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Nitric oxide (NO) and its derivatives such as nitrite and hyponitrite are biologically important species of relevance to
human health. Much of their physiological relevance stems from their interactions with the iron centers in heme
proteins. The chemical reactivities displayed by the heme—NOx species (NOx = NO, nitrite, hyponitrite) are a function
of the binding modes of the NOx ligands. Hence, an understanding of the types of binding modes extant in heme—NOx
compounds is important if we are to unravel the inherent chemical properties of these NOx metabolites. In this Forum
Article, the experimentally characterized linkage isomers of heme—NOx models and proteins are presented and
reviewed. Nitrosyl linkage isomers of synthetic iron and ruthenium porphyrins have been generated by photolysis at low
temperatures and characterized by spectroscopy and density functional theory calculations. Nitrite linkage isomers in
synthetic metalloporphyrin derivatives have been generated from photolysis experiments and in low-temperature
matrices. In the case of nitrite adducts of heme proteins, both N and O binding have been determined crystal-
lographically, and the role of the distal H-bonding residue in myoglobin in directing the O-binding mode of nitrite has
been explored using mutagenesis. To date, only one synthetic metalloporphyrin complex containing a hyponitrite
ligand (displaying an O-binding mode) has been characterized by crystallography. This is contrasted with other
hyponitrite binding modes experimentally determined for coordination compounds and computationally for NO
reductase enzymes. Although linkage isomerism in heme—NOx derivatives is still in its infancy, opportunities now exist
for a detailed exploration of the existence and stabilities of the metastable states in both heme models and heme

proteins.

Introduction

Nitric oxide (NO) is a well-known biological signaling
agent. The well-characterized biological receptor for NO is
the heme-containing enzyme-soluble guanylyl cyclase. NO
isnow known to bind to many heme proteins; some of these
interactions are physiologically relevant, and some are
not.! NO may be oxidized to nitrite under some physio-
logical aerobic conditions, and nitrite can be reduced to
NO under some conditions. The hyponitrite dianion is
formed during detoxification of NO by some bimetallic
metalloenzymes. Indeed, it is becoming more widely ac-
cepted that various forms of nitrogen oxides (NOx) may
coexist under normal physiological conditions. It is rea-
sonable to assume that the chemical reactions of various
heme—NOx species (NOx = NO, nitrite, hyponitrite) are
directly related to the NOx binding modes in the reactive
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species. In this Forum Article, we present and review
evidence for the existence of metastable linkage isomers
and stable alternate coordination geometries of these
heme—NOxX species.

Nitrosyl Linkage Isomers

The statistical approach of NO to iron porphyrins could, in
principle, involve many forms because NO can rotate as it
approaches the metal center. Three limiting forms are
sketched in Figure 1. The approach of NO using its N atom
at the time of attachment to the metal should, in principle,
generate the metal—NO (i.e., “nitrosyl”) moiety, and this
could either display linear or bent metal—-N—O geometries
(top of Figure 2). These nitrosyl forms are generally regarded
as the ground-state forms of most transition metal—-NO
compounds.> An approach of NO using its O atom at the
time of attachment to the metal (middle of Figure 1) should
generate the metal—ON (i.e., “isonitrosyl”’) moiety, as shown
at the bottom left of Figure 2. Coppens and co-workers
have provided unambiguous crystal structural data for the

(2) Richter-Addo, G. B.; Legzdins, P. Metal Nitrosyls; Oxford University
Press: New York, 1992.
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Figure 1. Representative approaches of the NO molecule toward the Fe
center in heme proteins.
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Figure 2. Metal—NO binding modes.

existence of such isonitrosyl species formed during excitation
of metal—NO coordination compounds.®~> Third, a side-on
“belly flop” approach by NO should, in principle, generate
the metal—;>-NO moiety, displaying a side-on attachment of
the NO group to the metal center, as shown at the bottom
right of Figure 2. Such a binding mode was demonstrated by
Coppens for a metastable state of sodium nitroprusside® and
for a metastable state of CpNi(NO) (Cp = #5’-cyclopenta-
dienyl anion).® This side-on NO geometry has also been
determined in X-ray crystal structures of the NO adducts of
some copper nitrite reductases.” ® In this Forum Article, we
will use the Enemark—Feltham {MNO}" notation to help
describe and classify the metal-NO compounds.'*!"!

Our interest in the linkage isomerization in metal—NO
compounds began through a discussion between one of us
(G.B.R.-A.) and Philip Coppens at a Poster Session at the 215th
National Meeting of the American Chemical Society in Dallas,
TX, in April 1998. As a result of this discussion on the possible
existence of nitrosyl linkage isomers in nitrosyl metalloporphyr-
ins, we embarked on a three-way collaboration, together with
Kimberly Bagley (the team is referred to as the RA—C—B team
in this section), to explore the possible generation of such
metal—NO linkage isomers in heme models. Our approach
was essentially the counterpart to Figure 1, namely, photo-
excitation of stable metal—NO (i.e., nitrosyl) porphyrins to
generate alternate binding modes of the NO ligand.

Ruthenium Porphyrins. Our team’s first attempts to
generate nitrosyl linkage isomers in metalloporphyrin

(3) Carducci, M. D.; Pressprich, M. R.; Coppens, P. J. Am. Chem. Soc.
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Figure 3. Difference spectra (the spectrum after 15 min of irradiation
minus the spectrum prior to irradiation) for the "“NO- (bottom) and
15NO-labeled (top) (OEP)Ru(NO)(O-i-CsH;;) compounds.'?

Table 1. IR Stretching Frequencies (cm ') and Shifts of N—O Absorption Bands
of the Ground State and Metastable States of (OEP)Ru(NO)(O-i-CsHy;) and
(OEP)Ru(NO)(SCH,CF5)"?

»RuN—-0)  »(RuO-N)  »(Ru—75*N—0)

(OEP)Ru(NO)(0-i-CsH )
14N 1791 1645 (—146) 1497 (—294)
BN 1755 1609 (—146) 1480 (—275)
Alv(*N)—v(N)] 36 36 17

(OEP)Ru(NO)(SCH,CF5)
N 1788 1660 (—128) 1546 (—242)
N 1753 1633 (—120) 1527 (—226)
Alv("*N)—v(1PN)] 35 27 19

12

derivatives involved the use of ruthenium porphyrins.
The reasons for choosing ruthenium were 2-fold. First, we
needed to prepare stable and pure (as judged by elemental
analysis) six-coordinate mononitrosyl porphyrins. Second,
the {RuNO}° class of compounds was a good choice for
modeling related group 8 and biologically relevant { FeNO}°
congeners. With these in mind, our RA—C—B team exa-
mined four {RuNO}® derivatives that differed in trans axial
ligation, namely, (OEP)Ru(NO)(O-i-CsH;;), (OEP)Ru-
(NO)(SCH,CF3), (OEP)Ru(NO)CI, and [(OEP)Ru(NO)-
(py)]T (OEP = octaethylporphyrinato dianion). Corre-
lated photolysis—IR spectroscopy experiments were
then performed.

Irradiation of these compounds (330 < 4 < 460 nm; Xe
lamp) as KBr pellets at 20 K for 15 min produced changes
in IR absorptions discernible from analysis of the differ-
ence IR spectrum. For example, the difference IR spec-
trum obtained after 15 min of photolysis of (OEP)Ru-
(NO)(O-i-CsH ) is shown in Figure 3 (bottom trace); the
initial vyo band at 1791 cm™ ! decreases, and new bands at
1645 and 1497 cm ™! become evident.'? The IR difference
spectrum for the '"NO-labeled analogue (OEP)Ru('°NO)-
(0-i-CsH;;) was also obtained (top trace of Figure 3).

The IR data for both the alkoxide (OEP)Ru(NO)-
(0-i-CsHy;) and the thiolate (OEP)Ru(NO)(SCH,CF3)
compounds are collected in Table 1. Analysis of the IR

(12) Fomitchev, D. V.; Coppens, P.; Li, T.; Bagley, K. A.; Chen, L.;
Richter-Addo, G. B. Chem. Commun. 1999, 2013-2014.



Article
0 N
+
| 20K | |
o\/>7 O\/>; O\/>7
n'-NO n'-ON 12-ON
vyo 1791 cm! vno 1645cm™ vy 1497 cm!
(observed (observed

below 160 K) below 80 K)

Figure 4. Light-induced generation of metastable nitrosyl linkage iso-
mers during irradiation of (OEP)Ru(NO)(O-i-CsH,;) as a KBr pellet.'?
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Figure 5. Optimized geometry of the metastable side-on nitrosyl linkage
isomer of (OEP)Ru(NO)CL."?

spectral changes suggested that Il)hotolysis of these com-
pounds generated metastable #'-O and %°-NO linkage
isomers, as shown in Figure 4, in low observed yields
(1—1.5%)."? This conclusion of photoinduced isomeriza-
tion of the RuNO fragment to the linkage isomers was
supported by the following: (i) photolysis at 20 K did not
produce free NO (vno 1880 cm™1); (ii) the photogener-
ated bands were '’N-shifted in the Ru—'°>NO derivatives
and thus associated with vno; (iil)) warming the photo-
lyzed samples back to room temperature restored the
parent nitrosyl bands, indicating that the photoinduced
reaction was thermally reversible and that the photopro-
ducts were indeed metastable species; (iv) the vy spectral
shifts were similar to those recorded for other metastable
nitrosyl linkage isomers in coordination compounds of
iron, ruthenium, osmium, and nickel.

Further support for the side-on #*-NO linkage isomer
in the seven-coordinate ruthenium porphyrin was later
provided by a density functional theory (DFT) calcula-
tion by Ghosh (using the PW91 exchange-correlation
functional and triple-¢ plus polarization Slater-type basis
sets) on an unsubstituted porphine model for the experi-
mentally observed'? isomer formed during photolysis of
(OEP)Ru(NO)CI. He determined that the Ru—7*NO
linkage is unsymmetrical (Figure 5)'* and that this isomer
lies 1.23 eV (28.4 kcal/mol) in energy above the ground
state.'* The DFT calculations revealed a HOMO—4
orbital that involves efficient 7 bonding between the Ru
d.. orbital and the *>-NO z* orbital (if the xz plane is
defined as the Ru—»*-NO plane).

In addition, however, the HOMO-—3 orbital revealed
a preferential r-bonding interaction between the Ru d,.

(13) Ghosh, A. Acc. Chem. Res. 2005, 38, 943-954.
(14) Wondimagegn, T.; Ghosh, A. J. Am. Chem. Soc. 2001, 123, 5680—
5683.
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Figure 6. Light-induced generation of the metastable isonitrosyl linkage
isomer of (TTP)Fe(NO) as a KBr pellet.'®

orbital with the N end of the NO 7* orbital, leading to the
rather unsymmetrical Ru(7*-NO) geometry.

Importantly, the observed downshifts (by 3—5cm ™ ') in
some porphyrin skeletal absorption bands upon photo-
lysis of these {RuNO}® porphyrins indicated a reduction
of the ;r-acid character of the NO ligand in the metastable
states.'”> We will return later to this variation in the &
acidity of the NO ligand.

Iron Porphyrins. Given our success at generating meta-
stable nitrosyl linkage isomers of {RuNO}® porphyrins,
our RA—C—B team explored the possibility that such
linkage isomers may exist for biologically relevant FeNO
systems. We focused initially on the known {FeNO}’ five-
coordinate (por)Fe(NO) class of compounds for proof of
concept because (i) many of these were known to be
thermally stable in the ground state and (ii) these com-
pounds could be obtained in elementally pure form.'

Photolysis of the (TTP)Fe(NO) compound (TTP =
tetratolylporphyrinato dianion) as a KBr pellet (350 <
A < 550 nm; Xe lamp) at 25 K for 5—10 min results in the
generation of a new band in the IR spectra assigned to the
metastable 7'-O isonitrosyl derivative (Figure 6)."° Iso-
topic labeling with '>’NO and '>’N'®0 confirmed that the
new band was due to v(NO).

Similar IR spectral shifts were observed with (OEP)Fe-
(NO), although in this latter case, a second photopro-
duct was also generated. As with the ruthenium case,
these new bands generated upon photolysis disappeared
upon warming and the original »(NO) bands due to the
ground-state compounds were restored, although the
yields of the photoproducts [2—3% for (TTP)Fe(NO)
and 6—10% for (OEP)Fe(NO)] were higher than those
obtained from photolysis of the six-coordinate ruthenium
compounds described earlier. Additional evidence for gen-
eration of the metastable isonitrosyl (TTP)Fe(5'-ON) was
provided by DFT calculations on the model (porphine)-
Fe(NO) compound.'® Calculations on the ground-state
(porphine)Fe(NO) compound reproduced the structural
distortions of the N4yFe(INO) core that had been demon-
strated crystallographically by Scheidt and co-workers for
(OEP)Fe(NO)."™!'7 For example, our DFT calculations
showed that the Fe—N(O) vector was tilted toward the O
atom by 7.8° from the z axis defined by the normal to the
porphyrin Ny plane [a similar tilt of 6—8° was determined
experimentally for (OEP)Fe(NO)'®!7], and the NO group
was staggered with respect to the Fe—N(por) bonds.

(15) Cheng, L.; Novozhilova, I.; Kim, C.; Kovalevsky, A.; Bagley, K. A.;
Coppens, P.; Richter-Addo, G. B. J. Am. Chem. Soc. 2000, 122, 7142-7143.

(16) Ellison, M. K.; Scheidt, W. R. J. Am. Chem. Soc. 1997, 119, 7404—
7405.

(17) Scheidt, W. R.; Duval, H. F.; Neal, T. J.; Ellison, M. K. J. Am. Chem.
Soc. 2000, 122, 46514659 and references cited therein.
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Table 2. Sclected Calculated Geometrical Parameters (in A and deg) for the
Ground-State and Isonitrosyl Isomers of the Unsubstituted (porphine)Fe(NO)
Compound'?

(P")Fe(NO) (P")Fe(ON)

Fe—NO 1.666
Fe—ON 1.797
N-O 1.169 1.163
Fe—N—-O 142.5
Fe—O—N 141.0
Fe—NO/—ON tilt 7.8 10.8
Fe—N(por) 1.971 1.949

1.946 1.938
AFe (por-Ny) 0.224 0.171

Further, the pair of Fe—N(por) bonds closest to the bent
FeNO moiety was calculated to be ~0.025 A shorter than
the other pair directed away from the bent FeNO group.

The DFT calculations revealed the existence of the
metastable (porphine)Fe(n'-ON) linkage isomer that was
1.59 eV (36.7 kcal/mol) in energy above the ground-state
nitrosyl."> The calculated geometries for the ground-state
(porphine)Fe(NO) and metastable (porphine)Fe(r'-ON)
linkage isomers are shown in Figure 7, and selected struc-
tural data are collected in Table 2.

As seen in Figure 7, the calculated structure of the
metastable (porphine)Fe(y'-ON) isonitrosyl (bottom of
the figure) closely resembles that of the ground-state
compound (top of the figure).'” Thus, the axial Fe—O(N)
tilt and the nonequivalence of the two pairs of Fe—N(por)
bond distances are properties of the isonitrosyl as well.
The calculated axial Fe—ON tilt of 10.8°is larger than the
7.8° determined for the nitrosyl, and the apical displace-
ment of the Fe atom from the porphine N4 plane is
smaller. The relevance of the latter structural feature to
the m-acid property of the isonitrosyl ligand may be
related to an intrinsic reduction in the s acidity of NO
when the FeNO moiety converts to the FeON isonitrosyl
(see later).

Related DFT calculations (PW91 exchange-correlation
functional) on (por)Fe(NO) and other nitrosyl metallopor-
phyrins of cobalt, manganese, and rhodium have been
reported by Ghosh and co-workers, who also explored the
existence and stabilities of isonitrosyl derivatives.'*!®
Ghosh"*'® and Coppens'® have provided additional insight
into the axial Fe—N/O tilts in the ground-state (porphine)-
Fe(NO) and metastable (porphine)Fe('-ON) compounds,
respectively. In both cases, increased interaction between
the NO z* orbital and a “tilted” Fe d.. orbital is favored
when the axial Fe—IN/O vector is tilted. Such “tilting” of the
Fe d.. orbital has been shown to be particularly pronounced
for related six-coordinate iron nitrosylporphyrins.*

Our RA—C—B team then explored the possibility that
metastable isonitrosyl compounds could be generated
in six-coordinate {FeNO}° systems. For this, we chose
to use Yoshimura’s nitrosylnitro compound (TPP)Fe-
(NO)(NO,) (TPP = tetraphenylporphyrinato dianion)
that could be obtained in an elementally pure state.*' The
ground-state structure of (TPP)Fe(NO)(NO,) possesses

Xu et al.

mutually trans #'-NO and 7'-NO, ligands, as was ini-
tially demonstrated by spectroscopy by Yoshimura®' and
Settin and Fanning,** and later by the crystallographic
characterization of several (por)Fe(NO)(NO,) deriva-
tives by Scheidt and co-workers.”® The crystal structure
of the target compound (TPP)Fe(NO)(NO,) unfortu-
nately suffered from severe disorder, thus limiting the
usefulness of the metrical data. We note, however, that,
although the crystal structures of most of the crystal
forms of (TpivPP)Fe(NO)(NO,) (TpivPP = picket-fence
porphyrinato dianion) display linear FeNO geometries,
that of (T(p-OMe)PP)Fe(NO)(NO,) displays an Fe—N—O
angle of 160°.%

To further characterize these (por)Fe(NO)(NO,)
compounds, we performed DFT calculations on the
parent (porphine)Fe(NO)(NO,) model compound.**??
The calculations confirmed that the '-NO nitrosyl and
7'-NO, nitro binding modes were present in the
ground-state (GS) structure. The presence of a bent
FeNO moiety in this formally {FeNO}® compound was
evident; the two FeNO angles of 156.4° (GS)) and
159.8° (GS,) corresponded to the two GS conforma-
tions with mutually parallel (II') and perpendicular (1)
axial FeNO and FeNO, planes, respectively. Impor-
tantly, the calculated electron localization function
(ELF) revealed a noncylindrical electron-pairing region
on the nitrosyl N atom (Figure 8). This result demon-
strated, for the first time, a “ferrous {FeNO}’-like” elec-
tron-pair localization in a formally “ferric” {FeNO}°
porphyrin system.

Photolysis of (TPP)Fe(INO)(INO») as a KBr pellet (330 <
A < 500 nm; Xe lamp) at low temperature resulted in several
IR spectral shifts that could be rationalized by transforma-
tions to generate both nitrosyl and nitrite linkage isomers
shown in Figure 9.

Irradiation of this compound at 11 K for 10 min
produces shifts in the IR spectrum consistent with trans-
formation of the nitrosyl to an isonitrosyl Fe(y'-ON)
group [¥(NO) 1699 cm™ '] as well as an Fe(NO,)-to-
Fe(ONO) conversion. The identities of the bands were
confirmed by "°N labeling. The 1699 cm™' band was
observable only at very low temperatures (e.g., tempera-
tures < 50 K); warming the sample to 200 K results in the
disappearance of this band. The new bands due to the
FeONO group were, however, retained even at 200 K. We
were unable to use the IR data obtained at 11 K to
distinguish between a mixture of the singly isomerized
species (i.e., MSa + MSb) and the doubly isomerized
species (MSc). Thus, we employed DFT calculations to
help provide insight into the existence and stabilities of
these single and double linkage isomers shown in Figure 9.
In all, 10 optimized structures were determined: 2 for
the ground state (GS; and GS,), 3 for the nitrosylni-
trito (MSa;, MSa , and MSay), 2 for the isonitrosylnitro
(MSbj and MSb, ), and 3 for the isonitrosylnitrito double-
linkage isomers (MSg;, MSc,, and MSc;). The “L”

(18) Ghosh, A.; Wondimagegn, T. J. Am. Chem. Soc. 2000, 122, 8101—
8102.

(19) Coppens, P.; Novozhilova, I.; Kovalevsky, A. Chem. Rev. 2002, 102,
861-883.

(20) Praneeth, V. K. K.; Nather, C.; Peters, G.; Lehnert, N. Inorg. Chem.
2006, 45, 2795-2811.

(21) Yoshimura, T. Inorg. Chim. Acta 1984, 83, 17-21.

(22) Settin, M. F.; Fanning, J. C. Inorg. Chem. 1988, 27, 1431-1435.

(23) Ellison, M. K.; Schulz, C. E.; Scheidt, W. R. Inorg. Chem. 1999, 38,
100-108.

(24) Novozhilova, 1. V.; Coppens, P.; Lee, J.; Richter-Addo, G. B.;
Bagley, K. A. J. Am. Chem. Soc. 2006, 128, 2093-2104.

(25) Lee, J.; Kovalevsky, A. Y.; Novozhilova, I. V.; Bagley, K. A.;
Coppens, P.; Richter-Addo, G. B. J. Am. Chem. Soc. 2004, 126, 7180-7181.
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Figure 7. Calculated geometries of the ground-state (porphine)Fe(NO) (top) and its metastable isonitrosyl derivative (bottom) viewed from three different
directions (reproduced in part from ref 15). Valence shells of the H, C, N, and O atoms were described by a double-§ STO basis set extended with a
polarization function, whereas the 3s, 3p, and 3d shells on the Fe atom were described by a triple-¢ STO basis set (ADF program package).

_C(0)

V1(0) - V2(0)

V(N,0)

£

}

Figure 8. ELF of the ground-state (porphine)Fe(NO)(NO,), with a
plotted isosurface value of 0.8. Reproduced with permission from
ref 24. Copyright 2006 The American Chemical Society.

notation symbolizes those conformations with linear
FeNO and FeON moiecties; interestingly, these were

Figure 9. Light-induced transformations upon irradiation of (TPP)Fe-
(NO)(NO») as a KBr pellet at low temperatures.”*

calculated to be higher in energy than their bent counter-
parts in these formally {FeNO}® systems. The calculated
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Figure 10. Calculated energies and representative structures for the linkage isomers of (porphine)Fe(NO)(NO,). Il = axial ligand planes are coplanar;

1 = axial ligand planes are mutually perpendicular; MSa; and MSc; are the isomers displaying linear FeNO and FeON groups, respectively. Reproduced

from ref 25. Copyright 2004 The American Chemical Society.

energies and sketches of representative examples of these
linkage isomers are shown in Figure 10. The energies
increase in the order GS < nitrito (MSa) < isonitrosyl
(MSb) < nitritoisonitrosyl (MSc). The double-linkage
isomer MSc; was determined to be the least stable, with
an energy of 1.73 eV (40 kcal/mol) above the ground-
state isomer GSj.

The Fe—ON bonds in the isonitrosyl isomers (with
calculated Mayer bond orders of 0.5—0.6) are longer than
the Fe—NO bonds in the nitrosyl isomers (with calculated
Mayer bond orders of 0.9—1.0). We attributed this fea-
ture to reduced back-donation into the antibonding 7*
orbital in the Fe(n'-ON) isonitrosyls. This analysis was
consistent with the calculated smaller iron apical displa-
cement out of the porphyrin Ny plane in the isonitrosyls
relative to that determined for the nitrosyls. Indeed,
examination of the relevant molecular orbitals revealed
that the shortening of the Fe—N(por) bonds in the iso-
nitrosyls (when compared with the nitrosyls) was due to
the increased s overlap in the Fe—N(por) bonds that
accompanied the decrease in back-bonding to the axial
isonitrosyl group.

The results of time-dependent DFT calculations con-
firmed that both the nitrosyl-to-isonitrosyl and nitro-
to-nitrito isomerizations could be induced by 300—500
nm light. Indeed, Ford and co-workers had previously
shown that flash photolysis of (TPP)Fe(NO)(NO,) in a
toluene solution at 298 K resulted in competitive dis-
sociation of the axial NO and NO, ligands.?® In our
photolysis experiments with (TPP)Fe(NO)(NO,) as a
KBr pellet at low temperatures, however, both NO and
NO, ligands were retained at the metal center in this
medium.

(26) Lim, M. D.; Lorkovic, I. M.; Wedeking, K.; Zanella, A. W.; Works,
C. F.; Massick, S. M.; Ford, P. C. J. Am. Chem. Soc. 2002, 124, 9737-9743.
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Figure 11. Nitrite binding modes to monometallic centers.

Nitrite Linkage Isomers

The nitrite anion (NO, ; pK, 3.2 at 20 °C)*’ displays several
coordination modes in its metal complexes.?® Of relevance to
this Forum Article are the three binding modes shown in
Figure 11. We have already considered the nitro (metal—NO,)
and nitrito (metal—ONO) forms in the previous section. The
nitrite O,0’-bidendate binding mode has been determined
crystallographically for the nitrite adducts of the copper-
containing nitrite reductase (NiR) from Alcaligenes xylo-
soxidans (the His313Gly mutant),”’ the soil bacterium
Achromobacter cycloclastes,® and in synthetic copper com-
plexes.*® However, this O,0’-bidentate mode has not been
determined for any metalloporphyrin or heme protein to
date and, hence, will not be considered further.

Model Complexes. Our interest in nitrite coordination
modes in heme models and heme proteins was to a large
degree inspired by the evidence that we obtained for low-
energy differences between the nitro Fe—NO, and nitrito
Fe—ONO geometries during our photoinduced linkage
isomerization experiments discussed above.?**> In parti-
cular, the calculated (and rather small) energy difference

(27) Braida, W.; Ong, S. K. Water, Air, Soil Pollut. 2000, 118, 13-26.

(28) Hitchman, M. A.; Rowbottom, G. L. Coord. Chem. Rev. 1982, 42,
55-132.

(29) Barrett, M. L.; Harris, R. L.; Antonyuk, S.; Hough, M. A.; Ellis,
M. J,; Sawers, G.; Eady, R. R.; Hasnain, S. S. Biochemistry 2004, 43, 16311—
16319.
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Figure 12. Proposed mechanisms for the linkage isomerization reac-
tions after photolysis of the ground-state nitro (TPP)Co(NO,) (A) and
nitrito (TPP)Mn(ONO) (B) compounds.

of 4.3 kcal/mol between the GS; and MSa; isomers of
(porphine)Fe(NO)(NO») raised our interest in examin-
ing the factors that could determine the coordination
geometry of nitrite in its metalloporphyrin complexes.
The crystal structures of synthetic iron porphyrin ni-
trite complexes display, regardless of the iron oxidation
state, the nitro N-binding mode.?' ~* The only excep-
tion is that for the [(TpivPP)Fe(NO)(NO»)]” anion,
which exhibits a 40:60 disorder of the FeNO,:FeONO
binding modes in the same crystal.** It is reasonable to
assume that the “distal pocket” provided by the —NH
groups of the picket-fence porphyrin probably assists
in the stabilization of the FeONO isomer in this com-
plex anion.

The nitro binding mode prevalls in the case of cobalt
porphyrin nitrite complexes as well. 313536 Demonstration of
this prevalent N-binding mode can be obtained from the
results of laser flash photolysis experiments performed on
the five-coordinate (TPP)Co(NO,) (Figure 12A).>” Photo-
lysis of this compound in benzene resulted in the formation
of (TPP)Co" (determined spectroscopically) via photodis-
sociation of the NO, ligand. The photodissociated NO,
ligand then recombined with (TPP)Co" to give initially the
metastable (TPP)Co(ONO) compound; a nitrito-to-nitro
isomerization occurs to regenerate the thermally stable nitro
(TPP)Co(NO,) compound.
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Parmley, D.; Howard, J.; Green, S.; Mardyukov, A.; Przybla, D. E. Inorg.
Chem. 2005, 44, 2215-2223.
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Figure 13. Reaction of nitrogen dioxide with sublimed layers of (TPP)-
Fe to give initially (TPP)Fe(ONO), followed by exogenous ligand-
induced isomerization to the nitro isomer.

In contrast, the nitrite ligand is found to adopt a
stable nitrito O-binding mode in the (TPP)Mn(ONO)
compound.®® Indeed, and in what appears to directly
contrast the cobalt case just described, flash photolysis
of the (TPP)Mn(ONO) complex in toluene results in
the formation of (TPP)Mn"' (determined spectroscopi-
cally) via dissociation of the NO, ligand; recombina-
tion produces the intermediate nitro complex (TPP)-
Mn(NO,), which then isomerizes to the stable nitrito
species (TPP)Mn(ONO) (Figure 12B).* The stable
nitrito O-binding mode is also the only one observed
to date in the crystal structures of the nitrite adducts of
synthetic metalloporphyrins of ruthenium*®~* and
osmium.

Such O binding of nitrite to iron porphyrins has been
demonstrated spectroscopically by Ford and co-workers
during the low-temperature reactions of NO, with sub-
limed layers of the four-coordinate (por)Fe compounds
(por = TPP, TTP).* The reaction employing the TPP
macrocycle is illustrated in Figure 13. In these reactions, the
initially generated five-coordinate nitrito (por)Fe(ONO)
compounds react further with the sixth ligands (L = NO,
NH;) to give the six-coordinate (por)Fe(ONO)(L) inter-
mediates that isomerize upon warming to their more stable
nitro isomers.**”* DFT calculations on the model five-
coordinate (porphine)Fe(nitrite) compound (B3LYP func-
tional; LACVP#* basis set) predicted near-identical energies
for the experimentally observed nitrito and the not-yet-
observed nitro isomers.

An earlier DFT calculation (B3LYP functional) on the
model compound (porphine)Fe(NO,)(NHj3) revealed a
thermodynamlc preference for the nitro binding mode
in the ferric form by over 10 kcal/mol.** Related DFT
calculations (UBP86 functional) on the six-coordinate

(38) Suslick, K. S.; Watson, R. A. Inorg. Chem. 1991, 30, 912-919.

(39) Hoshino, M.; Nagashima, Y.; Seki, H.; Leo, M. D.; Ford, P. C.
Inorg. Chem. 1998, 37, 2464-2469.

(40) Kadish, K. M.; Adamian, V. A.; Caemelbecke, E. V.; Tan, Z.;
Tagliatesta, P.; Bianco, P.; Boschi, T.; Yi, G.-B.; Khan, M. A.; Richter-
Addo, G. B. Inorg. Chem. 1996, 35, 1343—1348.

(41) Miranda, K. M.; Bu, X.; Lorkovic, I.; Ford, P. C. Inorg. Chem. 1997,
36, 4838-4848.

(42) Bohle, D. S.; Hung, C.-H.; Smith, B. D. Inorg. Chem. 1998, 37, 5798—
5806.

(43) Lim, M. H.; Lippard, S. J. Inorg. Chem. 2004, 43, 6366-6370.

(44) Leal, F. A.; Lorkovic, . M.; Ford, P. C.; Lee, J.; Chen, L.; Torres, L.;
Khan, M. A.; Richter-Addo, G. B. Can. J. Chem. 2003, 81, 872-881.

(45) Heinecke, J.; Ford, P. C. Coord. Chem. Rev. 2010, 254, 235-247.

(46) Kurtikyan, T.S.; Hovhannisyan, A. A.; Hakobyan, M. E.; Patterson,
J. C.; Tretskii, A.; Ford, P. C. J. Am. Chem. Soc. 2007, 129, 3576-3585.

(47) Kurtikyan, T. S.; Ford, P. C. Angew. Chem., Int. Ed. 2006, 45, 492—
496.

(48) Kurtikyan, T. S.; Hovhannisyan, A. A.; Gulyan, G. M.; Ford, P. C.
Inorg. Chem. 2007, 46, 7024-7031.

(49) Einsle, O.; Messerschmidt, A.; Huber, R.; Kroneck, P. M. H.; Neese,
F.J. Am. Chem. Soc. 2002, 124, 11737-11745.



6260 Inorganic Chemistry, Vol. 49, No. 14, 2010

(porphine)Fe(NO,)(ImdH) showed a preference, by
4.5 kcal/mol, for the nitro binding mode (6 kcal/mol
in the ferrous form).>® Similar results were obtained in
a recent study, and the results show a preference, by
5—10 kcal/mol (depending on the basis sets used), for
the nitro binding modes.

Heme Proteins. The heme—nitrite interaction in pro-
teins has a rather long history. In bacterial denitrification,
the NiR enzymes converts nitrite to NO.>>~>® The initial
binding of nitrite to the heme iron in the active site is
generally regarded as a requirement for the NiR activity
of these proteins (eq 1).

NO, ™ +2H" +1le~ — NO+H,0 (1)

Nitrite has also been used for many generations in the
curing of meat.”’® In addition to its antimicrobial and
antioxidant activity, nitrite restores the pink color of meat
by formation of the myoglobin (Mb) heme—NO pig-
ment.®! However, nitrite can also be harmful to mammals
because it can oxidize ferrous hemoglobin (Hb) and
increase the in vivo levels of ferric Hb to result in the
blood disorder methemoglobinemia.®*¢*

The relevance of nitrite to mammalian physiology is
currently being actively studied, and a biannual international
conference on The Role of Nitrite in Physiologg/, Pathophy-
siology and Therapeutics has been established.®*®* It is now
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Figure 14. Heme active sites of the N-bound nitrite adducts of cyto-
chrome cd; NiR from P. pantotrophus (top left; 1.8 A resolution; PDB
access code 1AAQ), the sulfite reductase hemoprotein from E. coli (top
right; 2.1 A resolution; PDB access code 3GEO), cytochrome ¢ NiR from
W. succinogenes (bottom left; 1.6 A resolution), and its Y218F mutant
(bottom right; 1.75 A resolution; PDB access code 3BNH).

known that several mammalian metalloenzymes will reduce
nitrite to NO.%*¢” The demonstration by Hendgen-Cotta et
al. that nitrite protects against myocardial infarction in
Mb*/* mice but not in Mb~/~ knockout mice implicates
MD as an in vivo NiR.®® The chemistry of the heme—nitrite
interactions relevant to mammalian physiology has been
recently reviewed.*

Despite the generally acknowledged medical importance of
nitrite interactions with the mammalian proteins Mb and Hb,
we were surprised to find out that there was no crystal struc-
tural data for either the Mb—nitrite or Hb—nitrite adducts.
The reported crystal structures for the nitrite adducts of the
cytochrome ¢d; NiR from Paraccocus pantotrophus,”’ the
sulfite reductase hemoprotein from Escherichia coli,” and the
cytochrome ¢ NiR from Wolinella succinogenes™ all revealed
the N binding of nitrite to the active site iron centers (i.e., nitro
binding mode), as shown in Figure 14. In all cases, the bound
nitrite ligand engaged in more than one H-bonding interac-
tion with distal pocket residues. Recently, the crystal struc-
ture of the nitrite adduct of the cytochrome ¢ NiR Y218F
mutant was reported; the bound nitrite retained its N-binding
mode in this mutant that has a conserved Tyr residue mutated
to Phe (Figure 14, bottom right).”!
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Figure 15. F, — F_ omit electron density maps (contoured at 30) and
final models of the heme environments of the O-bound nitrite adducts of
(A) wild-type horse heart ferric Mb (1.20 A resolution; PDB access code
2FRF),” (B) Mn""-substituted Mb (1.60 A resolution; PDB access code
2050),7 and (C) Co"-substituted Mb (1.60 A resolution; PDB access
code 2058).7

We mentioned earlier that despite the importance of the
Mb—nitrite and Hb—nitrite interactions, there were no
reported crystal structures of these compounds. We were
successful at crystallizing the nitrite adduct of ferric horse
heart Mb and determining its cr_fystal structure at 1.20 A
resolution (top of Flgure 15).”= The nitrite ligand in
this formally Mb™(ONO) complex binds to the ferric
center through one of its O atoms, namely, in the nitrito
O-binding mode. At the time, this was the first report of O
binding of nitrite to any heme protein. The nitrito ligand
was stabilized by H bonding to the distal His64 residue
using its Ol atom. Importantly, the same Fe—ONO
geometry was obtained regardless of whether the com-
plex was generated by soaking crystals of preformed
metMb with nitrite or by crystallizing preformed Mb—
nitrite from solution. This suggested that the nitrito
FeONO formation, with Fe in the d° electronic config-
uration, was the ground-state geometry. Various at-
tempts to generate a ferrous Mb—nitrite complex for a
crystal structural determination were unsuccessful. We
thus proceeded to prepare and determine the structures

(72) Copeland, D. M.; Soares, A.; West, A. H.; Richter-Addo, G. B.
J. Inorg. Biochem. 2006, 100, 1413—1425.
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Figure 16. F, — F. omit electron density maps (contoured at 30) and
final models of the heme environments of the O-bound nitrite adduct of
ferric human Hb (1.80 A resolution; PDB access code 3D70).*

of the related Mn""-substituted (a d* system) and Co""-

substituted (a d° system) derivatives.

The 1.60 A resolution crystal structure of the Mn
substituted Mb—nitrite complex is shown in the middle
of Figure 15; the nitrite ligand is also O-bound in this
derivative.” This is not too surprising because the nitrite
adduct of the synthetic compound (TPP)Mn(ONO) re-
veals this stable O-binding mode.*® What was surprising
to us, however, was the retention of the O-binding mode
of nitrite in the d® Co™'-substituted derivative (bottom of
Figure 15).”> We noted earlier that the crystal structures
of all reported nitrite adducts of cobalt porphyrins dis-
played the N-binding mode of nitrite. This suggested to us
that the distal His64 residue in Mb played a critical role
in directing the nitrite ligand toward this O-binding mode
in this d® cobalt(II) nitrite complex [formally valence
isoelectronic with the iron(II) nitrite compound].

We then examined the nitrite binding mode(s) in the
nitrite adduct of ferric human Hb. The heme sites of the
nitrite adduct of the ferric Hb, as determined from the
1.80 A crystal structure, are shown in Figure 16. As is
evident in the figure, the nitrite ligand also displays the
O-binding mode to the iron centers in both the a and
5 subunits.”* However, the FeONO conformations were
found to differ between these two subunits. The FeEONO
conformation was trans in the o subunit (Fe—O—N-0O
torsion angle of 174°) but deviated from trans toward a
distorted cis-like conformation in the 5 subunit (Fe—O—
N-—O torsion angle of —91°). The limiting trans and cis
conformations are shown in Figure 17.

Our observation of the previously “rare” O-binding
mode of nitrite in both Mb and Hb led us to further

g
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(74) Yi,J.; Safo, M. K.; Richter-Addo, G. B. Biochemistry 2008, 47, 8247
8249.



6262 Inorganic Chemistry, Vol. 49, No. 14, 2010

0
O=N
N \
9 7
—_— Fe — —_— Fe —
trans cis

Figure 17. Sketches of the trans and cis FEONO conformations.
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Figure 18. Sketches of the actives sites of wild-type Mb (left), the H64V
mutant (middle), and the H64V/V67R double mutant (right).

examine the role of the distal His64 (Mb numbering)
residue in the active sites of these proteins. We hypothe-
sized that it was this single H-bonding residue that
directed the nitrite ligand toward the O-binding mode.
If this were the case, then removing this H-bonding
residue should allow the nitrite ligand to adopt its more
“common” N-binding mode, as observed in almost all
ground-state synthetic models lacking distal pockets. For
example, the H64V mutant of Mb would not have this
distal H-bonding capacity, as sketched in the middle of
Figure 18.

To test this hypothesis, we prepared the nitrite adduct
of the H64V mutant of Mb, crystallized it, and solved its
1.95 A resolution crystal structure. The heme site of this
H64V Mb—nitrite compound is shown at the top of
Figure 19.”° The Fe—nitrite bond distance was unrest-
rained throughout the refinement, and the nitrite ligand
was modeled in the N-binding mode at 65% occupancy.
The lack of a distal His64 residue to stabilize the bound
nitrite allows for a water channel to form from the
exterior of the protein to contact the bound nitrite ligand.
We speculate, based on the available data at this resolu-
tion, that the rather long Fe—NO, distance of 2.6 A is
probably due to a weak electrostatic interaction of the
nitrite ligand with the ferric center within the hydro-
phobic pocket of this mutant.

Did the lack of a H-bonding residue in the distal pocket of
Mb direct the nitrite ligand toward the N-binding mode? We
further hypothesized that reintroduction of a H-bonding
residue into the pocket, as would be extant in the H64V/
V67R double mutant shown on the right side of Figure 18
(where Arg has replaced the non-H-bonding Val67 residue),
would permit the nitrite to again adopt the O-binding mode.

The heme site of the nitrite adduct of Mb H64V/V67R
is shown at the bottom of Figure 19.”° In this structure,
the nitrite ligand was modeled in the active site in the
O-binding mode (as a distorted cis FeONO conformation)
at 65% occupancy, and it H-bonds to a water molecule near
the surface of the protein.

Clearly, it is evident that the single H-bonding residue in
Mb, namely, the His64 residue, is important in determining

(75) Yi,J.; Heinecke, J.; Tan, H.; Ford, P. C.; Richter-Addo, G. B. J. Am.
Chem. Soc. 2009, 131, 18119-18128.
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Figure 19. F, — F. omit electron density maps (contoured at 30) and
final models of the heme environments of (A) the N-bound nitrite adduct
of the ferric Mb H64V mutant (1.95 A resolution; PDB access code 3HEP)
and (B) the O-bound nitrite adduct the ferric Mb H64V/V67R double
mutant (2.0 A resolution; PDB access code 3HEO).”

the binding conformation of the nitrite ligand in Mb (and
probably in Hb as well). The effects of these mutations
on the NiR activities of these mutants were explored;
the rates follow the order wt > H64V/V67R > H64V,
suggesting a significant role of the distal pocket H-bond-
ing residue in the reduction of nitrite to NO.”® The classic
nitrite N-binding mode has been used to help understand
nitrite reduction in bacterial denitrifying enzymes
(namely, a formal double protonation of a terminal O
atom accompanies nitrite reduction). However, it has
been calculated that the O-binding mode is also viable for
nitrite reduction (a formal protonation of the Ol atom
would result in the release of NO) for cytochrome c¢d;>°
and for Hb.>!' Both of these pathways are shown schema-
tically in Figure 20, and in the case of Hb, the involvement
of the distal His residue as a proton donor is presumed.’’

The crystallographic demonstration of both N bind-
ing (previous) and O binding (recent) of nitrite to heme
proteins now raises new possibilities to study differ-
ential nitrite reduction by various heme proteins under
different conditions. It should prove interesting to
eventually determine which linkage isomers are opera-
tive under normal and abnormal physiological condi-
tions.

Metal Hyponitrite Complexes

Hyponitrites can be considered as anionic derivatives of
the NO dimer (Figure 21); hence, it is appropriate to provide
a brief discussion of the NO dimer.
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Figure 20. Probable protonation pathways involving the bound nitrite
ligands to generate FeNO (left; I) and free NO (right, 1I).
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Figure 21. Redox congeners of the NO dimer.

NO dimer formation is enhanced at low temperature in
condensed phases of NO’® and by its location in hydrophobic
environments such as those encountered in single-walled
carbon nanotubes’’ and aromatic environments.”® The neu-
tral NO dimer, (NO),, consists of two NO moieties with a
weak N—N bond with a binding energy of ~2 kcal/mol.”"
The results of several experimental and computational stu-
dies of the neutral dimer (NO), indicate that the ground-state
¢is-ONNO geometry is the most stable for this compound.*
Fuster and co-workers have reexamined the bonding inter-
actions between the NO moieties in the neutral dimer and
mono- and dianionic redox partners using theoretical calcu-
lations.” They concluded that, although the cis-ONNO
isomer was favored for the neutral species, the trans-ONNO
geometry was favored for both the reduced monoanion
(NO),~, and dianion (NO),>~ derivatives (the cis and trans
forms of the dianion are sketched in Figure 22).

Further, they calculated that the N—N bonds became short-
erin the order (NO), > (NO),~ > (NO),*~ in both the cis and
trans geometries; these results reaffirmed the earlier and similar
report by Snis and Panas.®! Theoretical treatments®* 3¢ and IR
experimental data® for the monoanionic hyponitrite radical
have been reported. The increased strength of the ON—NO
interaction in the anionic derivatives is consistent with the
successful experimental isolation of several dianionic (NO),>~
salts, termed hyponitrite salts, that contain formal N=N
double bonds.

The reaction of alkali metals with NO generates alkali-
metal hyponitrites. For example, the reaction of sodium with
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Figure 22. cis and trans forms of the hyponitrite dianion.

NO in liquid ammonia produces a solid that was later
identified by IR spectroscopy as cis-Na,N»0,.5¢ Andrews
and co-workers have prepared several such hyponitrite
salts from the reactions of laser-ablated metals with NO at
4—7 K in inert gas matrices.?” %’ Sodium hyponitrite can
also be prepared from the chemical reduction of sodium
nitrite.”® The reaction of N,O with Na,O generates the cis-
Na,N>O, compound identified by X-ray structural ana-
lysis.”' = Bohle and co-workers have prepared and char-
acterized a series of organic soluble hyponitrite salts of the
form [organic]’ [N,O,]*~ and determined their X-ray
crystal structures; they also determined the crystal struc-
ture of trans-Na,N,0,.*

Coordination Compounds. A few transition-metal hy-
ponitrite compounds have been reported in the literature,
and these are generally prepared by (i) coupling of two
NO molecules by metal complexes’?® (ii) coupling of
chemisorbed NO metal surfaces,””®? (iii) attack of NO
on a metal—-NO group,'” %% and (iv) transfer of the
hyponitrite moiety from an organic diazenium diolate to
a metal.'”*'"* The binding modes of hyponitrites in
transition-metal complexes that have been structurally
characterized by X-ray diffraction are shown in Figure 23.
The cis-hyponitrite binding mode to a single metal (struc-
ture A) has been demonstrated for the complexes (PPh;),-
Pt(N>0,)'*!%5 and (dppf)Ni(N,O,) [dppf = 1,1’-bis-
(diphenylphosphanyl)ferrocene].'
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Figure 23. Structurally characterized metal hyponitrite binding modes
in inorganic coordination compounds.

A cis-hyponitrite N,O-binding mode (structure B) has
been established for the bimetallic cation [(NH;3)sCo-
(1-N05)Co(NH3)s]*". 19197 The structure C that contains
a trans-hyponitrite N,O-binding mode was determined for
the Ru,(CO)4(u-H)(u-PBu')(u-dppm)(u-N->O,) product
obtained from the reductive dimerization of NO by its
bimetallic ruthenium precursor RungO)4Qu-H)(,u-PBut2)—
(u-dppm) (dppm = Ph,PCH,PPh,).” The complex [(NO),-
Co(u-NOy)]»(u-N>O5), isolated as a minor product from the
reaction of Co(CO);NO with NO, contains the tetradentate
planar hyponitrite ligand sketched as structure D.'%

Heme and Heme Models. The reduction of two mole-
cules of NO to N,O is a formal two-electron process (eq 2)
that can be carried out by the bimetallic active sites in

2NO+2H" +2¢~ — N,O + H,0 (2)

the heme-containing bacterial NO reductases (NORs).'*?

In contrast, the fungal NORs contain a monometallic
heme thiolate active site.''® Lehnert and co-workers have
provided an excellent theoretical treatment of NO reduc-
tion by the single metal center in a fungal NOR model.'"
Our emphasis in this article, however, is on NO reduction
by bimetallic NORs.

In the active sites of the bacterial NORs, the heme
(referred to as heme b3) is in close proximity to a nonheme
iron center (referred to as Fep), and current evidence
suggests that both the heme and nonheme iron centers
play active roles in the reduction of NO to N>,O. A major
drawback in firmly establishing the mechanism(s) for the
reduction of NO by NORs is that it has been difficult to
identify intermediates along the NO reduction pathway.
Three mechanisms are commonly discussed in the litera-
ture (Figure 24),'% and all three involve the coupling of
two NO molecules at a diferrous active site followed by
the formation of a putative diferric hyponitrite intermedi-
ate prior to the release of N,O and generation of the
resting oxo-bridged diferric NOR (with an Fe-to-Fe
separation of <3.5 A in Pd ¢NOR).'”!''> Moénnez-
Loccoz has provided a comprehensive treatise on the

(106) Hoskins, B. F.; Whillans, F. D.; Dale, D. H.; Hodgkin, D. C.
J. Chem. Soc., Chem. Commun. 1969, 69-70.

(107) Villalba, M. E. C.; Navaza, A.; Guida, J. A.; Varetti, E. L.;
Aymonino, P. J. Inorg. Chim. Acta 2006, 359, 707-712.

(108) Bau, R.; Sabherwal, 1. H.; Burg, A. B. J. Am. Chem. Soc. 1971, 93,
4926-4928.

(109) Moénne-Loccoz, P. Nat. Prod. Rep. 2007, 24, 610-620.

(110) Daiber, A.; Shoun, H.; Ullrich, V. J. Inorg. Biochem. 2005, 99, 185~
193.

(I11) Lehnert, N.; Praneeth, V. K. K.; Paulat, F. J. Comput. Chem. 2006,
27, 1338-1351.

(112) Moénne-Loccoz, P.; Richter, O.-M. H.; Huang, H.-W.; Wasser,
1. M.; Ghiladi, R. A.; Karlin, K. D.; de Vries, S. J. Am. Chem. Soc. 2000, 122,
9344-9345.

Xu et al.
E A M n+ M T1+1 i
i \ -4 R_ i
' — '
' O '
i SN N
; | l i
! — Fez+_ — Fea+_ !

cis-heme bz mechanism

.......................................

§ Mn+ Mn+1 E
3 /\ /\ :
e N N=N :
U 2 N
HEN e (0] (@] :
N X —_—F—_
3 cis-Feg mechanism
g C M™ Mn+1 i
: / sl :
5 O4N 0 - _O’/N\\ :
; NZ N-O |
S Féz"_ —_ Fé“— 5

trans mechanism

_______________________________________

Figure 24. Intermediates in the three putative mechanisms for NO
reduction by NORs and HCOs.

available experimental spectroscopic data that argue
for one or more of the putative mechanisms shown in
Figure 24.'% The cis-heme b3 mechanism involves attack
of a second NO molecule on a heme {FeNO}’ species to
generate an asymmetrically bridged hyponitrite ligand. In
the case of the cis-Feg mechanism, a nonheme dinitrosyl
iron complex forms prior to NO coupling and hyponitrite
formation. The trans mechanism presumes the formation
of both heme and nonheme {FeNO}’ moieties that couple
via N—N bond formation.

The NORs are evolutionarily related to the heme
copper oxidases (HCOs) that also contain bimetallic
active sites.!'*!"* In the case of HCOs, the heme (heme
a3) 18 in close proximity to a copper site (rather than a
nonheme iron site as found in the NORs). Some prokar-
yotic HCOs such as cytochromes ba; and caas from
Thermus thermophilus, and cytochrome chb; from Para-
coccus stutzeri display NOR activities.''*

Varotsis and co-workers have employed resonance
Raman spectroscopy to identify an intermediate during
the Tt ba; NOR reaction pathway that they assign to a
bridged protonated hyponitrite compound E (Figure 25)
that forms subsequent to the initial generation of a dinitro-
syl heme—NO/CuNO species.''® The proposed identity of
this bridged hyponitrite compound is derived from DFT
calculations (B3LYP functional; 6-31G* basis set)''® and
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Figure 25. Proposed intermediate (E) and a structurally characterized
(F) bimetallic heme hyponitrite moiety.

from bands in the resonance Raman spectra at 626 and
1334 cm ™! that they assign to the heme a3 Fe—N—OH
bending and the N—N stretching vibrations, respectively;''
the lower N—N stretching vibration (cf. free hyponitrite at
1392 ecm™")*” suggests less double-bond character in the
proposed structure E.

Blomberg and co-workers have performed DFT calcu-
lations (B3LYP functional) to probe the likely mecha-
nisms of NOR activity in a bacterial NOR model''” and
in a bas-type HCO.''® Their results appear to favor attack
of a second NO molecule on a heme b3 (NOR) or heme
a3 (HCO) {FeNO}’ species (i.e., the cis-heme b3 mecha-
nism in Figure 24, where M = Fein NOR and M = Cuin
HCO).

Clearly, bioinorganic chemistry has a vital role to play
in helping to elucidate the coordination and reaction
chemistry of heme hyponitrites. For example, Lu and
co-workers have engineered a copper binding site into the
distal pocket of Mb and have clearly demonstrated that
this CugMb mutant catalyzes the reduction of NO to
N,O."" Importantly, they have also engineered an Fe''
binding site into Mb, and this FegMb mutant displays a
~10-fold faster NO reduction activity than the CugMb
mutant.'*® Collman and co-workers have utilized the
results from the reaction of a functional diferrous syn-
thetic model of the active site of NOR with NO to propose
that a trans-dinitrosyl intermediate forms (i.e., the trans
mechanism in Figure 24) at the active site of NOR
followed by NO coupling to give N>O and a diferric
product.’?""'?> The heme and nonheme nitrosyl inter-
mediates were characterized spectroscopically at low
temperatures. Karlin and co-workers have provided clear
evidence that a synthetic heme/copper model of HCO will
also reductively couple NO to N,O in the presence of acid,
thus substantiating the requirement for both metal and
acid for this NOR reaction to occur.'*?

Our research into hyponitrites stems from our interest
in designing tractable compounds that can be used to
study the coordination chemistry of hyponitrites in a
systematic fashion. Prior to our work in this area, there
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were no crystallographically characterized heme or heme
model hyponitrites. We thus set out to prepare an isolable
heme hyponitrite compound that we would subject to
crystallization efforts and structure solution. The reac-
tion of the oxo-bridged dimer [(OEP)Fe],(#-O) with
hyponitrous acid (eq 3) gave, after workup, a stable
hyponitrite-bridged iron porphyrin product in good
yield.'?*

[(OEP)Fel,(u-O) + HaN,O, — [(OEP)Fel,(u-N,O>)

A band at 982 cm ™! in the IR spectrum of the product was
assigned to v, of the NO group (v,s('’NO) 973 cm™").
The X-ray crystal structure of this compound is shown
in Figure 26. The compound crystallizes as a tetrakis-
(dichloromethane) solvate, where the CH,Cl, molecules
surround the hyponitrite bridge. Figure 26 (top) shows
the molecule without the CH,Cl, solvates. As is seen in
the figure, the hyponitrite ligand is bound to each Fe atom
via the 5'-O binding mode, and the hyponitrite ligand is
trans (i.e., structure F in Figure 25). The N—N bond
length of 1.250(3) A is indicative of double-bond char-
acter (cf. 1.256(2) A in trans-Na,N>0,)** and suggests
substantial hyponitrite (i.e., dianionic) character to
this bridging ligand. DFT calculations were performed
for geometry optimization for the porphine analogue
[(por)Felo(u-N,O,) using the BLYP functional with a
TZP basis set and a frozen core for all atoms and for
subsequent single-point energy calculations using the
B3LYP functional and an all-electron TZP basis set.
The DFT calculations on the porphine analogue reveal
that the calculated geometry of a ferric high-spin trans-
N,O, system most closely reproduces the crystal struc-
tural data, consistent with the electron paramagnetic
resonance data for the product as a CH,Cl,/toluene glass
at 77 K."?* The frontier spin orbitals from the unrestricted
open-shell calculations (shown in Figure 27) reveal that
the N atoms of the hyponitrite bridge form a bonding
interaction in both highest occupied spin orbitals. The
detailed magnetic behavior of this complex remains to be
explored, however.

We then explored the possibility of N,O generation
from this complex. The addition of hydrochloric acid to
the hyponitrite-bridged complex results in the formation
of N,O and (OEP)FeCl (eq 4).

[(OEP)Fel, (u-ONNO) + 2HCl — N,0
+2(OEP)FeCl + H,0 (4)

N,O was identified by IR spectroscopy of the head-
space; new bands at 2236/2213 and 1298/1266 cm ™'
were attributed to v, and v, of N»O, respectively.125’12(’
Use of the '°N-labeled hyponitrite shifts the v,; bands
to 2167/2144 cm™!; the corresponding v, bands were
not observed because of their occurrence outside the
detection window.
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Figure 26. Molecular structure of [(OEP)Fe],(u-ONNO). Top: H
atoms and the CH,Cl, solvates have been omitted for clarity. Bottom:
With CH,Cl, solvates but without nonsolvate H atoms. Selected bond
lengths (A) and angles (deg): Fe—O = 1.889(2), O—N = 1.375(2), N—
N = 1.250(3), Fe—N(por) = 2.049(2)—2.064(2), £FeON = 118.56(12),
ZNNO = 108.5(2). Reproduced from ref 124. Copyright 2009 The
American Chemical Society.

The successful preparation of this [(OEP)Fe],(«-ONNO)
complex is only the beginning of what could be a fruitful
area of research into heme hyponitrites. However, we note
that the O,0 binding of the hyponitrite in this complex
might be possible because of the generous Fe—Fe dis-
tance of 6.7 A in this complex (i.e., it can accommodate
an O,0-binding mode). This 6.7 A distance is longer than
the 4.4 A distance between the iron and copper centers in
T thermophilus cytochrome bas that exhibits NOR activity.'?’
Ongoing work in our laboratories is centered on the
design and preparation of iron porphyrin hyponitrite
complexes exhibiting different binding modes of the
hyponitrite ligand (e.g., a possible N-binding mode in a
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Figure 27. Frontier spin orbitals for high-spin [(porphine)Fe],(«-ONNO).
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spin orbitals, respectively. Reproduced from ref 124 Copyright 2009 The
American Chemical Society.

ferrous derivative) and exploring the differences in the
chemical reactivities of the hyponitrite linkage isomers.

Conclusions

To a large extent, the study of linkage isomerization in
heme—NOx compounds is still in its infancy. It is possible
that the intense coloration of nitrosyl metalloporphyrins
hinders efficient light penetration for obtaining high yields
of the photogenerated isonitrosyl ('-ON) and/or side-on
(177-NO) linkage isomers starting from their ground-state
nitrosyl precursors. Their demonstrated existence, however,
in synthetic iron porphyrins suggests that they cannot be
readily ignored in discussions about heme—NO interactions.
Indeed, a recent calculation on Mb(NO) suggests the possible
existence of the metastable Mb(;'-ON) linkage isomer in this
protein.'*® Clearly, more work needs to be done to elucidate
any contributions such linkage isomers may make toward the
overall biological activity of NO. In the case of nitrite
binding, the existence of its N and O binding to heme proteins
provides an entry into studies that may differentiate between
the nitrite reductase activities of the proteins as a function of
the nitrite binding mode. Only one synthetic metalloporphy-
rin hyponitrite compound has been reported to date.

We fully expect that synthetic bioionorganic chemistry of
heme—NOx compounds will continue to play an important
role in delineating the rather diverse roles that NO plays in
mammalian physiology.
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