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ABSTRACT: The reduction of NO to N>O by flavodiiron nitric oxide reductases (FNORs) is related to
the disruption of the defense mechanism in mammals against invading pathogens. The proposed
mechanism for this catalytic reaction involves both non-heme mono- and dinitrosyl diiron(II) species as
the key intermediates. Recently, we have reported an initial account for NO reduction activity of an
unprecedented mononitrosyl diiron(Il) complex, [Fex(N-Et-HPTB)(NO)(DMF)3](BFs); (1) with
[Fe''{FeNO}] formulation (Jana et al., J. Am. Chem. Soc. 2017, 139, 14380—14383). Here we report the
full account for the selective synthesis, characterization and reactivity of FNOR model complexes, which
include a dinitrosyl diiron(II) complex, [Fex(N-Et-HPTB)(NO)2(DMF):](BF4); (2) with [{FeNO}’]
formulation and a related, mixed-valent diiron(Il, IIT) complex, [Feo(N-Et-HPTB)(OH)(DMF)3](BF4)3
(3). Importantly, whereas complex 2 is able to produce 89% of N>O via a semireduced mechanism (1
equiv. of CoCp2 per dimer = 50% of NO reduced), complex 1, under the same conditions (0.5 equiv. of
CoCp2 per dimer = 50% of NO reduced), generates only ~50% of N>O. The mononitrosyl complex
therefore requires superreduction for quantitative NoO generation, which constitutes an interesting
dichotomy between 1 and 2. Reaction products obtained after N>O generation by 2 using 1 and 2 eq. of
reductant have been characterized by molecular structure determination and EPR spectroscopy. Despite
several available literature reports on N>O generation by diiron complexes, this is the first case where the
end products from these reactions could be characterized unambiguously, which clarifies a number of

tantalizing observations about the nature of these products in the literature.
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INTRODUCTION

Nitric oxide (NO) is generated endogenously in mammals, and at nanomolar concentrations it
plays a major role in nerve signal transduction and blood pressure control. In addition, NO also acts as an
important component in the defense mechanism of mammals against various invading pathogens.'™
Although up to micromolar concentration of NO can be produced by iNOS in the activated macrophages
as a response to bacterial infection,’® few microbes such as T. maritima,” M. thermoacetica® and D. gigas,’
are able to reduce NO to the much less toxic, neuropharmacological agent and greenhouse gas, nitrous
oxide (N20), by expressing the enzymes flavodiiron nitric oxide reductases (FNORs).!!3 This NO
reduction process protects the microbes from “nitrosative stress” under anaerobic growth conditions.
Consequently, the pathogens can proliferate'® in the human body and may cause harmful infections.
FNORs therefore gain significant importance in bacterial pathogenesis, and understanding the mechanism
of these enzymes may immensely contribute in finding new ways to counter bacterial infection.

FNORSs are a subclass of a broader family of enzymes which is known as flavodiiron proteins (FDPs).!!
FDPs have been comparatively recently recognized within the class of enzymes which contain carboxylate
bridged nonheme diiron active sites'> and are found in bacteria, archaea as well as in few protozoa.'! 1¢-
26 FDPs are primarily oxygen scavenging enzymes which reduce O, to water, thereby protecting the
microbes under oxidative stress. In addition to such oxygen scavenging activity, some of the FDPs show
preferential activity towards two electron reduction of NO to N2O and are classified as FNORs. Evidence
for an inducible NO-metabolizing and NO-detoxifying activity in anaerobic E. coli has been reported.?’
Here, it has been demonstrated that FNORs are expressed as a direct response to the exposure of E. coli
cells to NO, which supports the role of these enzymes in the defense mechanism for the bacteria.'* Other
examples of such preferential NO reduction activity have been reported for Desulfovibrio vulgaris,®

Desulfovibrio gigas'® and Morella thermoacetica.”® The corresponding enzyme from the latter anaerobic

bacterium revealed a six-fold higher catalytic efficiency for NO vs. O reduction.’® X-ray structure
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determination of the active site of D. gigas FNOR® revealed two non-heme iron centers separated by a
distance of 3.2-3.6 A. One iron center is coordinated by a glutamate and two histidines, while the second
iron center is coordinated by an aspartate, a histidine and a water-based ligand. A water-based ligand and
a bridging aspartate complete the coordination spheres. This unsymmetrical coordination environment
around the two iron centers, however, has been found to be functionally irrelevant by mutagenesis
studies.®! The non-bridging water derived ligand in the active sites of M. thermoacetica® and T. maritima’
(PDB: 1VME) is replaced by an additional histidine, and thus provides an identical, four His coordination
environment around the two iron centers. Additionally, a flavin (FMN) cofactor is found within close
range (4—6 A) of the active site to facilitate rapid electron transfer.

FNORs are efficient catalysts and a fast reduction of NO was observed for FNORs from M.
thermoacetica (Kea= 48 s~ !, Km= 4uM)*° and D. vulgaris (Kea= 12 s !, Km= 19 uM)?® while much less
efficient NO reduction was observed for the FDP from T. maritima (Kear= 0.05 s, Km= 70 uM),” which
primarily functions as an Oz-reductase in vivo. The four electron reduced active site (FMNH,-Fe'Fe") of
FNOR mediates the two electron reduction of NO to N2O. The mechanism for the catalytic reduction of
NO to N2O by FNORs is much debated'® and both mono- and dinitrosyl diiron intermediates have been
invoked in two different proposed mechanisms.'%1% 3235 A detailed discussion on four of the proposed
mechanisms, namely, the semireduced (mixed-valent), superreduced, direct coupling (diferrous
dinitrosyl) and the hyponitrite mechanism is available elsewhere.'® Some recent reports support the
formation of a mononitrosyl species as an intermediate in the catalytic cycle.” 3¢ These reports include
the formation of a stable mononitrosyl adduct, formed by the addition of 1 equiv of NO per diiron(I) site
of both FMN-free® and FMN-containing®® flavodiiron proteins. A more recent study on the mechanism of
FNORs, however, has shown that the NO reductase reaction indeed proceeds through the successive
formation of mononitrosyl species, [Fe'{FeNO}], and dinitrosyl species, [{FeNO}’]», of which the

former is not the catalytically active species for N-N bond formation.*® This report®® shows that the
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diferrous-dinitrosyl species is actually the catalytically active species and is converted to a diferric species
and N>O. Here the Enemark- Feltham notation, {MNO}?, is used to classify metal-nitrosyl complexes,’’
where x denotes the sum of iron-d and NO(n*) electrons. Extensive characterization by experimental
methods as well as support from theoretical calculations revealed that the high-spin non-heme {FeNO}’
species with S = 3/2 ground state should be described as a high-spin Fe'' (S = 5/2) center
antiferromagnetically coupled to NO~ (S = 1).>3% This description is also in good agreement with
literature reports.*>° Additional investigations involved structural and vibrational spectroscopic
characterization of non-heme iron(II) nitrosyls and has provided evidence in favor of strong m donation
from NO™ to Fe(III), which leads to a very covalent Fe-NO unit in high spin {FeNO}’ complexes.’! It
has also been shown by one of us (N. L.) that covalency in the Fe—NO unit decreases upon one-electron
reduction, and thus leads to a comparatively weaker Fe-NO bond.>> While the high degree of covalency
of the Fe-NO bond in {FeNO}’ units leads to their stability, reduction to {FeNO}® may therefore serve
as the activation process of such stable non-heme {FeNO}’ centers for further reactivity,> for example,
N20O production or disproportionation.

In the semireduced mechanism, the [{FeNO}’]> species is reduced by FMNH, to generate FMNH(-)
and [{FeNO}’{FeNO}®], which in turn produces N>O and a mixed-valent Fe(II)Fe(Ill) complex. The
latter species is then reduced by FMNH(-) to regenerate the diferrous unit, which can then again undergo
nitrosylation to regenerate [ {FeNO}].. Such a mechanism has very recently been shown to be operative
in a functional model complex of FNORs.”® In the superreduced mechanism,'! the [{FeNO}'],
intermediate is first reduced by FMNH, to generate [ {FeNO}?], and FMN. The former then produces N>O
and a diferrous complex. The diferrous unit may again undergo nitrosylation to regenerate [ {FeNO}'].
N2O generation by a mononuclear {FeNO}’ complex®* and a dinuclear mononitrosyl [Fe'{FeNO}’]
complex™ have been reported to proceed via the superreduced mechanism, but in an intermolecular N-N

coupling reaction. The direct coupling mechanism considers N>O production by direct N-N coupling in
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the [ {FeNO} ]2 complex to generate a Fe''-O-Fe' intermediate, which is then reduced by two electrons
to a diferrous species by FMNH,. Here, the reduction is not considered to be necessary for activation of
the [{FeNO} ], intermediate. This pathway was supported by the capability of deflavinated T. maritima
FDP7-33:36 to carry out a turnover of 2 eq. NO to 0.7 eq. N2O, which suggests that the FMN cofactor may
not have any catalytic role and that it rather just re-reduces the active site. The feasibility of this
mechanism is further supported by recent model complex studies.>’

While T. maritima FDP primarily serves as an O scavenging enzyme with low NO reductase activity

5859 and one [Fe"'{FeNO}’] model complex>® are known to be

in vivo, two [ {FeNO}’], model complexes
stable in solution. These complexes do not produce N>O in the absence of external reductants and hence,
it seems quite unclear whether the direct coupling mechanism reflects the actual mechanism of NO
reduction in vivo. A recent computational study has described a detailed reaction mechanism for the
reductive coupling of NO at the diiron active site of FNORs and involves a series of intermediates
featuring bound hyponitrites.®® Metal complexes of first row transition metals containing bound trans-

and cis-hyponitrite have been reported in the literature®!-¢’

and a recent report by one of us (F.M.)
demonstrates the isolation of a cis-hyponitrite intermediate which could produce N>O upon protonation.®
Very recently, linkage isomers of reduced Ni-nitrosyl complexes have been shown to serve as key species
in the reduction of NO at monometallic sites to produce N2O upon protonation of a cis-hyponitrite
intermediate.®

Reactivity of non-heme diiron(II) complexes with NO in general is quite well-known.!% 1270 A
dinitrosyl complex, [Fex(N-Et-HPTB)(PhCOO)(NO):](BF4), (4)°® (Chart 1) could mediate the
photoproduction of N>O at low temperatures in high yield”! and formation of a mononitrosyl species was
invoked in the mechanism. A functional model complex for FNORs, [Fex(BPMP)(OPr)(NO):](BPhs)2

(5),° (Chart 1) could mediate the reduction of NO to N>O with quantitative yield upon chemical as well

as electrochemical reduction. It was further shown with the triflate analogue of 5 that one equivalent of
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reducing agent is in fact sufficient for the quantitative generation of N>O.>* However, the dinitrosyl
diiron(Il)  complex, [L{Fe(NO)}2(u-OAc)](ClOs)> (6)"> (where L is a dinucleating
pyrazolate/triazacyclononane hybrid ligand) displays an anti orientation of the {FeNO}’ units compared
with the syn orientation in 4°® and 5°° and is unable to produce N>O upon reduction. Very recently, a
nonheme diiron model complex has been shown (by N.L.) to be capable of directly reducing NO to N>O

in quantitative yield without the use of an external reductant.’’

However, despite multiple reports
available in the literature regarding reduction of NO to N>O by diiron complexes in relation with FNORs,
the fate of the iron complexes after N>O generation remained elusive. Along those lines, we have reported
the sole example of a model mononitrosyl diiron(IT) complex, [Fex(N-Et-HPTB)(NO)(DMF)3](BF4)3 (1),
which could mediate the reduction of NO to N>O in ~89% yield upon chemical as well as electrochemical
reduction.>

With this exciting initial results, we set out to perform a detailed comparative reactivity study for 1 and
its dinitrosylated analogue 2 and to find out the exact fate of the nitrosylated species after N>O generation.
Here we report a detailed account for the synthesis, structural and spectroscopic characterization and
reactivity of 1, a dinitrosyl diiron(Il) complex, [Fex(N-Et-HPTB)(NO)2(DMF),](BF4)3 (2), and a related
mixed valent diiron(1l, III) complex, [Fe2(N-Et-HPTB)(OH)(DMF)3](BF4)3 (3). Complex 2 could mediate
the reduction of NO to N2O upon chemical and electrochemical reduction at RT. Interestingly though,
both 1 and 2 were found to produce stoichiometric amounts of N>O upon addition of 1 eq. of a chemical
reductant, while only 50% N>O was produced by 1 upon use of 0.5 eq. of the reductant. The reactions
leading to N>O generation were studied further by IR and EPR spectroscopy, and mass spectrometry,
while the final products obtained after NoO generation upon one- and two-electron reduction of 2 were
unambiguously characterized, for the first time, by single crystal X-ray structure determination. Finally,
based on our comparative reactivity studies, spectroscopic investigations, theoretical calculations, and the

molecular structure determination of the reaction products, mechanisms for the reduction of NO to N>O
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Chart 1. Abbreviations and designations of compounds

[Fex(N-Et-HPTB)(NO)(DMF);3](BFa)s 1%
[Fea(N-Et-HPTB)(NO)2(DMF)2|(BF4)3 2
[Fex(N-Et-HPTB)(OH)(DMF)3](BFa)s 3
[Fea(N-Et-HPTB)(PhCOO)(NO)2](BF4)2 48
[Fe2(BPMP)(OPr)(NO),](BPha), 5%
[L{Fe(NO)}2(u-OAc)](ClO4) 672
[Fex(N-Et-HPTB)(DMF)4](BF4); 773
[Fe2(N-Et-HPTB)(u-SR)(DMF),](BF4): R=Me,n=0, 827
R=Ph,n=1, 8b™
[Fea(N-Et-HPTB)(u-SCOCH3)](BFa4)2 9>
[Fex(N-Et-HPTB)(OH)(NO)(DMF),](BF4)3 107
[Fea(N-Et-HPTB)2(u-OH)2(u-O)](BF4)4 11
[Fes(N-Et-HPTB)2(u-OH)2](BF4)4 12

HN-Et-HPTB,’* 76 (N,N,N',N'-tetrakis(2-(I-ethylbenzimidazolyl))-2-hydroxy-1,3-diaminopropane; HBPMP, 7" 2,6-bis[(bis(2-
pyridylmethyl)amino)methyl]-4-methylphenol; L is a dinucleating pyrazolate/triazacyclononane hybrid ligand

by 1 and 2 are proposed.
Experimental Section

Preparation of Compounds. All reactions and manipulations were performed under a pure argon
atmosphere using either standard Schlenk techniques or an inert atmosphere box. Solvents were dried
following standard procedures.” Tritylnitrosothiol (Ph3CSNO)30-8! [Fex(N-Et-
HPTB)(NO)(DMF);](BF4)s (1)>, [Fex(N-Et-HPTB)(DMF)4](BF4)3 (7", [Fea(N-Et-
HPTB)(RS)(DMF),](BF4), (R = Me, n = 0, 8a; R = Ph, n = 1, 8b)", [Fex(N-Et-HPTB)(u—
SCOCHj3)](BF4)2 (9)°° and [Fex(N-Et-HPTB)(OH)(NO)(DMF):](BF4)3 (10)”° were prepared following the
respective literature procedures. Cobaltocene, thioacetic acid, (NO)(BF4), Fe(BF4)2:6H20, (Cp2Fe)(BF4),
Cp2Fe, and Et;N were obtained from commercial sources and were used without further purification. In
the preparations that follow, all the filtrations were performed through Celite and solvent removal steps
were carried out in vacuo inside an inert (argon gas) atmosphere box. Yields reported in each case are for
recrystallized compounds and are averages of individual yields obtained from multiple batches of

reactions, calculated using corresponding molecular weights of the compounds shown in Table 1.
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[Fex(N-Et-HPTB)(NO)2(DMF):] (BF4)3 (2). To a solution of 7 (0.04 mmol, 55.44 mg) in 1 mL of DMF
was added Ph3;CSNO (0.24 mmol, 73.2 mg) in 1 mL of DMF and the green solution was stirred for 4
hours. The solution was filtered, and Et2O was allowed to diffuse into the filtrate overnight at —35°C with
an additional 1 day standing at r.t. to afford greenish brown colored block shaped diffraction quality
crystals. The crystals were washed several times with THF and Et,O followed by drying under vacuum
to yield 34.9 mg (60%) of 2. The identity of the compound was confirmed by a single crystal X-ray
structure determination. Anal. Calcd for: C40HeaB3F12Fe2N1405°0.5(C3H7NO) (2:0.5DMF): C, 45.34%; H,
5.09%; N, 15.18%. Found: C, 45.67%; H, 4.77%; N, 15.26%. ESI-MS in MeCN: found (calcd) for [Fea(V-
Et-HPTB)(NO),]*": m/z 298.78 (298.76). IR: vno = 1782 cm™! (KBr pellet); 1798 cm™! (2 mM solution
in MeCN); 1789 cm™! (7.7 mM solution in CH>Clz). UV—Vis (0.2 mM in MeCN) A nm (¢, M 'em™): 320
(4763+700), 425 nm (1785%£160), 510 (558+80), 625 nm (505+70). Mdssbauer: & = 0.64 mm/s (AEq =

1.33 mm/s).

Alternative synthesis of 2 from 1. To a solution of 1 (0.018 mmol, 24 mg) in 1 mL of DMF was added
Ph3;CSNO (0.036 mmol, 11 mg) in 0.5 mL of DMF. The reaction mixture was stirred for 2 hours, filtered,
and Et,O was allowed to diffuse into the filtrate overnight at —35°C with an additional 1 day standing at
r.t. to afford greenish brown-colored block-shaped diffraction quality crystals. The crystals were washed
with Et;0 followed by drying under vacuum to yield 16.5 mg (67%) of 2. The identity of the compound
was confirmed by unit cell determination of the single crystals, and IR spectroscopy.

Alternative synthesis of 2 from 7 using NO gas. To a solution of 7 (0.04 mmol, 55.44 mg) in 2 mL of
DMF, NO gas was purged for 2 minutes. The solution was filtered, and EtoO was allowed to diffuse into
the filtrate overnight at —35°C with an additional 1 day standing at r.t. to afford greenish brown colored
block shaped diffraction quality crystals. The crystals were washed with Et;O followed by drying under
vacuum to yield 33.7 mg (58%) of 2. The identity of the compound was confirmed by a single crystal X-

ray structure determination and IR spectroscopy.
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Alternative synthesis of 2 from 8a or 8b. To a solution of 8a (0.04 mmol, 42 mg) in 2 mL of MeCN was
added Ph3CSNO (0.08 mmol, 24.4 mg) in 2 mL of THF and the green solution was stirred for 4 hours.
The solvent was evaporated to dryness and the solid residue was washed several times with THF. The
solid residue obtained was dissolved in DMF, filtered, and Et,O was allowed to diffuse into the filtrate
overnight at —35°C with additional 1 day standing at r.t. to afford greenish brown colored block shaped
diffraction quality crystals (16.7 mg, 29%) of 2. The identity of the compound was confirmed by single
crystal X-ray structure determination and IR spectroscopy.

Complex 2 was synthesized from 8b (0.02 mmol, 22.32 mg) and PhsCSNO (0.04 mmol, 12.2 mg)
following the same procedure as described above (starting from 8a), in 35% (9.56 mg) yield, and the
identity of 2 was confirmed by unit cell determination of the single crystals and IR spectroscopy.
[Fex(N-Et-HPTB)(OH)(DMF)3] (BF4)3 (3). To a solution of 9 (0.05 mmol, 54.1 mg) in 2 mL of MeCN
was added a solution of ferrocenium tetrafluoroborate (0.11 mmol, 30.02 mg) in 2 mL of MeCN and the
resulting solution was stirred for 6 hours. The solvent was evaporated to dryness and the solid residue
obtained was washed several times with THF, dissolved in DMF, filtered, and Et,O was allowed to diffuse
into the filtrate overnight at —35°C with additional 1 day standing at r.t. to afford brownish yellow colored
diffraction quality crystals (34.5 mg, 49%). The identity of the compound was confirmed by a single
crystal X-ray structure determination. Anal. Calcd for: CspH71B3F12Fe2N1305-0.5(C4H100) (3:0.5Et,0):
C, 47.43%; H, 5.60%; N, 13.32%. Found: C, 47.27%; H, 5.29%; N, 13.20%. UV—Vis (0.2 mM in DMF)
Anm (e, M lem™): 300 (5990+400), 575 (770+15). Mdssbauer: § = 1.22 mm/s (AEq = 3.27 mm/s, 44.3%)),
0.44 mm/s (AEqg = 0.79 mm/s, 55.7%).

[Fes(N-Et-HPTB)2(u-OH)2(u-O)] (BF4)4 (11). To a solution of 2 (0.02 mmol, 27.5 mg) in 1 mL of CH2Cl;
was added a solution of cobaltocene (0.02 mmol, 3.78 mg) in 0.5 mL of CH2Cl>. The color of the solution
immediately changed from dark green to dark brown. The resulting solution was stirred for 1 hour and

evaporated to dryness. The residue obtained was dissolved in 1 mL of DMF, filtered, and Et:O was

10
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allowed to diffuse into the filtrate overnight at —35°C, followed by letting the solution stand at room
temperature for 10 days to yield a mixture of pale yellow-colored needle-shaped and brown coloured
block-shaped crystals. The block-shaped crystals were identified as [Fes(N-Et-HPTB)2(u-OH)2(u-
0)](BF4)4 (11) and the needle-shaped crystals were identified as Cp.Co(BF4) by single crystal X-ray

structure determination.

[Fea(N-Et-HPTB)2(u-OH)2] (BF4)4 (12). To a solution of 2 (0.02 mmol, 27.5 mg) in 1 mL of CHCl, was
added a solution of cobaltocene (0.04 mmol, 7.56 mg) in in 0.5 mL of CH2Cl>. The color of the solution
immediately changed from dark green to yellowish brown. The resulting solution was stirred for 1 hour
and evaporated to dryness. The residue obtained was dissolved in 1 mL of DMF, filtered, and Et2O was
allowed to diffuse into the filtrate overnight at —35°C, followed by letting the solution stand at room
temperature for 10 days to yield a mixture of pale yellow-colored needle-shaped and yellowish brown-
colored block-shaped crystals. The block-shaped crystals were identified as [Fes(N-Et-HPTB)2(u-
OH)2](BF4)4 (12) and the needle-shaped crystals were identified as Cp2Co(BF) by single crystal X-ray

structure determination.

13+/2+ 23+/2+

Computational Methods. Optimization and frequency calculations on and were performed
with Gaussian09%? using the B3LYP functional®>** and 6-311G(d) basis set.7 Both of these complexes
contain two antiferromagnetically coupled iron centers. These were treated by generating three fragments,
one fragment containing the ligand scaffold, and the other two fragments containing one each of the Fe
or Fe-NO units. An initial guess was performed first in Gaussian09 by making one of the Fe-containing
fragments antiferromagnetically coupled to the other Fe. This guess was then utilized to begin single
point and geometry optimization calculations. Once optimized, a frequency calculation was performed,
and the final optimized structure was used in a subsequent Orca®**° 4.0.1.2 single point calculation to

visualize the electronic structure. This single point was performed on the Gaussian09 B3LYP optimized

structure (without fragments) utilizing the B3LYP/G functional and 6-311G(d) basis set with the def2/]J
11
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t.”% The ferromagnetic single point was generally calculated first, and the spins at one of

auxiliary basis se
the Fe-NO units were then flipped using the SpinFlip option in order to proceed.

General Physical Methods. Elemental analyses were recorded using a Perkin-Elmer 2400 series 11
CHNS analyzer. Cyclic voltammetry studies of 2 and 3 (10~ M) in DMF were performed using a CHI620E
electrochemical analyzer (CH Instruments, USA). A three-electrode setup was employed comprising a
glassy carbon working electrode, a platinum wire auxiliary electrode, and a silver wire as the pseudo-
reference electrode. Tetra-n-butylammonium hexafluorophosphate (0.1 M) was used as the supporting
electrolyte. Electrochemical potentials are referenced internally to the ferrocene/ferrocenium couple at
0.0 V. Electronic absorption spectra were recorded using a Cary 60 UV-Vis spectrophotometer. IR spectra
of the solid samples as KBr pellets were recorded using a Perkin Elmer Spectrum BX FT-IR. The solution
FT-IR data were measured on a Perkin Elmer FT-IR spectrometer (Frontier) instrument. Mdssbauer
spectra were recorded using an alternating constant WissEl Mdssbauer spectrometer, consisting of an MR
360 Drive Unit, an MV-1000 velocity transducer, and an LND 45431 proportional counter mounted on
an LINOS precision bench. The system was operated in a horizontal transmission geometry with source,
absorber, and detector in a linear arrangement. The temperature was controlled and maintained using a
Janis SHI closed-cycle helium cryostat. Measurements were performed at 80 K. Data acquisition was
performed using a 512 channel analyzer. Isomer shifts were referenced versus a-iron metal foil at ambient
temperatures. The simulation of experimental data was performed using the Mfit program. Magnetic
susceptibility measurements were conducted on a Quantum-Design MPMS XL-5 SQUID magnetometer,
equipped with a 5 T magnet. Powder samples were loaded into a Teflon bucket (for 1) or into a gelatin
capsule (with addition of a polyfluorinated oil to prevent crystal orientation, for 2) and placed in a plastic
straw. The raw data were corrected for the diamagnetic contribution of the sample holder (and of the oil

in case of 2) as well as the diamagnetic contribution of the complexes using ym¥?(sample) = —0.5-M-10°
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cm®mol L. The data were fit with the julX program®® using the appropriate Heisenberg-Dirac-van-Vleck

(HDvV) spin Hamiltonian for isotropic exchange coupling and Zeeman splitting, equation (1).

H=-2]8,5, + gugB(S; + $;) (1)
EPR spectra were recorded using a Bruker X-band EMX spectrometer equipped with an Oxford liquid

helium cryostat. Spectra were recorded on ~2mM frozen solutions using 20mW microwave power and
100kHz field modulation at a 5G amplitude. IR spectroelectrochemistry experiments were performed
using a LabOmak UF-SEC thin layer cell, with Pt mesh working and counter electrodes, and an Ag wire
pseudo-reference electrode.

N:0 yield Calculation. X umol (X =9.6, 5.2) of 2 were dissolved in 2 mL of CH>Cl> in a septum sealed
25 mL round bottom flask with a 14/20 joint. 1 or 2 equivalents of CoCp> (with respect to the
concentration of 2) were dissolved in 0.5 mL of CH>Cl; and the solution was syringed into the flask. The
resulting solution was stirred for ~5 min prior to evacuating the headspace of the flask via cannula transfer
to an evacuated Pike HT gas-IR cell (190 milli-torr) for exactly 20 s. After subtraction of a CH>Cl» blank
taken under the exact same conditions, the IR spectrum was converted to absorbance and the N-N stretch
of N>,O was integrated using a straight-line baseline correction from 2150-2275 cm™'. The integration was
then compared to a standard curve.*

X-ray Structure Determinations. The molecular structures of compounds 2, 3, 11 and 12 were
determined by single crystal X-ray structure determinations. Diffraction-quality crystals were obtained as
described in the synthesis parts of the respective compounds above. Single crystals were coated with
Parabar oil and were mounted under a nitrogen cold stream. Data collections were performed either at
150K (2, 3) on a Bruker SMART APEX II diffractometer with graphite-monochromated Mo Ka radiation
(L=0.71073 A) controlled by the APEX II (v. 2010.1-2) software package or at 100 K (11 and 12) on a
Bruker DEVENTURE Microfocus diffractometer equipped with PHOTON II Detector, with Mo Ka
radiation (A = 0.710 73 A), controlled by the APEX III (v2017.3—0) software package. The raw data were
integrated and corrected for Lorentz and polarization effects with the aid of the Bruker APEX II**/APEX

13
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Table 1. X-ray crystallographic data for compounds 2, 3, 11 and 12°
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compounds 2-DMF 3-DMF 11 12-:6DMF
CCDC 1892324 1770560 1892326 1892325
numbers
Temp. (K) 150 150 100 100
formula Cs2HroBsF1oFe CssHrsBsFioFe, CseHiooBaF16Fes CiosH142B4F6Fes
N1506 N1406 N2005 NZGOIO
formula 1373.36 1403.44 2064.49 2487.07
weight
crystal triclinic triclinic triclinic orthorhombic
system
space group P1 P1 P1 Pna2;
a, A 13.0940(19) 11.489(4) 18.424(6) 29.597(3)
b, A 13.229(2) 16.691(6) 18.600(6) 14.1253(12)
¢, A 21.320(3) 17.688(6) 21.629(6) 29.688(3)
o, deg 79.228(4) 85.673(5) 113.567(7) 90
B, deg 80.542(4) 84.727(5) 90.687(8) 90
v, deg 66.249(4) 69.969(4) 116.641(8) 90
V, A3 3304.4(9) 3169.8(18) 5905(3) 12411.6(18)
V4 2 2 2 4
Pealeds gm/cm3 1.380 1.470 1.161 1.331
u, mm! 0.530 0.553 0.556 0.546
6 range, deg 0.977-25.882 1.157-25.568 2.099-25.774 2.106-25.714
completeness
t0 0, % 994 98.9 93.8 99.7
reflections 34519 31956 52982 133860
collected
independent 12744 11764 21259 23091
reflections
R(int) 0.1256 0.0989 0.1240 0.0897
restraints® 184 17 47 103
parameters 762 791 1148 1471
Max., min. 0.7453, 0.7453, 0.7452, 0.7453,
transmission 0.6608 0.5911 0.6071 0.6714
RIC(WR2)d 0.0967 0.0786 0.1606 0.0596
[>2sigma(1)] (0.2368) (0.1833) (0.4090) (0.1446)
RI(WR2)® 0.2176 0.1519 0.2657 0.0850
(0.3057) (0.2247) (0.4750) (0.1645)
GOF(F?) 1.010 1.024 1.317 1.023
‘max, min 0.665, 1.020, 2.480, 0.888,
peaks, e.A3 -0.701 -0.980 -0.935 -0.867

“Mo Ka radiation (A = 0.71073 A). ® 2-DMF, disordered ligand and three BF,; 3-DMF, disordered DMF and three
BF47; 11, disordered ligand and four BF47; 12-:6DMF, disordered DMF and two BF4; “R1 = X||Fo|-|Fc|[/Z|Fo|. “‘WR2
= {Z[W(F,2-F2)*/Z[W(F2)?} 2. °GOF = {Z[w(Fo*~F2)*)/(n—p)}'"%, where n is the number of data and p is the
number of refined parameters. © electron density near: 2-DMF, disordered BFs~; 3-DMF, disordered BFs~; 11, at
1.20A from Fe3; 12:6DMF, disordered BFy4 .

III program suite. Absorption corrections were performed by using SADABS. Space groups were assigned

by considering the systematic absences (determined by XPREP) and analysis of metric symmetry. Space
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groups were further checked by PLATON!"? for additional symmetry. Structures were solved by direct
methods and refined against all data in the reported 20 ranges by full-matrix least squares refinement on
F? using the SHELXL program suite®® and the OLEX 2** interface. Hydrogen atoms at idealized positions
were included in the final refinements. The OLEX 2 interface was also used for structure visualization
and for drawing ORTEP®>% plots. Crystallographic data and final agreement factors are provided in Table
1. The individual CIFs include the refinement details and explanations (wherever applicable). Complexes
11 and 12 represent two elusive end products after N>O generation from a dinitrosyl diiron(II) complex
upon addition of 1 and 2 equivalents of reductants, respectively and could never be identified previously.
Data quality of 11 was, however, poor and hence a final R value lower than 10 could not be obtained. The
molecular structure and the cif of 11 is nonetheless included in this report, since the molecular structure
is otherwise clean, compliments the formation of 12 and for the first time clearly shows the nature of the
end product after semireduction of 2 by cobaltocene.

RESULTS AND DISCUSSION

Synthesis. Synthesis of a pure mononitrosyl diiron(I) complex in a symmetric dinucleating ligand
platform is generally thwarted by (1) lack of selectivity, and (ii) possible scrambling and dissociation of
NO.!° A previously reported diiron(II) complex, [Fe2(N-Et-HPTB)(NO)o.¢(DMF)s3 4](BFa4)3, was described
as a mixture of ~60% [Fe"{FeNO}’] species and ~40% Fe', species on the basis of single crystal X-ray
structure determination and Mdssbauer spectroscopy’> and therefore may not be considered as a suitable
candidate for a further structure-function study. Controlled experiments for studying stepwise addition of
NO also did not show the preferential formation of a mononitrosyl complex but straight-forward
formation of the dinitrosyl complex.>® Considering these facts, we set out to find an effective synthetic
strategy for the elusive mononitrosyl diiron(Il) complex, using redox reactions with [Fex(N-Et-
HPTB)(RS)(DMF),](BF4)2 (R = Me, n = 0, 8a; R = Ph, n = 1, 8b)"* and 9% (Chart 1) as the starting

materials. The mononitrosyl diiron(II) complex, 1,% has been reported by us recently, and the full
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Scheme 1. Schematic presentation of the synthesis and reactivity of 1-3. Ph3CSNO and (NO)(BF4) were

used as the sources of NO and NO™, respectively. Possible reaction intermediates (not isolated) are shown

in brackets. The new complexes, 2 and 3, and the new reactions are marked with red color. Complexes 1;

9;55 7,7 8a, 8b;"* and 107 have been reported previously.

synthetic details and the synthetic rationale for this family of compounds are provided here. The complete

synthetic scheme for 1-3 and their chemical interconversions with other related complexes (7-10) are

summarized in Scheme 1. Complex 9 could be synthesized®® either by the reaction of [Fex(N-Et-

HPTB)(DMF)4](BF4)3 (7)"® with CH3COSH/Et:N or by the reaction of 8a/8b’™ with CH;COSH (Scheme

). Upon treatment with one equivalent of (NO)(BF4), 8a and 8b yielded a mixture of the dinitrosyl

diiron(I) compound 2 and the diferrous complex 7. The mechanism for this reaction may involve the

initial formation of a thiolate bridged Fe''Fe

11
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form one equivalent of 7 and NO each, followed by nitrosylation of 7 in a non-selective manner (Scheme
1) to yield 2. Such a possibility has already been substantiated by one of us (A.M.) for the reaction between
8b and (Cp.Fe)(BF4).”* Alternatively, the bridged thiolate may react directly with NO™ to generate 7 and
the corresponding RSNO (R = Me, Ph)”’*® followed by the nitrosylation of 7 by the RSNO, again in a
non-selective manner, to yield half equivalents of 2 and the corresponding RSSR. Compound 2, however,
may be obtained as an analytically pure product by the reaction between 2 eq. of tritylnitrosothiol
(Ph3CSNO)3*8! and either 7 (60% yield) or 8a (29% yield) or 8b (35% yield). In practice, 4-6 eq. of
Ph;CSNO are actually used in order to counter the possible dissociation of NO and incomplete
nitrosylation. Alternatively, 2 could also be synthesized in 58% yield by the treatment of 7 with excess
NO gas.

However, unlike the formation of 7 from 8a/8b, reaction of 9 with (Cp2Fe)(BF4) in a 1:1 ratio yielded a
mixed-valent Fe'"Fe'! compound, 3, along with CH3COSSCOCH3 (Figure S1) and 9. The hydroxyl group
in 3 might have originated from the starting material, 9, which in turn was made from Fe(BF4)2-6H>0,
and/or from moisture in the solvents. A similar situation was reported previously for the origination of
the hydroxyl group in 10.”° This result indicates that the mixed-valent species that may have been
generated from 9 (for 9, Epa = 0.15 V, 0.77 V vs. Cp2Fe'/Cp,Fe) is incapable of oxidizing the bridging
thioacetate (E12 for CH3COS'/CH3COS™ = 0.58 V vs. Cp2Fe/Cp2Fe’ in water)™ to its disulfide form along
with the formation of 7. Also, because of the high reduction potentials, the iron centers in 9 may not be
oxidized by (Cp2Fe)(BF4). Rather, the bridged thioacetate may be oxidized directly'® by CpsFe* to yield
a mixture of CH3COSSCOCH;, 7, and 3. Here, 3 may be formed via the one electron oxidation of the
solvent coordinated diiron(Il) complex, identical or similar with 7, which may be generated after oxidation
of the bridging thioacetate to the corresponding disulfide. Indeed, the use of two equivalents of
(Cp2Fe)(BF4) in this reaction yielded 3 as the sole iron complex in 49% yield, while the yield of

CH3COSSCOCH; was found to be ~33% from '"H NMR spectroscopic measurements. Inspired by these
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results, the reaction of 9 with (NO)(BF4) was then carried out, which ultimately yielded the desired
mononitrosyl diiron(I) complex, 1 as a crystalline solid in 50% yield.>> Upon treatment of (NO)(BF4),
the bridged thioacetate in 7 may form CH;COSNO®7® which in turn will undergo homolytic cleavage to
generate NO and CH3COS" (Scheme 1). Unlike the weak bridging capacity of RSNO and RS®, both
CH3COSNO and CH3COS’ may still remain bound to one of the two iron(II) centers via the oxygen atom
and hence, two different coordination environments for the two iron(II) centers are maintained during the
course of the reaction (Scheme 1). This asymmetry in the coordination sphere of the iron(II) centers along
with the controlled release of NO in solution might have favored the selective formation of 1 along with
(CH3COS), (average yield = 39%).%> While a diiron(IL,III) species may also form during the reaction of
9 with NO™, the bridged thioacetate, owing to its high reduction potential, may not be oxidized by the
diiron(ILIIT) species to generate 7 and thus, the possible formation of a dinitrosyl complex during the
reaction is thwarted. The stability of 1 and 2 in solution up to at least 2 days was confirmed by IR and
UV-Vis spectroscopy, elemental analysis and unit cell determination of the single crystals obtained after
recrystallization. In contrast with [Fex(N-Et-HPTB)(PhCOO)](BF4),”> ', 9 did not react at all with
Ph3;CSNO. Since the {FeNO}’ unit is best described as (Fe'')(NO™),*4-4%-5! the reluctance of 9 to yield
nitrosylated products may be due to the much higher reduction potential of the iron(II) centers in 9 (Ep. =
0.15V,0.77 V) compared to that observed in the case of [Fe2(N-Et-HPTB)(PhCOO)]|(BF4)2 (E12=-0.18
V, 0.36 V).”> While reaction of 1 with Ph3CSNO yielded the dinitrosyl complex, 2, in 67% yield, treatment
of 1 with 1 eq. (NO)(BF4) converted 1 to a previously reported compound, [Fex(N-Et-
HPTB)(OH)(NO)(DMF):](BF4); (10)”°. Complex 10 may also be obtained by nitrosylation of 3 (Scheme
1). Both of these transformations were confirmed by single crystal X-ray structure determinations of the
products. Compound 107° exhibits a [ {FeNO}’{Fe!'(OH)}] formulation and has been recently reported

to be an unsuitable candidate for mediating the photoproduction of NO to N>O.”! Therefore, it becomes
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Figure 1. Molecular structure of 2 with 30% probability thermal ellipsoids and partial atom labeling

scheme shown. Hydrogen atoms are omitted for clarity.

apparent that a controlled and slow addition of only 1 eq. of (NO)(BF4) during the selective synthesis of
1 is very crucial. Moreover, addition of 1.1 eq. of (NO)(BF4) or addition of even 1 eq. of (NO)(BFj) all
at once (instead of slow addition) into the reaction solution has been shown to yield a mixture of 1 (block
shaped crystals) and 10 (needle shaped crystals) which may be identified easily by unit cell determinations
of the single crystals and the cyclic voltammetry study of the bulk reaction products.

Molecular Structures. Structural characterization of 2 revealed two iron(Il) centers in pseudo-
octahedral geometry, where each iron(II) center is coordinated by one NO and one DMF molecule (Figure
1). The coordinated DMF molecules are orthogonal to each other. Hexa-coordination for both of the
iron(II) centers is satisfied by four coordination sites from the deprotonated ligand, N-Et-HPTB!", to
enforce pseudo-octahedral geometries around both of the iron(II) centers in 2. Compound 2 (Figure 1)
shows Fe-NO distances of 1.729 (7) and 1.748(7) A, N-O distances of 1.123(8) and 1.147(8) A, and Fe—

N-O angles of 174.9(8) and 164.9(7)°, respectively. These metric parameters of 2 are consistent with 153
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Table 2. Selected bond distances, angles and vno of nitrosylated complexes.

complexes Fe—Nno (A) N-O (A) <Fe-N-O (°) vrno (em™!) (as KBr pellet)
1% 1.769(7) 1.164(9) 154.9(7) 1768
2 1.748(7) 1.147(8) 164.9(7) 1782
1.729(7) 1.123(8) 174.9(8)
4 1.749(8) 1.151(8) 166.6(7) 1785
1.750(7) 1.156(8) 168.3(7)
5% 1.774(2) 1.156(3) 155.5 1760
1.796(3) 1.172(3) 144.7
567 1.768 1.143 151 1745
1075 1.787(2) 1.110(4) 171.03) 1792

Molecular structures obtained from multiple batches of single crystals displayed slightly different bond
distances and angles for 1°° and 10.”° Distances and angles are shown for *mononitrosyl 17 in Table S2
of ref. 21, Paverage values for all four Fe(NO)}” units in the asymmetric unit of “2b” in ref. 23, and ‘those
for “4a” in Table 1 of ref. 26.

58 5% and 67? (Table 2). Complex 3 contains two

and the previously reported dinitrosyl complexes, 4,
iron centers in pseudo-octahedral geometry and shows bond distances of Fel-Opy-genprs = 1.950 A, Fe2—
On-eeuete = 2.051 A and Fel-O2(OH) = 1.860 A in 3, similar to previously reported {Fe'Fe"'-OH}
units.”

Spectroscopic Characterizations. The electronic absorption spectrum of 2 consists of four distinct
transitions (Figure 2) and is in agreement with the absorption spectroscopic features associated with non-
heme {FeNO}’ complexes.'>>% 38 A broad feature centered at 625 nm (¢ = 50570 M 'em™!) is attributed
to a d—d transition, while a second band appears as a shoulder at 510 nm (g = 558+80 M 'cm ™). Complex
2 exhibits an additional shoulder at 425 nm (¢ = 1785160 M'cm ') and an underlying tail from the UV
band at 320 nm (e = 4763+700 M 'cm™). The bands ranging from 320-510 nm are attributed to NO (n")

to Fe'!l charge transfer transitions in non-heme {FeNO}’ complexes.'? 1> The vno value of 1782 cm™!

(as KBr pellet, Figure S2) in the case of 2 conforms to the typical NO stretching frequencies for
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Figure 2. Electronic absorption and IR spectra of 1 and 2 in MeCN. [1] =[2] = 0.2 mM (UV-Vis) and 2

mM (IR).

high-spin non-heme {FeNO}’ complexes'? and are within the range of 1720-1800 cm™' typically observed
for these types of complexes®! (Table 2). The solution IR spectrum of 2 in MeCN is provided in Figure 2

(inset), which shows the nitrosyl stretching frequency at 1798 cm™!

, while the amide-like vibrations from
metal-coordinated DMF and free DMF in MeCN>> 7! are observed at 1653 and 1677 cm™!, respectively.

Moreover, upon isotopic substitution of coordinated NO in 2 with '’NO, the nitrosyl stretching frequency

shifts from 1783 cm ' to 1762 cm™! in CH>Cl, (Figure S3), thus confirming the assignment of vno in 2.

The Mossbauer spectrum of 2 features only one quadrupole doublet with an isomer shift, 6 = 0.64
mm/s (Figure 3), that corresponds to an {FeNO}’ dimer. Similar isomer shifts have been reported for
other diiron(II) complexes which feature one or more {FeNO} units.>> %775 Complex 2 was also found
to be EPR silent as expected from the antiferromagnetic coupling of two S = 3/2 {FeNO}’ units. SQUID
magnetometry measurements of 1 and 2 (Figure 4) reveal a weak antiferromagnetic coupling of —11.7
cm’! between S1 = 3/2 and S = 2 sites for 1, which increases to —28.3 cm’! for the two S = 3/2 sites in 2.

21

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society Page 22 of 58

[{(Fe(NO)}',

5 =0.64 mm/s U h
AEQ =1.33 mm/s

1 ' | ! | ! | v
-4 -2 0 2 4
Velocity (mm/s)

Figure 3. >’Fe Mossbauer spectrum of a polycrystalline sample of 2 at 80K.

This reflects a high-spin ferrous character of the DMF ligated iron ion in 1 and its partial oxidation upon

NO binding that gives rise to a Fe'!

-NO™ electronic structure. Mass spectrometry of 2 in MeCN shows
the molecular ion peak for 2 at m/z = 298.70 (calecd m/z = 298.76) for [Fex(N-Et-HPTB)(NO),]*" (Figure
S5), while in the case of 1, the molecular ion peak was observed at m/z =313.12 (caled m/z=313.11) for
[Fex(N-Et-HPTB)(NO)(DMF)]** (Figure S6). Together, the single crystal X-ray structure determination,
mass spectrometry, SQUID magnetometry and electronic absorption, IR, Mossbauer and EPR
spectroscopic measurements thus confirm the formulation of 2 as a [{FeNO} ], species, which directly
models the dinitrosyl intermediate observed in the catalytic cycle of FNORs. The electronic absorption
spectrum of 3 (Figure S4b) shows a band at 575 nm (g = 770£15 M 'cm™!) which may originate either
from an alkoxide to Fe(IlI) charge transfer or an intervalence charge transfer transition and is consistent

with the Fe''Fe'' formulation. The Mdossbauer spectrum of 3 (Figure S4c) features two quadrupole

doublets with isomer shifts, 6 = 1.22 and 0.44 mm/s, corresponding to the high-spin Fe(II )and Fe(III)
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Figure 4. SQUID magnetometry measurements of 1 (a) and 2 (b). The solid red lines represent the best
fits using S1 = 3/2 and S> =2 for 1 and §1 = 5> = 3/2 for 2 (see text).

sites, respectively, and is consistent with a high spin mixed-valent {Fe(I[)Fe(IlI)} formulation. Similar
Méssbauer parameters have been reported previously for other nonheme diiron(ILIII) complexes.’* 103-106
The observation of discrete quadrupole doublets for 3 at 80 K indicates that the intervalence electron
transfer is slow on the Mdssbauer time scale (10’s™!) at 80 K, which is similar to the situation reported for
the mixed-valent complexes [Fe'lFe''(BPMP)(OPr),](BPh4),!®® and  [Fex(N-Et-HPTB)(u-
PhCOO)(DMF),](BF4)3.”” The mixed-valent nature of 3 was also revealed in the EPR spectroscopic

measurements. Under the weak field approximation, most mixed-valent diiron(II,III) compounds’? 77 14

106-109 i1 a Jow symmetry ligand field exhibit signals with (gay) less than 2, characteristic of an S = 1/2
system that results from antiferromagnetic coupling of a high-spin iron(IIl) ion (S = 5/2) with a high-spin
iron(Il) ion (S = 2). Complex 3 displays an EPR signal with g ~ 1.857 at 4 K (Figure S4d) and is therefore

consistent with a [Fe''Fe'""] formulation for 3. Similar EPR spectra have been reported for other mixed-

valent diiron(ILIIT) complexes with the HN-Et-HPTB ligand.”: 1%
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Figure 5. Cyclic voltammetry traces for 2 (multiple scans for each of the six different scan rates are
shown) in DMF.

Cyclic Voltammetry and Redox Reactions. Unlike a single irreversible reduction at —1.1 V in the case
of the dinitrosyl complex 5°°, 2 shows two consecutive irreversible reductions at —1.18 and —1.30 V
(Figure 5) with a current ratio almost equal to unity (0.98) These two redox events in turn generate a new
oxidation wave at —0.57 V in the return scan. Based on the absence of this oxidation event at —0.57 V
while scanning in the potential range of —0.5 to —0.95 V (Figure S7), the new oxidation event at —0.57 V
may be attributed to oxidation of the reaction product resulting from reduction of 2, presumably a Fe'-
O-Fe'' species,” or a Fe'-OH-Fe! species that may form after denitrosylation of 2 to generate N>O. The
new reduction event at —0.72 V may then be related to the reduction of the now oxidized reaction product.
A single, irreversible, two-electron reduction event at —1.15 V was observed in the cyclic voltammogram
of 5, which was initially assigned to the simultaneous reduction of the two {FeNO}’ units in 5.> However,
it was established later that this two-electron reduction event was essentially a combination of a one-

electron reduction of the dinitrosyl complex, followed by fast N>O formation, followed by a one-electron
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reduction (at about the same potential) of the mixed-valent Fe'Fe! product generated after N.O
release.>>A similar situation may be expected to be operative in complex 2 as well. Two additional and
consecutive oxidation processes at —0.21 V and 0.18 V in the case of 2 are due to the oxidation of the two
iron centers of the two {FeNO}’ units. The first quasi reversible oxidation at Ei2 = —0.30 V (Epa= —0.21

V, AEv =180 mV) in the case of 2 may be accessed, in principle, to get the one electron oxidized version
of 2. Complex 2 was therefore allowed to react with 1 eq. of (Cp2Fe)(BF4) and the product obtained was
characterized as the previously reported compound, [Fex(N-Et-HPTB)(OH)(NO)(DMF),](BF4); (10),”
which exhibits a [{FeNO}’{Fe(OH)}] formulation. The mixed-valent compound, 3, showed only one
oxidation at 0.82 V due to the Fe'Fe'"/Fe''Fe!' redox event in the anodic scan, while on the reverse scan
(after the reduction event at —0.66 V) a new irreversible oxidation was observed at —0.04 V due to the
Fe'lFe!'/Fe'Fe'!! redox event (Figure S4e).

N20 Generation by 1 and 2. Complex 1 had previously been shown by us to produce N>O upon
electrochemical reduction as well as upon chemical reduction using 1 eq. Cp2Co with ~ 89% yield.*
Similar to 1, complex 2 also does not produce N2O in solution in the absence of a reductant, and hence
may be considered to be in agreement with the inefficiencies of 4,°® 5°° and the dinitrosyl adducts of
ribonucleotide reductase and methane monooxygenase towards reduction of NO to N>O.!? Interestingly,
2 could produce N>O upon electrochemical reduction as well as upon reduction by cobaltocene at room
temperature. The generation of N>O upon electrochemical reduction of 2 was confirmed by IR
spectroelectrochemistry experiments (Figure 6a), which show N>O formation (vn20 = 2223 cm™!) without
any detectable intermediates. The 'NO labeled dinitrosyl complex, 2(*>NO) (vno = 1762 cm™!, Figure
S3) was prepared by bubbling of '>NO gas into a CH2Cl, solution of 7. The corresponding IR
spectroelectrochemistry experiments showing the formation of "N2O (vn20 = 2154 cm™!) upon reduction
of the corresponding, isotopically labeled version of 2 are depicted in Figure 6b. Rapid production of NoO

was further confirmed by IR spectroscopic analysis of the reaction headspace upon reduction of complex
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difference between 1 and 2: whereas the mononitrosyl diiron(II) complex uses an intermolecular
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Figure 6. Generation of N2O upon electrochemical reduction of 2 (a) and 2(*>NO) (b).Conditions: [2] =

2 by 2 equiv of cobaltocene. Integration of the N—N stretching band of N>O against a calibration curve
generated from known N>O gas standards revealed ~96% yield of N>O (based on the conc. of 2) within
~5 min after addition of 2 eq. of cobaltocene (Cp2Co) as the reductant (Figure S8). Interestingly, it was
observed that even 1 eq. of cobaltocene was sufficient for the production of N2O from 2 with ~ 89% yield
(Figure S9). In contrast, while chemical reduction of complex 1 using 1 eq. Cp2Co could produce N>O in
~89% vyield,> use of only 0.5 eq. of Cp>Co was found to only generate about ~50% of N,O (relative to

the maximum amount of N>O that can be produced, Figure S10). These results indicate an interesting
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Figure 7. EPR study for the reaction of the mononitrosyldiiron(IT) complex, 1 (<g>= 1.97), with excess
Cp2Co in MeCN. Conditions: [1] = ~2mM, [Cp2Co] = ~4 mM, 9.355 GHz microwave frequency, 20.510

mW microwave power, 1 G modulation amplitude and 10.24 ms time constant.

superreduced mechanism to generate N>O, the dinitrosyl diiron(Il) complex uses a semireduced
mechanism upon chemical reduction. A semireduced mechanism has recently been reported by two of us
(N. L. and F. M.) for the dinitrosyl complex [Fe2(BPMP)(OPr)(NO):](OTf),, and it has been proposed
that this mechanism may constitute an efficient pathway to accomplish the reduction of NO to N2O by
synthetic catalysts as well as by FNORs.>> We (N. L. and F. M.) have also demonstrated that the reaction
of a 1:1 mixture of the natural abundance isotopes dinitrosyl diiron complex and the '"NO-labeled
dinitrosyl diiron complex with 1 equiv of Cp>Co at —80 °C lead to the clean generation of solely *!*N>O
and '>°N>O and no mixed-isotope product, consistent with an intramolecular N-N coupling reaction.>?

Characterization of the Reduction Products. Based on the observations from the N>O generation
studies involving 1, 2 and Cp2Co, attempts were made to isolate and characterize the reaction product in

each case. The EPR spectrum of 1 (<g> = 1.97) was essentially quenched upon reduction of 1 by excess
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Figure 8. EPR study for the reaction of the dinitrosyl diiron(ll) complex, 2 (black, 4.1 mM), with 1 eqv.

Cp2Co in CH2CI; at RT (red) and -80 °C (blue). Conditions for reduction at RT: [2] = 5.1 mM, [Cp2Co]

= 5.5 mM, 9.326 GHz microwave frequency, 20.460 mW microwave power, 1 G modulation amplitude

and 10.24 ms time constant. Conditions for reduction at LT (=80 °C): [2] = 5.4 mM, [Cp.Co] = 5.5 mM,

9.336 GHz microwave frequency, 20.510 mW microwave power, 1 G modulation amplitude and

10.24 ms time constant.

Cp2Co at —40°C in MeCN (Figure 7), and thus indicated the formation of a significant amount of EPR
silent species during N>O generation from 1. The residual EPR signal with significantly low intensity may
be related to the observed, low solubility of Cp2Co in MeCN at —40°C, thereby leaving behind a small
amount of unreacted 1 in the reaction mixture. Complex 2 was found to be EPR silent (Figure 8) as
expected for an antiferromagnetically coupled [ {FeNO} ], dimer. A mixture of 2 and 1 equiv. of Cp>Co
in CH2Cl> generated a broad S = 1/2 signal (<g> = 1.55, 1.79, 2.03; see Figure S11 for the fit), with a
notably higher intensity when the reaction was conducted at RT compared to LT (Figure 8) and thus
indicated the formation of a mixed-valent diiron(ILIII) species. Mass spectrometric analysis of a reaction

mixture containing 2 and 1 eq. of Cp2Co indeed showed the generation of a mixed-valent diiron(II, III)
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(b)

Figure 9. Molecular structures of (a) 11 and (b) 12 with 30% probability thermal ellipsoids and partial
atom labeling scheme shown. Hydrogen atoms (except for the u>-OH groups) are omitted for clarity.
Selected distances (A): for 11, Fel-02 = 2.018(9), Fe3-02 = 1.980(8), Fe2-04 = 1.999(9), Fe4-04 =
1.985(8), Fe2-03 = 1.814(8), Fe3-03 = 1.816(8); for 12, Fe1-0O4 = 1.984(5), Fe4-04 = 1.988(5), Fe3-03
= 1.994(6), Fe2-O3 = 1.987(5). Selected angles (°): for 11, <Fel-O2-Fe3 = 120.9(4), <Fe2-O4-Fe4 =

120.6(4), <Fe2-03-Fe3 = 130.2(5); for 12, <Fel-O4-Fe4 = 142.5(3), <Fe2-03-Fe3 = 146.2(3).

complex, [Fex(N-Et-HPTB)(u-O)]**, the hydroxo-bridged dimer of the mixed-valent diiron(ILIII)
complex (i.e. hydroxo-bridged tetranuclear iron complexes) and Cp>Co" (Figures S12 and S13), indicating
that these species are direct products of the reaction, and not just formed during the crystallization
experiments. Formation of such a mixed-valent diiron(ILIII) species upon addition of 1 equiv. of Cp2Co
confirms a semireduction mechanism where one electron out of a total of two electrons required for the
formation of N>O (~89% yield of N>O, Figure S9) is provided by the diiron(Il) core while the second
electron is provided by Cp2Co. The mass spectrum of the bulk crystalline product obtained from the above

reaction mixture also showed the presence of the mixed-valent diiron(ILIII) complex, [Fex(N-Et-

29

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society Page 30 of 58

HPTB)(u-0)]*" and the tetranuclear iron complexes, [Fes(N-Et-HPTB)(u-OH)3(u-0)]** and [Fea(N-Et-
HPTB),(u-OH)2(u-0)]*" (Figure S14). The tetranuclear complexes form by dimerization of the initially
formed mixed-valent diiron(ILIII) complex, and these species are likely in equilibrium in solution. The
bulk crystalline product contained a mixture of block-shaped crystals and (Cp2Co)(BF4). The block-
shaped crystals were identified as [Fes(N-Et-HPTB)2(u-OH)2(¢-O)](BF4)4 (11) by a molecular structure
determination. The molecular structure of 11 (Figure 9a) features two mixed-valent diiron(ILIII) units
linked together by two hydroxyl bridges (average Fe—O distance = 1.995A) and one oxo bridge (Fe—O
distance = 1.815A). On the other hand, mass spectrometric analysis of a reaction mixture containing 2
and 2 eq. of Cp2Co showed the generation of Cp2Co" along with a hydroxo-bridged tetranuclear iron(II)
complex, [Fes(N-Et-HPTB)2(u-OH):]*", and an analogous species, [Fes(N-Et-HPTB)x(u-OH)2(H20)]**
(Figure S15). The tetranuclear iron complexes form by dimerization (and protonation by H>O) of the
hydroxo bridged diiron(II) unit. Mass spectrometric analysis of the bulk crystalline product again showed
the presence of Cp2Co”, [Fes(N-Et-HPTB)2(u-OH)2]*" and [Fes(N-Et-HPTB)2(u-OH)2(H20)]*" (Figure
S16). The bulk crystalline product contained block-shaped crystals along with yellow colored needle-
shaped crystals. While the needle-shaped crystals were identified as (Cp2Co)(BFs), molecular structure
determination of the block-shaped crystals revealed a tetranuclear Fe(II) complex, [Fe4(N-Et-HPTB)2(u-
OH)2](BF4)4 (12). The molecular structure of 12 (Figure 9b) shows that two diiron(II) units are bridged
together via two hydroxyl groups (average Fe—O distance = 1.988A)), thus forming a tetranuclear unit.
The two —OH groups are engaged in hydrogen bonding (O4H4---O5 = 2.086A, O3H3---05 = 2.130A)
with the oxygen atom (O5) of one DMF molecule, which is sitting on the top of the eight membered cyclic
Fel-O1-Fe2-03-Fe3-02-Fe4-04 core in the crystal structure. The —OH groups and/or the proton of the —
OH groups in 11 and 12 might have originated from H>O, which could have been carried forward from
the hydrated iron(ll) salt, Fe(BF4)2-6H-0 initially used for the synthesis of 7, which in turn was used to

prepare 2. Complexes 11 and 12, however, could not be obtained as analytically pure samples and

30

ACS Paragon Plus Environment



Page 31 of 58 Journal of the American Chemical Society

oNOYTULT D WN =

therefore bulk sample characterization of these two complexes could not be accomplished. The quality of
the single crystals for 11 was quite poor and led to a final R value of ~16%. Nevertheless, the isolation of
11 coupled with the EPR study (Figure 8) strongly indicates that N>O and a mixed-valent diiron(ILIII)
species may be the immediate products after treatment of 2 with one equivalent of Cp>Co, followed by
dimerization of the diiron product to yield 11. On the other hand, isolation of 12 indicates that N>O and
an oxo-bridged diiron(Il) complex may be the immediate products after treatment of 2 with two
equivalents of Cp2Co. The latter may then dimerize in the presence of H>O to finally yield 12. Considering
these results and the EPR spectroscopic study for the reaction of the mononitrosyl diiron(Il) complex, 1,
with Cp2Co (Figure 7), a similar situation is expected to be operative in the case of 1 as well. However,
diffraction quality single crystals for the end products could not be isolated in the case of 1.

In the case of complex 5,% it has been observed that semireduction leads to the generation of an EPR-
active, mixed-valent (S = 1/2) product when the reaction is conducted at —80 °C. However, when the
reaction mixture is warmed up to RT, or the reaction is directly conducted at RT, the product becomes
EPR silent, an observation that is surprising and that could not be fully explained in the initial report.>’
Our results presented above provide an elegant explanation for this finding, where the initially formed,
mixed-valent (and EPR-active) Fe(I1)-O-Fe(III) product would dimerize at higher temperature, producing
a similar, tetrameric product as observed here (complex 11), which is then EPR silent. This result could
therefore have general implications for the behavior of mixed-valent (and diferrous) reaction products
formed from NO reduction in diiron model complexes. Despite several reports on NO reduction by diiron
complexes in the literature, this is the first time that the oligomerized (tetrameric) products from these
reactions could be characterized unambiguously.

Proposed Mechanism. Since reduction of NO to N>O is a two-electron reaction, complexes 1 and 2
are supposed to need 1 and 2 equivalents of reducing agents (here Cp2Co), respectively, for the near

quantitative generation of N>O. Previously, we have proposed’” that the generation of N>O by 1 may
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similar to mechanistic proposals for a mononuclear cobalt-nitrosyl complex!!

spin {FeNO}® complex.>
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Scheme 2. Schematic presentation of the mechanism for the generation of N2O upon reduction of 2 by 1
and 2 equivalents of cobaltocene. Complexes 2, 11 and 12 have been characterized by single crystal x-
ray structure determinations.

involve an intermolecular reaction between two molecules of the initially reduced product, [Fe''{FeNO}?],

molecules of [Fe'{FeNO}®] to one unit of 7 and [{FeNO}®],, of which the latter may yield NO.
Interestingly, it has been observed in the present work that the mononitrosyl diiron(II) complex, 1, cannot
generate N2O in quantitative yield upon addition of only 0.5 equivalent of Cp>Co, which only produces
~50% N>O. In contrast, treatment of the diiron(II) dinitrosyl complex, 2, with only 1 equivalent of Cp2Co

yields N2O in near quantitative yield. These results strongly suggest that 2 (in contrast to 1) is capable of
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and a mononuclear, high

An alternative pathway may, however, involve disproportionation of two
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providing 1 out of the total of 2 electrons required in the reduction of 2 molecules of NO to one molecule
of N20, and hence, these findings support a semireduced mechanism for 2. Near quantitative (~ 89%)
generation of N2O upon treatment of 2 with 1 equivalent of Cp2Co will, however, require oxidation of
one of the Fe(Il) centers to generate an EPR active (S = %) mixed-valent diiron(ILIII) species, which has
been confirmed for 2 by EPR spectroscopy (Figure 8). The mixed-valent diiron(ILIII) species may,
however, dimerize with time to form an oxo/hydroxo-bridged tetrairon species (11, Scheme 2). On the
other hand, generation of N>O upon treatment of 1 and 2 by 1 and 2 equivalents (or excess) of Cp2Co,
respectively, yields an EPR silent diiron(II) species with an oxo bridge, which has been confirmed for 1
by EPR spectroscopy (Figure 7). Such a diiron(Il) species may also dimerize to yield an all ferrous
tetrairon complex (12, Scheme 2). Considering the near quantitative yields of N>O upon reduction of 2
by 1 equiv. of Cp2Co along with the EPR spectroscopic study and X-ray structural analysis of the reaction
products, it may thus be concluded that 2 produces N>O via a semireduced mechanism. In contrast, the
mononitrosyl complex 1 can only produce N>O using an (intermolecular) superreduced mechanism. This
is an interesting dichotomy considering that 1 and 2 contain the same coligand, and hence, the {FeNO}”®
units in these complexes have very similar structural (Table S1) and electronic properties. DFT optimized
structures of 13" and 2°* contain quite typical {FeNO}’ units with Fe-N and N-O bond lengths of 1.79 A
and 1.16 A, respectively, and Fe-N-O bond angles of 170° in 13" and 165° and 168° in 2°*. These values
are in good agreement with structural paramaters reported for these complexes (see Table 2). In contrast,
the frequency calculations overestimate the Fe-NO stretching frequencies, predicting values of 1863 cm™!

for 1°* and antisymmetric/symmetric stretches at 1846 cm™! and 18737! for 2**. Such an overestimate of

the N-O stretch is typically observed with hybrid functionals such as B3LYP that contain exact Hartree-

13+/2+ 23+/2+

Fock exchange (see ref. 59 for more examples). Nonetheless, across the series of and , these
calculations can be employed to evaluate the differences in electronic structure between these complexes.

In the calculations, reduction of 2°* to 2°* results in a significant decrease in the N-O stretching frequency
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3 -9

Figure 10. (Left) Contour plot of the non-bonding dxy orbital (with respect to NO) that is occupied upon

one-electron reduction of 23" to 22, Note that since the coordination environment of the two {FeNO}’
units in 2°" is identical, with the amine groups trans to NO in both cases, reduction of the other iron center
gives the same result. (Right) Contour plot of the antibonding dy, orbital (with respect to NO) that is
occupied upon reduction of 13* to 13+,

of the resulting {FeNO}® unit to 1694 cm™!. Single point calculations on the optimized structure suggest
that the added electron populates the dxy orbital, which is non-bonding with respect to the Fe-N-O unit
(Figure 10, left). The additional electron density at the iron center leads to an increase of the effective
nuclear charge of the Fe and in this way, weakens the Fe-NO bond (see ref. s 51, 52), resulting in the
observed decrease in the N-O stretching frequency. In the case of 2, it is therefore the proximity of the
two Fe-NO units that facilitates inframolecular N-N bond formation and N>O generation via attack of the
reduced {FeNO}8 unit on the proximal {FeNO}’ unit (following a semireduced mechanism).%® If the two
Fe-NO units are not held in proximity, as in the mononitrosyl 1, further activation is required. Here, attack
of one {FeNO}?® species at the {FeNO}’ unit in a second complex is not enough to induce N-N bond
formation and N>O release. Only reaction of two {FeNO}® units is able to let the reaction proceed

(following an intermolecular superreduced mechanism). This finding has mechanistic implications for
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FNORs and argues against a mononitrosyl mechanism, where attack of NO on the activated {FeNO}"®

species was proposed to induce N-N bond formation. Our results indicate that this mechanistic scenario
is unlikely, and that the reaction most favorably proceeds via coordination of the two NO molecules,
thereby holding them in close proximity for further reaction.

In contrast to 2%*, single point calculations on the optimized structure of 1?* suggest that upon
reduction of the mononitrosyl complex, the extra electron occupies the antibonding dx, m*x orbital of the
Fe-N-O unit (Figure 10, right). Accordingly, this induces elongation of the Fe-NO and N-O bonds to 1.90
and 1.23 A, respectively as well as a significant increase in Fe-N-O bending, with the Fe-N-O angle
decreasing from 170° to 130° (See Table S1). This is further reflected in an increase in spin density on
the NO unit in 1>* compared to 13* (See Table S2), consistent with the decreased covalency in the Fe-NO
bond. Due to the decrease in Fe-NO covalency, the N-O stretching frequency in 1 is significantly lower
than that of 22*, at 1545 cm™!, indicative of a more activated {FeNO}® moiety in the mononitrosyl complex.

In addition, the formation of 11 and 12 after N>O generation from 2, may possibly indicate that such
tetrameric iron complexes may in general be the end products of N2O generation from non-heme diiron(Il)
model complexes of FNORs. Such tetrameric iron complexes may result by using the oxo group,
generated in situ by the release of N2O from two molecules of NO, to bridge the two diiron units. The
current work thus not only reveals the different mechanisms for N>O production from 1 and 2, but it also
explains the previously reported EPR-silent nature of the end products®® obtained after N>O generation.
We therefore provide general insight into the fate of functional model complexes of FNORs after the
reduction of NO and release of N2O.

CONCLUSION
In summary, this work provides a detailed description of the synthesis, characterization and reactivity of
a mononitrosyl diiron(Il) and a dinitrosyl diiron(II) complex which may be considered as functional

models for the mono- and dinitrosyl intermediates observed in the catalytic cycle of FNORs. The synthetic
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rationale behind the unique and selective nitrosylation process leading to the stepwise formation of a
mononitrosyl complex and its dinitrosyl analogue is explained in detail along with the inter-relationship
of these complexes with a related mixed-valent diiron(ILIII) and a mixed-valent mononitrosyl
diiron(ILIII) complex. Both the mono- and dinitrosyl diiron(II) complexes demonstrate facile N>O
generation upon chemical and electrochemical reduction following a superreduced and semireduced
mechanism, respectively. This difference in reactivity points to the importance of binding two molecules
of NO in close proximity for fast and efficient N>O generation. The end products generated after NoO
release from such model complexes have been characterized by EPR spectroscopic methods and, for the
first time, by single crystal X-ray structure determination, which shows the surprising formation of
tetranuclear iron complexes that use the oxo/hydroxo groups produced by N>O release as bridging ligands.
This work provides, for the first time, a possible general trend for the fate of the functional model
complexes of FNORs after the generation of N>O. Furthermore, our results support the proposed

semireduced mechanism as a feasible pathway for the catalytic cycle of FNORs.
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Scheme 1. Schematic presentation of the synthesis and reactivity of 1-3. Ph3CSNO and (NO)(BF4) were
used as the sources of NO and NO%, respectively. Possible reaction intermediates (not isolated) are shown in
brackets. The new complexes, 2 and 3, and the new reactions are marked with red color. Complexes 1; 9;°°

7;73 8a, 8b;7% and 107> have been reported previously.
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28 Figure 1. Molecular structure of 2 with 30% probability thermal ellipsoids and partial atom labeling scheme
29 shown. Hydrogen atoms are omitted for clarity.
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Figure 2. Electronic absorption and IR spectra of 1 and 2 in MeCN. [1] = [2] = 0.2 mM (UV-Vis) and 2 mM
(IR).
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Figure 3. °/Fe Mossbauer spectrum of a polycrystalline sample of 2 at 80K.
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Figure 4. SQUID magnetometry measurements of 1 (a) and 2 (b). The solid red lines represent the best fits

using S;1 = 3/2and S, = 2 for 1 and S;1 = Sy = 3/2 for 2 (see text).
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Figure 6. Generation of N>O upon electrochemical reduction of 2 (a) and 2(1>NO) (b).Conditions: [2] = 7.7
mM; [2(1°NO)] = 11.4 mM; hold potential at —1.6 V vs Ag wire; CH>Cly, 0.1 M (Et4N)(BF4).
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Figure 7. EPR study for the reaction of the mononitrosyldiiron(II) complex, 1 (<g> = 1.97), with excess
Cp2Co in MeCN. Conditions: [1] = ~2mM, [Cp2Co] = ~4 mM, 9.355 GHz microwave frequency, 20.510 mW
microwave power, 1 G modulation amplitude and 10.24 ms time constant.
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Figure 8. EPR study for the reaction of the dinitrosyl diiron(II) complex, 2 (black, 4.1 mM), with 1 eqv.
Cp2Co in CHCl> at RT (red) and -80 oC (blue). Conditions for reduction at RT: [2] = 5.1 mM, [Cp>Co] = 5.5
mM, 9.326 GHz microwave frequency, 20.460 mW microwave power, 1 G modulation amplitude and 10.24
ms time constant. Conditions for reduction at LT (—80 °C): [2] = 5.4 mM, [Cp2Co] = 5.5 mM, 9.336 GHz
microwave frequency, 20.510 mW microwave power, 1 G modulation amplitude and 10.24 ms time
constant.
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23 Figure 9. Molecular structures of (a) 11 and (b) 12 with 30% probability thermal ellipsoids and partial atom

24 labeling scheme shown. Hydrogen atoms (except for the pu;-OH groups) are omitted for clarity. Selected

25 distances (A): for 11, Fe1-02 = 2.018(9), Fe3-02 = 1.980(8), Fe2-04 = 1.999(9), Fe4-04 = 1.985(8), Fe2-

26 03 = 1.814(8), Fe3-03 = 1.816(8); for 12, Fe1-04 = 1.984(5), Fe4-04 = 1.988(5), Fe3-03 = 1.994(6),

Fe2-03 = 1.987(5). Selected angles (°): for 11, <Fel-02-Fe3 = 120.9(4), <Fe2-0O4-Fe4 = 120.6(4), <Fe2-
03-Fe3 = 130.2(5); for 12, <Fel-0O4-Fe4 = 142.5(3), <Fe2-03-Fe3 = 146.2(3).
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Scheme 2. Schematic presentation of the mechanism for the generation of NoO upon reduction of 2 by 1
and 2 equivalents of cobaltocene. Complexes 2, 11 and 12 have been characterized by single crystal x-ray
structure determinations.
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Figure 10. (Left) Contour plot of the non-bonding dxy orbital (with respect to NO) that is occupied upon
one-electron reduction of 23+ to 22+. Note that since the coordination environment of the two {FeNO}’

23 units in 237 is identical, with the amine groups trans to NO in both cases, reduction of the other iron center
gives the same result. (Right) Contour plot of the antibonding dxz orbital (with respect to NO) that is
occupied upon reduction of 13+ to 12+,
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