+N2O (2)

However, at the concentrations used for these spectro-
scopic observations, we found it too difficult to utilize
gas chromatography (GC) to analyze to see if any
gaseous products (i.e. N2O) are formed.

At higher complex concentrations (i.e. ]0.1 mM),
where the concentration of any gaseous product is
enough to be readily detected by GC analysis, reaction
of [(5L)FeII···FeII�Cl]+ (2) with NO produced both N2O
and NO2, as detected by GC analysis of the head-space
gases produced. The major metal complex product is a
red solid, which shows a UV–Vis spectrum (when
redissolved in THF) which is identical to that observed
in the warmed reaction solution, showing bands at 412
(Soret) and 545 nm. The 1H NMR spectrum (300 MHz,
THF-d8) of this product has pyrrole peaks (64.6 (s, br),
58.5 (s, br), 53.6 (s) and 50.7 (s) ppm) which are
indicative of a high spin (heme)Fe(II) species [13]. The
peaks from the non-heme protons ((300 MHz, THF-
d8): 145.3 (s), 64.7 (s), 46.6 (s), 45.5 (s), and 22.5 (s))
suggest that the non-heme Fe(II) is also high spin [18].
Solution FT-IR (Fig. 4) spectroscopy provides support

Fig. 4. FT-IR spectra of [(5L)FeII···FeII�Cl](BArF) (2b) and the
reaction product with NO, suggesting the formation of a
(heme)ferrous–NO complex (nN�O 1660 cm−1).
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demonstrated to react with NO to form N2O. The
evolutionary related enzyme CcO has also been shown
to reduce NO to N2O [10]. Different mechanisms have
been proposed for the formation of N2O by NOR in
bacterial denitrification [1,2,6]. We suggest that the
mechanism for the reduction of NO to N2O in the
present chemical system involves the reaction of NO
with the two coordinatively unsaturated iron(II) centers
in 2, followed by coupling of two metal bound nitro-
syls, thus allowing for N�N bond formation. The reac-
tion is postulated to follow a 2-electron reduction
reaction, with a driving force for reaction provided by
m-oxo formation in 1:

[(5L)FeII···FeII�Cl]+ (2)+2NO

� [(5L)FeII�NO···ON�FeII�Cl]+

� [(5L)FeIII�O�FeIII�Cl]+ (1)+N2O (3)

However, N2O could not be observed as the reaction
product, because of the low concentrations used to
observe the stoichiometric reaction; further studies are
required.

As mentioned, the generation of NO2 from reaction
with nitric oxide has not been as common as N2O in
biological and model systems. A literature example is
the reaction of oxidized CcO (under aerobic conditions)
with NO [10]. There are, however, many Fe�heme
systems [30,32] that undergo oxidative reactions of NO
to give NO2

−. In the present system, NO may react
with the m-oxo complex [(5L)FeIII�O�FeIII�Cl]+ (1)
(formed via Eq. (3)), giving a heme iron(III)–nitrite

species, which then releases NO2(g), thereby reforming
2:

[(5L)FeIII�O�FeIII�Cl]+ (1)+NO

� [(5L)FeIII(NO2
−)···FeII�Cl]+

� [(5L)FeII···FeII�Cl]+ (2)+NO2 (4)

The product reduced complex [(5L)FeII···FeII�Cl]+ (2)
can then react with any NO that is present and the
reaction cycle can continue, Fig. 5.

We note that a [(heme)Fe(III)]2O complex is known
to react with NO to form [(hemeFeIII(NO2)(NO)] [32].
We also have separately determined that tetrakis(2,6-
difluorophenyl)-porphyrinate-iron(II) [42] is able to dis-
proportionate NO; GC analysis of reaction of with NO
(under conditions of concentration identical to those
carried out for 2) shows that both N2O and NO2 are
produced. This observation thus makes it less clear as
to what role is played by the non-heme iron center in 1
and 2, for these NOx reactions. Also, the reaction
scheme given in Fig. 5 implies that a catalytic cycle
exists. Further experiments are needed to quantitate the
relative and total amount of N2O and NO2 that are
produced in the reaction of 2 with NO, but the observa-
tions discussed make it clear that the cycle (and cataly-
sis) may not occur at low concentrations (where only
the m-oxo complex [(5L)FeIII�O�FeIII�Cl]+ (1) is
formed, vide supra), and/or breaking of the cycle oc-
curs as the red solid (i.e. iron nitrosyl complex) is
produced. We note that relative NO concentrations are
known to affect the reactivity of NOR and CcO

Fig. 5. Scheme involving NO reactions of [(5L)FeII�O�FeII�Cl]+ (1) and [(5L)FeII···FeII�Cl]+ (2). See text for further details.
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Fig. 6. Summary of the chemical interconversions of [(5L)FeII�O�FeII�Cl]+ (1) and [(5L)FeII···FeII�Cl]+ (2), including reactions with O2 and NO.

[2,10b,36b], and there are many situations [43] where
relative reagent concentrations strongly influence the
mechanism or course of reaction.

4. Conclusions and summary

Novel, highly reactive heme/non-heme diiron(II)
compounds, [(5L)FeII···FeII�Cl]+ (2), have been synthe-
sized by reduction of the previously characterized m-oxo
complex [(5L)FeIII�O�FeIII�Cl]+ (1) and characterized
as either a perchlorate (2a) or tetraarylborate (BArF;
2b) anion complexes. These species may prove to be
useful in the functional modeling of NOR with its
heme/non-heme diiron active site center. Complex 2
exhibits interesting properties, in which the spin state of
the heme-Fe(II) can change according to solvent. In a
non-coordinating solvent, a pyridyl arm from the tether
(bound to the non-heme iron) can coordinate to the
heme center. This is not observed in the Fe/Cu analog
system [13a].

The interconversion chemistry of 1 and 2, involving
reactions of 2 with dioxygen or nitric oxide, is summa-
rized in Fig. 6. [(5L)FeII···FeII�Cl]+ (2) readily reacts
with dioxygen, and an intermediate that is postulated to
be a peroxo-diiron(III) complex, can be observed at
−80°C. Upon warming, the intermediate proceeds to
form the m-oxo complex [(5L)FeIII�O�FeIII�Cl]+ (1).
The reduced complex also reacts at low concentration
with NO to form [(5L)FeIII�O�FeIII�Cl]+ (1), pre-
sumably giving off N2O. Further studies are required.
However, when the NO and complex reagent concen-
trations are increased, a reaction proceeds which gener-
ates both N2O and NO2. The metal complex product
isolated exhibits properties of a penta-coordinated NO
bound heme-Fe(II) complex, based on data collected

from UV–Vis, 1H NMR, IR, and resonance Raman
spectroscopies.

Thus, [(5L)FeII···FeII�Cl]+ (2) serves as a first genera-
tion model for the reduced heme/non-heme diiron(II)
NOR active site, with its demonstrated interesting reac-
tivities with O2 and NO. To better understand the
intricacies of the chemistry involved, the mechanism of
both NO and O2 reactions, the nature of the intermedi-
ates, the effects of concentration of the reactants and
the identity of the isolated complex are under further
investigation. Future studies will also involve genera-
tion and study of analogs or derivatives of 1 and 2.

Acknowledgements

We appreciate the financial support from the Na-
tional Institutes of Health (K.D.K., GM28962; R.J.C.,
GM54882; P.M.-L., GM34468 to Professor Thomas M.
Loehr, Oregon Graduate Institute).

References

[1] W.G. Zumft, Microbiol. Mol. Biol. Rev. 61 (1997) 533 and Refs.
therein.

[2] B.A. Averill, Chem. Rev. 96 (1996) 2951.
[3] N. Sakurai, T. Sakurai, Biochemistry 36 (1997) 13 809.
[4] J. Hendriks, A. Warne, U. Gohlke, T. Haltia, C. Ludovici, M.
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