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bstract

Porous layered solids can be prepared by the vacuum sublimation of the ferrous porphyrin complexes Fe(Por) onto a CaF2 or KBr substrate in a
ryostat. The facile reactions of these heme models with volatile reactants can be studied in detail using FTIR and optical spectroscopy. The power
f this technique draws from the ability to investigate such processes under carefully controlled and tunable conditions, especially temperature.

urthermore, the solvent-free medium gives relatively sharp bands in the FTIR spectra that, combined with isotopic labeling experiments, provide
tructural information regarding otherwise elusive intermediates and insight into key mechanistic steps. Reviewed here are investigations of the

O2 to 1
eactions between various Fe(Por) and the nitrogen oxides NO and N

e(Por)(�2-O2NO). Also described are subsequent transformations of thes
odels provide fundamental information relevant to the reactions of heme p
2007 Elsevier B.V. All rights reserved.
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involving NO and other NOx species, such as nitrogen dioxide,
nitrite ion (NO2

−) and nitrate ion (NO3
−). For example, NO2,

formed under conditions of oxidative stress [11,12], as well as
being the product of NO autoxidation in a hydrophobic envi-

Fig. 1. This figure illustrates the high-resolution FTIR spectra that can be
obtained for the various simple heme models in sublimed layers and the differ-
ences that are observed when a system is allowed to react with various reagents.
The top spectrum (a) is that of a thin layer of Fe(TPP) obtained by sublima-
tion onto low-temperature (77 K) substrate then heated to 293 K. The middle
spectrum (b) is the product after the above amorphous layer reacts with excess
T.S. Kurtikyan, P.C. Ford / Coordination

. Introduction

.1. The technique and what it does

Iron porphyrinato complexes are models for the heme
roteins that perform numerous important functions in living
ystems. In many cases these proteins function by forming
omplexes via coordination of various ligands at the metal
enter followed by reactions at that site. In order to elucidate
uch processes it is crucial to have physical methods to probe
ffectively the nature of the intermediates formed. Vibrational
pectroscopy is one such tool, and Raman and resonance
aman spectroscopy in particular have provided valuable

nformation regarding the reactions of heme models and
roteins. In contrast, infrared spectroscopic techniques, which
re complementary, are often limited by solvent interference
nd other absorbances that mask key frequencies. Described
ere is a methodology that allows one to explore the reactions
f simple heme model systems with volatile reagents such as
itric oxide (nitrogen monoxide), nitrogen dioxide and Lewis
ases, added in specific sequences, and studied at tunable and
arefully controlled temperatures in a solvent-free environment.
hese observations provide valuable insight into the nature of
etal porphyrinato complexes relevant to the bioregulatory and

ther physiological roles of the nitrogen oxides.
The method involves preparation of amorphous, microporous

ayers of metallo porphyrinato complexes M(Por) (M = Fe(II),
n(II) or other M(II); Por = meso-tetraarylporphyrinato dian-

on) by sublimation onto a substrate cooled by liquid nitrogen
1]. The Fe(II) porphyrinates are very oxygen sensitive, so
he less sensitive Fe(Por)(L)2 complexes with L = pyridine or
iperidine are used as parent compounds. The low temperature
ublimate is prepared [2–4] by placing Fe(Por)(L)2 in a Knudsen
ell and heating to ∼470 K under vacuum (P = 3 × 10−5 Torr)
o eliminate the axial ligands. Liquid nitrogen is then poured
nto the cryostat, and the Knudsen cell is heated to 500–550 K
t which temperature sublimation of Fe(Por) onto the KBr or
aF2 substrate occurs. The M(Por) layers obtained by sub-

imation onto a 77 K surface are sponge-like [5] with high
icroporosity that allows unimpeded diffusion of volatile lig-

nds into the bulk of layer. Adducts formed in this manner
isplay well-resolved FTIR spectra without solvent interference
Fig. 1, Por = TPP = meso-tetraphenylporphyrinato dianion).
igands can be introduced into the cryostat at different layer

emperatures, and FTIR and optical spectra of the samples can
e measured over a range of specified, thermocouple-controlled
emperatures (77–400 K). Notably, the use of a high vacuum
echnique for the introduction of various reactants significantly
educes the likelihood of introducing unintended impurities.

Examining the FTIR and optical spectra of the complexes pre-
ared in this manner allows one to identify the species initially
ormed and to characterize subsequent transformations. For
eactions with the nitrogen oxides, the use of isotopically labeled

itric oxide and nitrogen dioxide helps to confirm assignments.
he earlier, detailed analysis of five- and six-coordinate Fe(TPP)
omplexes by Nakamoto and coworkers [7] showed that the IR
pectra displays several bands indicative of the spin and oxi-

N
1
s
s
b
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ation states. During subsequent studies, we have demonstrated
hat similar effects are seen for other meso-tetraarylporphyrinato
omplexes. In this review we have collected data obtained by the
ublimed layers methodology and discuss these in the context of
he interactions between nitrogen oxides and ferrous and ferric
eme models.

.2. Why study heme reactions with the nitrogen oxides?

Nitric oxide has several well-established roles in mammalian
iology closely tied to its interactions with metalloproteins,
specially heme proteins [8]. A key example is the vasodilation
riggered by the interaction of NO with the ferroheme center of
oluble-guanylyl cyclase. Numerous heme proteins have known
r proposed roles in the physiology and pathology of the nitrogen
xides. These include guanylyl cyclase, the nitric oxide syn-
hases, hemoglobin and myoglobin among others [9,10]. In this
ontext, there is a continuing interest in the biological pathways
O. The �(NO) band of the Fe(II) coordinated nitrosyl is clearly evident at
677 cm−1. The bottom spectrum (c) shows that annealing by heating the sub-
trate to 353 K for 2 h then cooling to 293 K gives a more crystalline layered
tructure of the porphyrinato complex and that this leads to a shift in the �(NO)
and to 1697 cm−1 (with permission from Ref. [6]).
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onment [13,14], is a strong oxidant and nitrating species that
nitiates destructive pathways in living systems [15–17]. In con-
rast, NO2

− is ubiquitous in mammalian tissues and fluids [18]
nd is the largest reservoir of accessible NO equivalents in the
ardiovascular system [19].

In mammalian systems, NO3
− is generally considered a rel-

tively unreactive end-product of nitrogen metabolism that is
xcreted [20]. However, there are several issues involving human
ealth including infantile methemoglobinemia (attributed to
xcessive dietary nitrate reduced by intestinal bacteria) [20] and
he bacterial reduction in saliva of nitrate to nitrite that is then
ngested [21] that have drawn attention. In addition, as will be
iscussed below, nitrate can be activated by heme models to pro-
uce other highly reactive NOx species [22], and such processes
ave potential relevance to the chemical biology of the nitro-
en oxides. Combinations of redox active metal complexes and
itrogen oxides have also proved to be effective mediators in
chemes for catalytic oxidations of various substrates [23–25].

Despite substantial progress in understanding the biological
unctions of various nitrogen oxides, the details of redox pro-
esses taking place in the active center of heme proteins with
articipation of NOx species need further elucidation. Specifi-
ally, there is continuing incentive to elucidate the fundamental
hemistry of the nitrogen oxides related to their interactions with
eme models.

. Interaction of nitric oxide with sublimed layers of
etalloporphyrins

The reactions of NO with the simple ferrous heme mod-
ls Fe(Por) have been studied in several laboratories. For
xample, Yoshimura [26] described the final product of the
enzene, dichloromethane and chloroform solution reactions
f Fe(TPP)(NO) with NO as the nitro nitrosyl complex
e(TPP)(NO2)(NO), and others have confirmed this observation
27,28]. One potential pathway leading to such a product would
e a metal promoted NO disproportionation, given that a simi-
ar reaction has been demonstrated for homologous ruthenium
omplexes Ru(Por)(CO) exposed to excess NO. In the latter case,
he products were the nitrito-nitrosyl Ru(Por)(ONO)(NO) plus
itrous oxide N2O [29–32]. However, Lorkovic and cowork-
rs found that, for the Fe(Por) system (Por = TPP or TmTP,
eso-tetra-m-tolylporphyrinato dianion), the only product in

arefully deaerated, room temperature toluene solutions under
xcess, carefully purified, NO [33], is the mononitrosyl adduct
e(Por)(NO) and that disproportionation was at best a very
inor pathway [34]. Moreover, at low temperature, a second

itrosyl adds reversibly (Eq. (1)) to give the dinitrosyl complexes
e(Por)(NO)2 (K1 = 3100 at 179 K, �H = −6.7 kcal mol−1) as
bserved by FTIR and NMR spectroscopy [35] and evaluated
y DFT computations [36,37]. However, when trace quantities
f air were introduced, rapid formation of the nitro nitrosyl com-

lex was observed. Thus, contamination by air or other NOx was
oncluded to be the source of the nitro nitrosyl complexes [36]:

e(Por)(NO) + NO
K1�Fe(Por)(NO)2 (1)

p

i

Scheme 1.

This system was reexamined by using the sublimed layer
echnique to probe intermediates in the reaction of NO
ith sublimed layers of Fe(TPP) [6]. Addition of NO to
e(TPP) at room temperature gave the mononitrosyl complex
e(TPP)(NO) with a �(NO) of 1677 cm−1 (1646 cm−1 for
5NO) in the sublimed amorphous layer (see Fig. 1b), and no
urther reaction was seen by the FTIR or optical absorbance
easurements under these conditions. However, when the

emperature was lowered to 170 K with excess NO present,
he dinitrosyl complex Fe(TPP)(NO)2 with �(NO) band at
684 cm−1 (with an intensity about twice that of Fe(TPP)(NO))
as formed reversibly. No further transformations were seen

ccording to FTIR measurements [6]. These observations are
n agreement with the earlier solution phase study [34] as was
he result that introducing trace O2 to the sublimed layer led to
ormation of Fe(Por)(NO2)(NO) (Scheme 1).

The NO stretching frequencies �(NO) for various complexes
re summarized in a table appearing later in this review.

In contrast to the behavior of Fe(Por), the NO-
isproportionation reaction was facile in porous layers with
he ruthenium(II) analog Ru(TPP), resulting directly in for-

ation of Ru(TPP)(NO)(�1-ONO) (Eq. (2)) [6]. The much
reater propensity to favor disproportionation in this case can
e attributed to the lower stability (relative to iron analogs)
f the Ru(II) nitrosyl complex Ru(Por)(NO) and the greater
endency to form the dinitrosyls Ru(Por)(NO)2 at ambient
emperatures. Notably, the manganese(II) analogs Mn(Por)
Por = TPP, perdeuterio-tetraphenylporphyrinato dianion (TPP-
20) or tetramesitylporphyrinato dianion (TMP)) also show a
igh propensity toward NO disproportionation [38]. The NO
nteraction with sublimed layers of Mn(Por) resulted eventu-
lly in formation of Mn(Por)(�1-ONO) and evolution of nitrous
xide N2O. At low temperatures, the nitrito-nitrosyl complex
n(Por)(�1-ONO)(NO) was spectroscopically characterized,

ut this lost the coordinated NO upon warming to room tem-
erature (Eq. (3)) [39]:

u(Por) + 4NO → Ru(Por)(ONO)(NO) + N2O (2)

n(Por) + 4NO → Mn(Por)(ONO)(NO) + N2O

� Mn(Por)(ONO) + NO (3)

. Nitrite complexes of iron(III) porphyrins

.1. The five-coordinate nitrito complexes of iron

orphyrins

As noted in the introduction, there has been considerable
nterest and some controversy regarding the potential roles of
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before warming the Fe(Por)(ONO)(NO) layer on the substrate.

This linkage isomerization was also probed using optical
spectroscopy; however, the differences between the UV–visible
T.S. Kurtikyan, P.C. Ford / Coordination

itrite in mammalian cardiovascular biology [19,40,41]. Regard-
ess of the eventual outcome, much of the discussion regarding
itrite ion activity revolves around its interactions with heme
roteins. As a consequence, the structure and reactivity of the
itrito complexes of heme iron are of considerable interest.

There are several modes by which nitrite ion as an
mbidentate ligand may bind to metal centers to form
itro (N-coordinated, M-NO2) and nitrito (O-coordinated,
-ONO) complexes as well as the bidentate coordinated

inkage isomer M(�2-O2N) [42]. Before 2004, charac-
erized NO2

− complexes of synthetic ferrous or ferric
orphyrinato complexes [29] or of heme proteins [43–45]
ere mostly nitro-isomers. An exception would be the

nion of [K(222)]-[Fe(TpivPP)(NO2)(NO)] (TpivPP = meso-
etrakis(o-pivalamidophenyl)porphyrinato dianion) prepared by
he reaction of Fe(TpivPP) with Kryptofix-222 solubilized
NO2 followed by the reaction with NO. This product had

wo crystalline forms; in one the nitro nitrosyl structure
e(TpivPP)(NO2)(NO)− anion was evident, but the other had

wo independent anions in the asymmetric unit, one of which
as disordered, apparently as the result of both linkage iso-
ers being present [46]. For the picket fence porphyrinato

omplexes structural [47] and computational [48] analyses of
he six-coordinate complex Fe(TPivPP)(NO2)(Py) suggest that
eak hydrogen bonding between O-atoms of nitro group and
icket fence NH groups may stabilize this linkage isomer.

There are now several other examples of nitrito heme com-
lexes [49–52]. For example, photolysis of Fe(TPP)(NO2)(NO)
n a low temperature KBr pellet leads to a metastable com-
ound that was concluded to be the nitrito-nitrosyl complex
e(TPP)(�1-ONO)(NO). This assignment was based on IR
pectra displaying N-isotope sensitive �(N O) and �(N–O)
tretching modes characteristic of a Fe–O–N O structure at
507 and 934 cm−1 and on extensive DFT calculations [49,50].
n addition, a nitrite ion complex prepared by the soaking crys-
als of horse heart met-myoglobin (metMb) in NaNO2 solution
ave a crystal structure that clearly shows the NO2

− ligand
oordinated as the O-bound nitrito isomer [51].

Along these lines, the sublimed layer technique was used
o examine the reaction of NO2 with Fe(Por) (Por = TPP,
r meso-tetra-p-tolylporphyrinato dianion, TTP). This reac-
ion gave products that were characterized spectroscopically as
he five-coordinate ferric nitrito complexes Fe(Por)(�1-ONO)
Scheme 2) [52]. Such species had been proposed as reactive
ntermediates but had not been well characterized in earlier
tudies [53]. These products were identified [52] as the O-

oordinated nitrito isomers from the FTIR spectra revealing
hree new bands in the vicinity of 1525 cm−1 {�(N O)},
00 cm−1 {�(N–O)} and 750 cm−1 {�(ONO)} and as high spin
e(III) from the optical spectra and shifts in spin-sensitive por-

cheme 2. Formation of nitrito complexes by reaction of NO2 with Fe(Por) in
ublimed layers.

s

S
F
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hyrin vibrations [7]. The Fe(Por)(�1-ONO) species prepared in
his manner proved to be fairly stable in the solid state, although
nder vacuum they slowly decomposed (in a few days) to give,
ostly, the respective Fe(Por)(NO) complexes with a strong

(NO) band in the vicinity of 1675 cm−1.
DFT computations at the B3LYP/LACVP* level suggest

54] that the nitrito and nitro linkage isomers Fe(P)(ONO)
nd Fe(P)(NO2) (P = the unsubstituted porphinato dianion) have
imilar energies with the nitrito species more stable, but only
y less than 1 kJ mol−1. Despite this, the experimental studies
howed only the former to be present as the initial product from
he reaction of NO2 with Fe(TPP) or Fe(TTP) in layered solids.
ne rationalization would be that the nitro isomer Fe(Por)(NO2)
ay be destabilized by the meso aromatic substituents of TPP

nd TTP or by interactions in the polarizable condensed phase
ot accounted for in the (gas phase) DFT computations of the
impler porphinato complexes.

.2. The interaction of Fe(Por)(ONO) with nitric oxide

The room temperature reaction of NO gas with sublimed lay-
rs containing pre-formed Fe(Por)(ONO) (Por = TPP or TTP)
eads to rapid formation of the familiar nitro-nitrosyl com-
lexes Fe(Por)(NO2)(NO) [54]. However, at low temperature
130 K), the reaction nearly quantitatively forms nitrosyl com-
lexes identified as the nitrito isomers Fe(Por)(�1-ONO)(NO)
wing to the characteristic and isotope sensitive nitrosyl and
itrito bands in the vicinity of 1890 cm−1 {�(NO)}, 1500 cm−1

�(N O)} and 935 cm−1 {�(N–O)}. As noted above, the anal-
gous species was identified as one of the metastable species
ormed upon photolysis of a low temperature KBr pellet con-
aining Fe(TPP)(NO2)(NO) [49,50].

Upon warming the Fe(TPP)(ONO)(NO) sample from 130
o 220 K, the FTIR spectra underwent changes evidencing
ormation of the nitro-nitrosyl complex Fe(TTP)(NO2)(NO),
he Yoshimura type complex. Hence warming Fe(TTP)(�1-
NO)(NO) results in the nitrito → nitro isomerization of

oordinated NO2 (Scheme 3) as demonstrated by the disappear-
nce of the nitrito bands at 1497 and 935 cm−1 and appearance of
ew bands at 1456 and 1293 cm−1 characteristic of a nitro com-
lex [54]. This process proceeds in the presence of excess NO as
ell as after evacuating the NO from the cryostat system at 130 K
pectrum of the nitrito-nitrosyl complex and that of the nitro-

cheme 3. Formation of Fe(Por)(ONO)(NO) and its isomerization to
e(Por)(NO2)(NO).
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cheme 4. Intramolecular isomerization of Fe(Por)(ONO)(NO), the “flipping”
echanism.

itrosyl analog are too small to differentiate between the two
somers [54]. This spectral similarity may explain why the oft-
ostulated nitrito-nitrosyl isomer had not been characterized
reviously by optical spectroscopy. It is also worth noting that
nteraction of NO with sublimed layers of Fe(Por)(ONO) at the
ntermediate temperature 170 K leads to the formation of both
e(Por)(ONO)(NO) and Fe(Por)(NO2)(NO) isomers in compa-
able quantities. In contrast to the Fe(Por)(ONO) complexes,
oth isomeric forms of the NO adducts are in the low-spin state.

By action of 15NO gas with the layered Fe(Por)(ONO) and
ice versa by action of NO with Fe(Por)(O15NO), it was possi-
le to obtain the complexes with the differently labeled nitrogen
xides in the axial positions, namely Fe(Por)(ONO)(15NO) and
e(Por)(O15NO)(NO). Such mixed-isotope species provide

nteresting mechanistic probes but cannot be prepared specif-
cally in solution experiments due to isotope scrambling. By
sing these materials, it was shown that isomerization of the
itrito-nitrosyl complexes into their nitro-nitrosyl analogs in
he sublimed solids does not proceed via NO2 dissociation, but
nstead involves an intramolecular mechanism as illustrated in
cheme 4.

In room temperature solutions, the nitro-nitrosyl complexes
e(Por)(NO2)(NO) are stable only under excess NO and undergo
erial transformations to different NOx species (see below). In
ontrast when the Fe(Por)(NO2)(NO) prepared as a solid layer
n the cryostat is subjected to intense high vacuum pumping,
e(Por)(NO) and Fe(Por)(ONO) are the two products formed.
his indicates that the nitro isomer Fe(Por)(NO2)(NO) is labile
oward competitive dissociation both of NO and of NO2 under
hese conditions (Scheme 5). Although loss of NO would give
he five-coordinate nitro complex Fe(TTP)(NO2), this appar-
ntly isomerizes to the more stable nitrito form. Spontaneous

cheme 5. Competitive dissociation of NO and NO2 ligand from nitro-nitrosyl
omplex of iron-porphyrins Fe(Por)(NO2)(NO).
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O dissociation from Fe(Por)(NO2)(NO) has been observed in
mbient temperature toluene solutions as well [53].

.3. The interaction of Fe(Por)(ONO) with nitrogen bases

Exposure of Fe(Por)(ONO) in room temperature solids to
apors of various Lewis bases L (L = ammonia, pyridine or 1-
ethylimidazole) leads to immediate coordination to give nitro

omplexes of general formula Fe(Por)(L)(NO2) [55]. These
eveal different thermal stabilities depending on the nature of
. The ammonia complex is stable only when excess NH3

>20 Torr) is present, the pyridine complex slowly dissociates
y over a few days under vacuum, while the 1-MeIm com-
lex is indefinitely stable. Furthermore, Fe(Por)(1-MeIm)(NO2)
s relatively stable even in dry solution (toluene, chloroform
nd dichloromethane were tested), where it survived several
ours before decomposing. According to the positions of spin-
ensitive FTIR bands all these six-coordinate compounds are in
he low-spin state.

The instability of nitrite ferric porphyrinato complexes [56]
as been addressed by using picket fence porphyrinato (TpivPP)
omplexes where the coordinated nitrite is protected in the
ocket formed by four pivalamido residues [57]. The bis(nitrite)
pecies [K(18-C-6)(H2O)][Fe(TpivPP)(NO2)2] were prepared
nd structurally characterized by Scheidt and coworkers [57],
nd used as a precursor for the synthesis of mixed ligand nitrite
on complexes with trans axial N- and S-donor ligands [58,59]
ith a nitro ligand in the protected site. In this context, the

ublimed solid layer technique reviewed here allows one to
haracterize six-coordinate nitro complexes prepared from the
ve-coordinate nitrito Fe(Por)(ONO) precursors even for steri-
ally unprotected porphyrins.

Scheme 3 illustrates the NO reaction with Fe(Por)(ONO)
t low temperature to form, first, the nitrito-nitrosyl com-
lex Fe(Por)(ONO)(NO), which isomerizes to the nitro analog
e(Por)(NO2)(NO) upon warming [54]. Thus, it was of inter-
st to evaluate whether a similar six-coordinate nitrito species
ight be an intermediate in the reaction with a Lewis base.
or this purpose NH3 was introduced to the cryostat contain-

ng Fe(Por)(�1-ONO) in porous layers at ∼77 K. The FTIR
pectra were recorded to characterize the species first formed,
hen repeatedly during the process of slowly warming [55].
he presence of �(N O) and �(N–O) bands at 1470 and
76 cm−1 correspondingly demonstrated the initial formation of
e(Por)(NH3)(ONO) at 150 K followed by isomerization to the
itro analog Fe(Por)(NH3)(NO2) as T increased to 200 K (Fig. 2,
cheme 6). However, the latter were stable at room temperature
nly with excess NH3 (>20 Torr), so if the system was instead
armed to room temperature under an actively pumped high
acuum, the ammine complexes converted back to the penta-
oordinate complex Fe(Por)(ONO) (Scheme 6). Hence, as seen
ith loss of NO, dissociation of the trans ammine results in

everse linkage isomerization [55].

Similar attempts to obtain six-coordinate nitrito complexes

ith L = Py or MeIm were unsuccessful [55]. Only the analo-
ous nitro complexes were spectroscopically detected, but this is
ikely to be due to slower diffusion of these less volatile ligands
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Scheme 6. The reaction

nto the porous layers of Fe(Por)(ONO) at the low temperatures
here Fe(Por)(NH3)(ONO) complexes were observed. Higher

emperatures (∼170 K for L = Py; ∼200 K for L = 1-MeIm) were
equired to form complexes with these ligands; however, it was in
his range that the ammonia nitrito complexes underwent linkage
somerization.

Table 1 also summarizes FTIR data for various Fe(III)
ix-coordinate nitrite ion complexes, for the 15NO2 labeled
sotopomers and for certain Co(III) analogs [60,61]. The
ata recorded for various nitro complexes M(Por)(L)(NO2)
uggest an inverse correlation between basicity of L and
he frequency differences between the asymmetric and sym-

etric nitro group stretches, �ν = �a(NO2) − �s(NO2) [55].
ithin each Fe(Por)(L)(NO2) series, �ν follows the order

-MeIm < NH3 < Py � NO, and the Co(Por)(L)(NO2) series dis-
lays an analogous order 1-MeIm < NH3 < Py�no ligand. Since
lectronic communication between the axial ligands, L and NO2,
ccurs largely through the metal d-orbitals, we propose that
ν reflects the net charge transfer from L to the nitro group,
ith the smaller �ν representing more charge transfer. For all

hree series, the order 1-MeIm < NH3 < Py holds true. This does
ot correlate with the ligand Brönsted base strengths, where
-MeIm is intermediate between Py and NH3. However, the
bserved order may reflect the modest �-donor character of 1-

eIm, while NH3 is a �-donor only and Py is a �-acceptor [62].

he observation that NO displays the largest �ν for the Fe(III)
eries is especially interesting, since it suggests that there is
ery little net electron transfer from NO to the nitro ligand in

ig. 2. FTIR spectral changes observed in sublimed layer of Fe(TTP)(ONO)
n the presence of 1 Torr equivalent of NH3 upon warming from 140 K (initial
pectrum) to 170 and 200 K and removal of excess NH3 (with permission from
ef. [55]).
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(Por)(ONO) with NH3.

he complex Fe(Por)(NO)(NO2). Such a conclusion draws sup-
ort from DFT calculations (B3LYP/3–21 g and B3LYP/6–31 g)
or the porphinato complex Fe(P)(NO)(NO2) showing NO to be
lightly negative, hence having a net electron withdrawing effect
63]. This runs counter to the oft-used representation of Fe(III)
itric oxide complexes as the FeII(NO+) resonance form.

The �ν values are systematically higher for the Co(III) com-
lexes than for the Fe(III) analogs suggesting less charge transfer
n the former case. Since a higher value of �ν corresponds a
arger ONO angle [25], this is consistent with the ONO angles
hich are 120–124◦ for the Co(III) complexes [25] and are less

cute seen for similar nitrito complexes of Fe(III) porphyrins
116–120◦) [28].

. Nitrato iron(III) porphyrinato complexes

.1. Preparation in sublimed solids

The final product of the reaction of excess NO2 with Fe(TPP)
as been shown [64] to be the �2-nitrato species Fe(TPP)(�2-
2NO). Similar reactivity is seen with the manganese(II) analog
n(TPP) [65], but the cobalt(II) species Co(TPP) gave only

he nitro complex Co(TPP)(NO2) under the same experimental
onditions [60,66]. The FTIR data clearly show that the NO2
eaction with ferrous porphyrinato complexes proceeds via two
istinct stages. The first, seen at low PNO2 , is the formation of
he five-coordinate nitrito complex Fe(Por)(ONO) described
bove [52]. Subsequent reaction at higher PNO2 leads to the
itrato species with concomitant formation of NO as illustrated
n Eq. 4 [54]:

e(TPP)(ONO) + NO2 → Fe(TPP)(η2-O2NO) + NO (4)

Two possible scenarios for the second stage are depicted
elow. The most straightforward would be simple oxygen atom
ransfer from the incoming NO2 to the nitrito ligand nitrogen
tom to transform the coordinated nitrite to a coordinated nitrate
s shown in Scheme 7a. An alternative pathway (Scheme 7b)
ould involve bond formation between the nitrogen atom of the

ncoming NO2 and the coordinated O of the nitrito ligand then
O release from the originally coordinated nitrite.
Both schemes give a monodentate nitrato complex as the

nitial product but differ in the origin of the nitrogen atom
nding up in the eventual nitrato ligand. In principle, the two

echanisms could be differentiated by isotope labeling experi-
ents. For the first, the reaction of unlabeled Fe(Por)(ONO) with

5NO2 would give unlabeled nitrato complex. For the second,
he nitrogen of the nitrate ligand found in the product would have
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Table 1
IR frequencies of coordinated nitrosyl, nitro- or nitrito groups in metalloporphyrin complexes in sublimed solidsa (frequencies in parentheses are those recorded for
15N nitrosyl, nitro and nitrito complexes)

Compounds* �(NO) nitrosyl (cm−1) �a(NO2), �(N O) (cm−1) �s(NO2), �(N–O) (cm−1) �(ONO), �(NO2) (cm−1) �νb Ref.

Fe(TPP)(NO) 1677 (1646) [6]
Fe(TPP)(NO)2 1684 (1654) c

Fe(TPP)(ONO) 1527 (1495) 901 (878) [52]
Fe(TTP)(ONO) 1528 (1496) 902 (879) 751 (747) [52]
Fe(TTP)(NH3)(ONO) 1470 (1438) 969 (952) ∼827 (822) [55]
Fe(TPP)(NH3)(ONO) 1475 (1445) 971 (952) ∼828 (821) [55]
Fe(TTP)(NO)(ONO) 1888 (1851) 1497 (1464) 935 (917) – [54]
Fe(TPP)(NO)(ONO) 1887 (1850) 1496 (1471) 938 (920) [54]
Fe(TTP)(NO)(NO2) 1860 (1824) 1456 (1424) 1293 (1274) ∼805 (800) 163 (150) [54]
Fe(TPP)(NO)(NO2) 1863 (1824) 1455 (1425) 1295 (1274) ∼805 (800) 160 (151) [54]
Fe(TTP)(NH3)(NO2) 1401 (1367) 1312 (1291) 810 (∼804) 89 (76) [55]
Fe(TPP)(NH3)(NO2) 1399 (1373) 1312 (1291) 812 (∼805) 87 (82) [55]
Fe(TTP)(Py)(NO2) 1405 (1373) 1306 (1287) 810 (∼804) 99 (86) [55]
Fe(TPP)(Py)(NO2) 1406 (1379) 1307 (1287) 810 (∼804) 99 (92) [55]
Fe(TTP)(1-MeIm)(NO2) 1396 (1363) 1312 (1291) 813 (∼805) 84 (72) [55]
Fe(TPP)(1-MeIm)(NO2) 1395 (1371) 1312 (1290) 812 (∼805) 83 (81) [55]
Fe(TTP)(NO)(NO2) 1860 (1824) 1455 (1423) 1295 (1275) ∼805 (800) 160 (148) [54]
Mn(TTP)(NO)(ONO) 1812 (1778) 1480 (1455) 971 (950) 822 (818) [39]
Mn(TPP)(NO)(NO2) 1805 (1770) 1421 (1392) 1304 (1286) – 117 (106) [38]
Ru(TPP)(NO)2 1645 (1608) c

Ru(TPP)(NO)(ONO) 1844 (1810) 1516 (1492) 928 (908) [6]
Co(TPP)(NH3)(NO2) 1431 (1400) 1309 (1289) 814 (805) 122 (111) [61]
Co(TPP)(Py)(NO2) ∼1439 (1404) 1310 (1288) 816 (806) 129 (116) [61]
Co(TPP)(1-MeIm)(NO2) 1420 (1394) 1313 (1292) 816 (809) 107 (102) c

Co(TPP)(NO2) 1468 (∼1440) 1282 (1264) ∼805 (796) 186 (176) [60]

a )(NO
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Six-coordinate complexes having the nitrito ligand as well as Mn(Por)(NO2
b �ν = �a(NO2) − �s(NO2).
c Unpublished results.

riginated with the gaseous 15NO2 giving the labeled product
e(Por)(�2-O2

15NO). Such analysis was, however, complicated
y the discovery that exchange between external and coordinated
itrogen dioxide occurs concomitant to the second stage of the

15
eaction [54]. Despite this, the observation that the NO2 reac-
ion with unlabeled Fe(Por)(ONO) gives some unlabeled nitrato
roduct initially argues for the operation of the first mechanism,
t least partially.

b
N
e
p

cheme 7. Prospective mechanism for formation of Fe(Por)(�2-O2NO) by the oxo
oordinated O-atom of Fe(Por)(ONO).
) are stable only at low temperatures.

A likely pathway for the NO2 exchange would involve
eaction at the open coordination site of Fe(Por)(ONO) to
ive a transient bis(nitrito) complex or one of its iso-
ers as an intermediate (Scheme 8). This pathway would
e analogous to the exchange of free and coordinated
O demonstrated for Fe(Por)(NO) complexes [26,67]. For

xample, sublimed solid Fe(MPyTPP) (MPyTPP = mono-4-
yridyltriphenylporphyrinato dianion) reacts with NO to form a

-transfer from free NO2 to Fe(Por)(ONO) (a) and by the NO2 attack at the
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cheme 8. Possible mechanism for exchange of Fe(Por)(18ON18O) with added
O2.

ixture of Fe(MPyTPP)(NO) and trans-Fe(MPyTPP)(L)(NO),
here L is a pyridyl from an adjacent Fe(MPyTPP) [68]. Addi-

ion of labeled NO to this mixture gave exchange only with the
ve-coordinate species, thus an empty coordination site is nec-
ssary to access the dinitrosyl intermediate trans-Fe(Por)(NO)2
35,36]. DFT computations [54] support an analogous path-
ay as an energetically reasonable mechanism for the NO2

xchange with the porphinato model Fe(P)(NO2) and indicate
hat the lowest energy isomer of the intermediate in Scheme 8
s the triplet bis(nitro) complex 3Fe(P)(NO2)2, although the
is(nitrito) analog 3Fe(P)(ONO)2 is less than 5 kJ mol−1 above
his.

Rudkevich and coworkers [69] have reported that
u(TTP)(CO) reacts with NO2 in CH2Cl2 solution to give

he nitrato-nitrosyl complex Ru(TTP)(NO3)(NO). Although
t was proposed that this occurs via N2O4 disproportionation
o nitrosonium nitrate NO+NO3

−, such a pathway is unlikely
or the sublimed solids experiments given the low PNO2 and
he absence of a solvent to support ionic intermediates. On
he other hand, the pathway described for Fe(Por) appears
o be a reasonable alternative mechanism for Ru(TTP)(CO).
O2 coordination would give Ru(TTP)(CO)(NO2), formally
Ru(III) species, which would be susceptible to CO dissoci-

tion. Subsequent reaction with NO2 would give the nitrato
omplex Ru(TTP)(NO3) plus NO, which could combine to give
u(TTP)(NO3)(NO).

.2. Six-coordinate nitrato complexes

In coordination complexes containing nitrate groups the latter
an be present as the free ion, as a mono- or bidentate O-
ound ligand as well as a bridging species of different kinds.
R spectroscopy is useful probe for distinguishing these modes
f interactions [70].

According to structural data the nitrato ligand of
eIII(TPP)(�2-O2NO) is bidentate [71], and the Fe(III) is in the
igh-spin state with a large out-of-plane displacement (0.6 Å)
oward the coordinated nitrate. The energy difference between
identate and monodentate coordination must be small given
hat the octaethylporphyrinato analog FeIII(OEP)(�1-ONO2) is
onodentate [72], and this view is supported by DFT computa-
ions with the porphinato complex Fe(P)(NO3). While one might
xpect the heme complexes to be susceptible to binding a lig-
nd in the axial site trans to the nitrato ligand, examples of p
cheme 9. Formation of six-coordinate nitrato-nitrosyl complex Fe(TPP)(� -
NO2)(NO) upon low-temperature interaction of NO gas with Fe(TPP)(�2-

2NO).

uch six-coordinate complexes were limited to the aqua com-
lex Fe(P)(H2O)(�1-ONO2) (P not identified) described in a
eview by Wyllie and Scheidt [28].

The low-temperature (160 K) interaction of NO with sub-
imed layers of the nitrato complex Fe(TPP)(�2-O2NO) leads
o appearance of an intense band at 1901 cm−1, consistent with
he �(NO) of Fe(III) coordinated nitric oxide. The nitrato bands
ndergo shifts that are interpreted in terms of bidentate to mon-
dentate isomerization. Additionally the spin-sensitive bands
t 1351 and 464 cm−1 are characteristic of the formation of a
ow-spin complex. These data together with the optical spec-
ral changes indicate [73] the formation of the six-coordinate
e(TPP)(�1-ONO2)(NO) (Scheme 9). This product is stable
nly below 200 K. When warmed, subsequent reactions lead
o several species, the relative quantities being a function of the
O pressure. These transformations will be considered further

n the next section.
The analogous low temperature (150 K) reaction of sub-

imed layers of Fe(Por)(�2-O2NO) with THF leads to changes
n the FTIR and optical spectra that indicate formation of
ix-coordinate nitrato complexes [74]. Trans ligation was
ccompanied by a shift from bidentate to monodentate coor-
ination of the nitrato ligand, but this adduct remains high spin
nlike the NO adduct, which is low-spin. Although thermally
nstable these six-coordinate nitrato adducts obviously can fig-
re as intermediates in the reactions of iron-porphyrins in vitro
nd in vivo.

With the stronger donor ammonia, a different pattern was
een; the coordinated nitrate ion proved to be labile [74]. Expo-
ure of Fe(Por)(�2-O2NO) in solid layers to excess NH3 at 180 K
ed to the disappearance of the IR bands characteristic of the
oordinated nitrate and to the appearance of a strong absorbance
t ∼1370 cm−1 (∼1340 cm−1 for 15N-labeled species), which
an be attributed to the intense �3(E) vibration of free nitrate
on (15NO3

−) in the matrix. Vigorous pumping of the system
ed to regeneration of nitrato complex, so the likely scenario is
epresented by Eq. (5). Notably this does not appear to occur in
eactions with the weaker base THF:

e(TPP)(�2-O2NO) + 2NH3 � Fe(TPP)(NH3)2
+: NO3

−

(5)
FTIR spectral data for five- and six-coordinate nitrato com-
lexes are summarized in Table 2.
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Table 2
FTIR spectral dataa (in cm−1) for nitrosyl and nitrate groups in five- and six-coordinate nitrato complexes of iron-porphyrins

Compound �(N O) �(N O) �a(NO2) �s(NO2) �(N–O) Ref.

Fe(TPP)(�2-O2NO) 1527 (1489) 1273 (1253) 967 (958) [21]
Fe(TTP)(�2-O2NO) 1529 (1494) 1271 (1251) 966 (957) [54]
Fe(TPP)(NO)(�1-ONO2) 1901 (1863) 1505 (1470) 1266 (1248) 978 (963) [73]
Fe(TPP)(THF)(�1-ONO2) 1491 (1457) 1280 (1258) 997b (986) [74]
Fe(TTP)(THF)(�1-ONO2) 1486 (1454) 1277 (1258) 995b (984) [74]
Ru(TTP)(NO)(�1-ONO2) 1852 1515 1269 950 [69]
Mn(TPP)(�1-ONO2) 1473 (1434) 1286 (1260) [65]

a Data in parentheses are for 15N-labeled compounds.
b Masked by intense porphyrin band.
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.3. Further reaction of Fe(TPP)(NO3)(NO) with nitric
xide

The interaction of nitric oxide with nitrato iron-porphyrins
omplexes is not limited to the formation of the nitrato-nitrosyl
omplexes Fe(Por)(�1-ONO2)(NO) [73]. Both in sublimed lay-
rs and in solution the interaction of Fe(Por)(�2-O2NO) with
xcess NO leads to a distribution of iron-porphyrin com-
lexes ligated by the various nitrogen oxides [22]. The eventual
roducts are Fe(Por)(NO), Fe(Por)(NO2)(NO) and Fe(Por)(�2-
2NO), the relative quantities of which are the function of NO
artial pressure.

The use of 15NO helped to elucidate the mechanism of
ormation of Fe(TPP)(NO2)(NO) from Fe(TPP)(�2-O2NO)
22]. In the beginning of the reaction, equal quantities
f Fe(TPP)(NO2)(15NO) and Fe(TPP)(15NO2)(15NO) were
ormed. The first step must be the formation of the Fe(TPP)(�1-
NO2)(15NO) as outlined above, followed by attack of 15NO on

he monodentate nitrate ligand to give singularly labeled N2O4
lus Fe(TPP)(15NO) as illustrated in Scheme 10. This step finds
nalogy in the reductive nitrosation of a coordinated ligand seen
ith a copper(II) complex [75]. Reaction of the nitrogen dioxide

ormed by dissociation of the N2O4 with the nitrosyl complex
ould give the nitro nitrosyl complex with half the nitro groups

abeled.
It is also notable that the nitrato complex eventually

ormed by interaction of 15NO with Fe(TPP)(�2-O2NO) is
ot the unreacted starting material but is its isotopic analog
e(TPP)(�2-O2

15NO). Thus, this must be the product of mul-

iple transformations. Such observations demonstrate that the
itrate anion, which is usually considered relatively innocu-
us in mammalian biology, can be activated by a heme and
O. Note that this reaction would lead to formation of NO2, a

5

l

cheme 11. Dynamic processes taking place with iron-porphyrins nitrato com-
lexes in the presence of NO.

trong oxidant and nitrating agent destructive to living systems
20,21].

The dependence of the product distribution on the NO
oncentration is addressed schematically by the complicated
ynamic equilibrium of reactions depicted in Scheme 11. In the
resence of excess NO, the nitro-nitrosyl complex appears to be
he thermodynamic sink, while the pentacoordinated Fe(Por)NO
nd Fe(Por)(�2-O2NO) are favored when less NO is present.
. Summary

FTIR and UV–visible spectroscopy combined with the sub-
imed layers methodology give rich information about reactions
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f nitrogen oxides with heme modeling iron-porphyrins and
nterconversions of these species taking place in the coordina-
ion sphere of central metal ion. The main results of these studies
re summarized below:

1) Fe(II) porphyrins do not initiate NO disproportionation
reactions. Instead a dinitrosyl complex Fe(Por)(NO)2 is
formed at low temperatures and this complex dissociates
to reform the mononitrosyl complex Fe(Por)(NO) upon
warming. In contrast the Mn(II) porphyrins initiate NO
disproportionation to form (eventually) the nitrite complex
Mn(Por)(ONO) and N2O. At low temperatures the interme-
diate nitrosyl-nitrito complex Mn(Por)((ONO)(NO) can be
spectroscopically characterized.

2) Reaction of NO2 gas with Fe(II) porphyrins in porous
solids leads to formation of pentacoordinate nitrito inter-
mediate Fe(Por)(�1-ONO) with the Fe(III) in a high-spin
state. Using this compound as a precursor, the reac-
tion with various ligands gives the six-coordinate nitro
complexes Fe(Por)(L)(NO2) (where L = NO, NH3, Py
and 1-MeIm). For the first two, the metastable nitrito
complexes Fe(Por)(NO)(ONO) and Fe(Por)(NH3)(ONO)
were also prepared at low temperatures. These isomer-
ized to the more stable nitro form upon warming. All
of the six-coordinate nitro- or nitrito complexes are
low-spin.

3) Reaction of NO2 with Fe(Por)(ONO) leads to for-
mation of five-coordinate bidentate nitrato complexes
Fe(Por)(�2-O2NO) and evolution of NO. Less stable six-
coordinate nitrato complexes of Fe(Por) with trans NO
and tetrahydrofuran (THF) ligands have been spectroscop-
ically characterized. Coordination of the 6th ligand is
accompanied with monodentate–bidentate isomerization of
coordinate nitrato ligand.

4) In the presence of excess NO the nitrato complex
Fe(TPP)(�2-O2NO) undergoes a series of transformations
that result in formation of iron-porphyrin complexes ligated
by the various nitrogen oxides The eventual products of
solid state reactions are the nitrosyl complex Fe(TPP)(NO),
the nitro-nitrosyl complex Fe(TPP)(NO2)(NO) and the
nitrato complex Fe(TPP)(�2-O2NO), the relative quanti-
ties of which are the function of NO partial pressure.
Using low temperatures and labeled nitrogen oxides
the mechanisms of these transformations have been
elucidated. Notably a key step in these ready transfor-
mations is the formation of the strong oxidizing and
nitrating agent nitrogen dioxide from nitrate ion and
NO mediated by the presence of ferric heme mod-
els.
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