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ABSTRACT: The selective reduction of nitrite (NO,~)
to nitric oxide (NO) is a fundamentally important
chemical transformation related to environmental reme-
diation of NO, and mammalian blood flow. We report the
synthesis and characterization of two nonheme Fe
complexes, [Fe(LN,™)(MeCN),](BE,), (1™“N) and
[Fe(LN,™)(NO,),] (2), geared toward understanding
the NO,™ to NO conversion. Complex 2 represents the
first structurally characterized Fe" complex with two axial
NO, ligands that functions as a nitrite reduction catalyst.

hile the physiological properties of nitric oxide (NO)

have been established over the past four decades,’
several other small inorganic molecules have emerged that
exhibit important biological activities. This list includes reactive
nitrogen species (RNS) such as nitrite (NO,”)* and nitroxyl
(HNO)? and S-containing molecules such as hydrogen sulfide
(H,S).* In particular, the biochemical properties of NO,™ have
been the focus of recent research efforts, which stems from its
role in the global nitrogen cycle and its potential therapeutic
use in diseases related to blood flow.” For example, the overuse
of nitrogen-rich fertilizers has led to an increase in nitrate
(NO;™) and NO,” concentrations to toxic levels in water
runoft.’ Thus, removal of these nitrogen oxides by denitrifying
bacteria or synthetic catalysts is a key process in municipal
water treatment.® Additionally, in vivo vascular levels of NO,~
approach high uM concentrations where it serves as an
emergency storage pool of NO.” The two-proton, one-electron
reduction of NO,™ to NO is effectively carried out in microbes
by nitrite reductase enzymes (NiR: NO,™ + 2H" + e~ —» NO +
H,0) utilizing type 2 Cu or heme-Fe (cd,) cofactors.*
Although no such human NiR exists, several heme proteins
have demonstrated NiR activity under hypoxic conditions.”
These studies emphasize nitrite’s role as an alternative (nitric
oxide synthase (NOS) independent) reservoir of NO during
times of stress. Indeed, this activity has been observed in several
mammalian proteins including deoxyhemoglobin, endothelial
NOS, and cytochrome ¢ oxidase.”® This property emphasizes
the significant role Fe-containing proteins play in the
physiological equilibrium between NO,™ and NO.

Due to the environmental and physiological importance of
the NO,” to NO conversion, several groups have pursued
synthetic analogues of NiRs.”'® Examples of functional Cu-
NiR*’ analogues are greater than their Fe counterparts.'® This
absence is because of the tendency to form Fe reaction
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byproducts that halt the catalytic cycle includin% oxo-bridged
Fe"—O—Fe™ and “inert” {FeNO} derivatives.' Encouraged
by our findings in nonheme-mediated reduction of NO with
pyrrole ligands, we transitioned to the design of NO,~
reduction catalysts.'"" We thus synthesized a planar, neutral,
imine/imidazole, N,-ligand (LN,™) to permit the binding of
NO,” ligands in vacant or solvent-bound axial positions
(Scheme 1). We hypothesized that the decreased basicity of

Scheme 1. Synthesis of 2 (S = solvent ligands)
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LN,™ would circumvent the formation of stable {FeNO}’
products and facilitate catalytic reduction of NO,™. Herein, we
report the synthesis, structure, and properties of
[Fe(LN4Im)(MeCN)2] (BE,), (1MCN) and [FE(LN4Im) (NO,),]
(2) (Scheme 1). To our knowledge, 2 is the first example of a
nonheme Fe"—(NO,), complex that exhibits catalytic NiR
activity.

Complex 1M“N was synthesized by treating an MeCN
solution of LN,™ with [Fe(H,0),](BF,), (1:1) affording the
red Fe'' complex (4,,: 478 nm in MeCN, Figure S4 in the
Supporting Information = SI) in 92% yield. Complex 1™*“N has
been characterized by various spectroscopies and X-ray
diffraction (Figure 1) to support its formulation (see the SI).
Complex 1 reacted readily with KNO, (1:2, solubilized with 18-
crown-6 ether = 18C6) in DMF to result in precipitation of the
violet N-bound (nitro) species 2 in 85% yield (Scheme 1).
Spectroscopic features in the UV—vis (4, 574 nm in MeCN,
Figure S4) and FTIR ("*N-senstive peaks at 1327, 1281, and
813 cm™!, KBr, Figure $3)'? are consistent with its formation.
The isolation of 2 from stoichiometric addition of NO,™ is
noteworthy as reacting an Fe"—P (where P = porphyrin)
complex with excess NO,  only results in the mononitro
derivative."® This observation has been attributed to the strong
m-accepting ability of NO,™ and is exemplified by the low-spin
(LS) nature of Fe in the Fe—P—NO, complex. Complex 2 is no
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Figure 1. ORTEP of 1M*N (left) and 2 (right) with 50% thermal
probability for all non-hydrogen atoms. MeCN and PhCN solvent of
crystallization for 1M*N and 2, respectively, have been omitted for

clarity.

exception to the LS trend; however, the binding of the second
axial NO,™ group is a first in Fe'' heme and nonheme systems.
The 7-acidity of NO,™ in 2 is likely buffered by the neutral, less
basic LN,™. In contrast, Fe—P complexes with other anionic
axial ligands are typically high-spin.'?

X-ray crystallographic analysis revealed distorted octahedral
Fe" centers from the four basal plane N-donors of LN,™ and
two MeCN or NO,™ axial ligands for 1M°“N and 2, respectively
(Figure 1). The bond distances for 1M*“N and 2 are similar to
Fe—Ninine (avg 1.962 A for 1; 1.940 A for 2) and Fe—N, .01
(avg: 1.992 A for 1; 1.996 A for 2) lengths supportive of the LS
nature of Fe'. The axial Fe—~NCMe distance (avg: 1.935 A) in
1MN js shorter than the Fe—NO, distance (avg: 1.964 A) in 2
reflective of the better z-accepting ability of nitrile versus
nitrite. Comparison of the Fe—NO, distance in 2 with Fe'—P—
NO, complexes emphasizes the highly variable nature of the 7-
bonding in the NO,” ligand. For example, the Fe—NO,
distance of 2 is longer than the Fe—NO, distance in the five-
coordinate Fe=P—NO, complex (1.849 A)" and cc NiR (1.9
A, Fe! form),"* but similar to that found in six-coordinate
FeH—P—NOZ complexes (avg: 1.988 A)."> This structural
discrepancy in five- versus six-coordinate Fe—NO, complexes
has been attributed to the trans influence, i.e. competition for
the d, orbitals of Fe.'® For comparison, the only Fe-axial-
dinitro complex that has been characterized by X-ray diffraction
is an FeP species with Fe—NO,(avg): 1.985 A."” Complex 2
is thus the first structurally characterized Fe'-axial-dinitro
complex and shares metric similarities to six-coordinate
mononitro Fe'~P—NO, complexes. The unique N—O
distances in 2 (one long: 1.285 A; one short: 1.222 A) are
symptomatic of the diminished 7-delocalization in the O—N-—
O molecule and underscores the potential lability of these
bonds (vide infra).

The unprecedented Fe(NO,), axial ligation in 2 prompted us
to explore its reaction chemistry with thiols since they could
function as H* and e~ sources for reduction of coordinated
NO,™. Reaction of 2 with p-chlorobenzenethiol (1:4; p-CIArSH
= RSH, pK,: 9—10 in DMSO'®) resulted in the tetrahedral
dinitrosyl iron complex (DNIC), [Fe(SAr-p-Cl),(NO),]”
(anion of 3, MeCN, room temperature = RT; see Scheme
2). Fractional precipitation of the reaction mixture allowed us
to characterize the products formed. After reacting 2 with RSH
(1:4) for 24 h, the solvent was removed and the dark residue
was treated with Et,O to afford an insoluble dark-red solid.
Spectroscopic analysis of this solid by FTIR (vyo: 1743, 1692
cm™}, KBr), UV—vis (Amax: 487, 790 nm, MeCN), and ESI-
MS(-) is consistent with DNIC (73%).'® This assignment was
further verified by comparing these parameters to that of

Scheme 2. Proposed Reaction of 2 with RSH (R: p-CIArSH)
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independently prepared 3 (Et,N* salt, Figures SS—S7). ESI-
MS(+) of this solid confirmed that a possible cation of 3 is the
Fe" complex [Fe(LN,™)(SR),]* (Figures S8—S9). The
organic soluble materials comprised the disulfide of p-Cl-
ArSH (p-Cl-ArSSAr-p-Cl or RSSR) and free LN,™ ("H NMR
compared to authentic samples). Based on this evidence, one
mechanistic proposal involves the stepwise heterolytic cleavage
of the N—O bonds in 2 and formation of a transient
mononitrosyl {FeNO}’ iron complex (MNIC). All RSH
equivalents serve as H* sources; half reduces the {FeNO}
unit (generating RSSR), and the other half becomes a ligand.
Recent work from Kim demonstrated that Fe-thiolate MNICs
disproportionate into DNIC and 2Fe—2S clusters in the
presence of excess thiol.”° A similar fate in the present reaction
thus appears reasonable. Moreover, thiol (not thiolate) is
necessary for the observed conversion as the addition of
(Et,N)(SAr-p-Cl) to an MeCN solution of 2 does not yield
DNIC. Thus, a proton-coupled redox event accounts for the
chemistry in Scheme 2.

The 2 and RSH reaction represents a new path to NO
formation and interception via the DNIC. Indeed, studies in the
early 1980s revealed the in vivo formation of protein-bound
DNICs when rats were fed diets high in nitrite salts.”"** DNIC
formation is in contrast to the reaction of Fe™—P—NO,
complexes with thiols, which yield the corresponding
{FeNO} and sulfenic acid (RS=OH) through an O atom
transfer (OAT) mechanism.>® No evidence for S-oxygenates
was observed in the 2 and RSH reaction demonstrating the
difference in chemistry between Fe'— and Fe'-NO,
complexes. Moreover, addition of 25 mol equiv of the classic
O atom acceptor PPh,***** resulted in no reaction with 2
under identical conditions (Figure S10). Although thiol-
induced rearrangement of the coordination sphere of 2 to
yield 3 halts catalytic NO,™ reduction, the chemistry is
indicative of the NiR activity of 2 in the presence of a weak
acid, a previously uninvestigated H*/e™ source for reduction of
Fe"-NO, complexes.

To circumvent DNIC formation, we tested the NiR activity
of 2 using an acid with a non-coordinating conjugate base in
combination with p-CIArSH as the sacrificial reductant. The
reaction of 2 with a 1:1 mixture of tosic acid hydrate (TsOH-
H,0; pK,: 8.6, MeCN*®)/p-CIArSH (1:2:2, net: 2H*, 1 ¢~ per
bound NO,~) resulted in an immediate color change of the
MeCN solution from violet to red. The first indication that this
pathway was different from the thiol-only reaction was from
fractional precipitation of the reaction mixture. For example,
removal of the MeCN solvent followed by treatment of the
dark residue with Et,O afforded the red insoluble Fe-containing
product, [Fe"(LN,™)(MeCN),](TsO), (tosylate salt of
1MeN) in 73% yield (UV—vis, FTIR, and ESI-MS(+)). The
FTIR of the Et,O-insoluble compound displayed no vy peaks
attributed to DNIC.*® Furthermore, 'H NMR analysis of the
Et,O-soluble portion indicated only RSSR (85%).
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Further insight regarding the fate of the NO,™ ligands of 2
was obtained through GC-MS analysis of the reaction
headspace. Sampling the headspace after mixing 2 with RSH/
TsOH (1:2:2) under the same conditions stated previously
revealed the presence of a peak in the GC (¢, = 1.79 min)
whose corresponding MS (m/z: 29.9) was consistent with NO
(Figure S11). There was no evidence for other nitrogen oxide
compounds (i.e, N,0, NO,). Control experiments with NO,~
resulted in ~10% of the NO observed in the 2-promoted
reduction highlighting its requirement in the NO, -to-NO
conversion. An identical GC-MS experiment with '*N-labeled
2N exhibited m/z: 30.9 ("*NO) to further corroborate NO
formation from 2 (Figure S12). To quantify released NO(g),
vial-to-vial NO-trapping reactions were performed with the
Co"—P complex [Co(T(—OMe)PP)] (where T(—OMe)PP =
5,10,15,20,-tetrakis(4-methoxyphenyl)-21H,23H-porphine) to
generate the corre%pondlng {CoNO}®* complex [Co(T-
(—OMe)PP)(NO)].° Performing this experiment with 2 and
RSH/TsOH (1:2:2) resulted in stoichiometric conversion of
[Co(T(—OMe)PP)] to the {CoNO}® complex as monitored
by UV—vis (A, 418, 540 nm, CH,Cl,) and FTIR (1yo: 1697
em™ vygno: 1667 cm™! using 2'SN, KBr, Figures S13—S14).

The release of NO from the reaction of 2 and RSH/TsOH,
coupled with the isolation of 1M*“N, suggested we could reform
2 by addition of NO,™ to the reaction mixture and demonstrate
turnover. Thus, the formation of NO was monitored by GC-
MS under identical conditions (vide supra). After 15 min, 2
mol equiv of NO,~ were added to the mixture to displace any
coordinated NO and regenerate 2. GC-MS analysis of the
reaction headspace at this point verified the presence of NO
(Figure S15). After this measurement, the headspace was
removed under vacuum and refilled with N, to provide an NO-
free baseline in the GC. Subsequent iterations of this cycle
(three total) demonstrated the turnover of NO,™ to NO via 2
and RSH/H, generation of 1M“N, and last reformation of 2
with added NO,™. Notably, the Fe-catalyst 2 is recoverable after
three cycles in 80% yield (cycles 2 and 3 reveal 97 and 84%
headspace NO with respect to cycle 1) Overall, these results
provide strong support that 2 is a functional NiR model.

NO formation from Fe—NO, complexes occurs through
three mechanisms: (i) OAT to an acce}z)tor molecule (E) to
produce the {FeNO}’ product and E=0;****** (ii) H*-assisted
reduction and heterolysis of the N—O bond through loss of
0" (as H,0; p-oxo bridge when Lewis acid (Cu') used in
place of H*) and formation of an {FeNO}’ complex (via
transient {FeNO}°);'%"¢ and (iii) H*-assisted reduction and
homolysis of the N—O bond to afford Fe''~OH and NO."
Not surprisingly, we can rule out (i), as excess PPh; does not
react with 2 (vide supra). Pathway (iii) can also be eliminated
since this route generally requires an O-bound (nitrito) NO,~
ligand. X-ray crystallographic analysis of 2 under several
different growth conditions always resulted in N-bound nitrite
ligands. The IR spectrum of 2 is also suggestive of nitro
coordination.'”” Taken together, (i) is the most reasonable
path.

A probable mechanism emerges and is supported by several
lines of evidence (Scheme 3). Bulk workup and analysis of the
reaction of 2 and RSH/TsOH reveals formation of 1MeN
(Et,O-insoluble) and RSSR (Et,O-soluble) in ~80% yield.
Furthermore, trapping of NO from this reaction with Co"—P
establishes the stoichiometric release of NO. In the absence of
an NO acceptor, mechanism (ii) would suggest an {FeNO}” (4
in Scheme 3) or {Fe(NO),}® intermediate is likely traversed.
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Scheme 3. Reaction Path of 2 with RSH/TsOH
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Our results support the former. First, the {Fe(NO),}®
formulation has only been proposed as a transient (low
temperature) intermediate in three instances.”’ Second,
attempts at synthesizing this FeNO species by reacting NO
with 1 only result in a product with one strong vy stretch in
the IR (~1700 cm™),*® which is consistent vnth {FeNO}’
complexes in similar coordination environments.”® Finally, in
situ monitoring of the 2 and RSH/TsOH reaction revealed IR
and UV—vis features that resemble independently prepared 4
(Figure S16). We hypothesized that the Fe—NO bond in 4
would be particularly labile. This logic stems from the
decreased basicity of LN,™ (compared to a previously reported
{FeNO}” complex with pyrrole ligands)'' making the Fe center
less of a m-donor. Also, LN,™ bears some resemblance, in an
electronic sense, to the neutral N,Py ligand (N4Py = N,N-
bis(2-pyridylmethyl)-(N-(bis-2-pyridylmethyl)amine)) whose
corresponding {FeNO}’ complex exhibits a labile Fe—NO
bond.”® The Fe—NO bond lability in 4 is further confirmed in
its synthesis, as application of vacuum or simple dissolution in
donor solvents ultimately yields 1° making isolation of
analytically pure 4 difficult.

In summary, we report the synthesis and properties of two
nonheme Fe' complexes with special emphasis on the dinitro
complex 2, which displays stoichiometric and catalytic NiR
activity. To our knowledge, 2 represents the first nonheme
complex that demonstrates selective turnover of NO,™ into
NO. Additionally, 2 is the first structurally characterized
example of a nonheme complex with trans coordinated nitro
ligands.
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