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6 ABSTRACT: Addition of NO to a nonheme dithiolate-ligated iron(II)
7 complex, FeII(Me3TACN)(S2SiMe2) (1), results in the generation of N2O.
8 Low-temperature spectroscopic studies reveal a metastable six-coordinate
9 {FeNO}7 intermediate (S = 3/2) that was trapped at −135 °C and was
10 characterized by low-temperature UV−vis, resonance Raman, EPR, Mössbauer,
11 XAS, and DFT studies. Thermal decay of the {FeNO}7 species leads to the
12 evolution of N2O, providing a rare example of a mononuclear thiolate-ligated
13 {FeNO}7 that mediates NO reduction to N2O without the requirement of any
14 exogenous electron or proton sources.

15 ■ INTRODUCTION
16 Thiolate ligation is known to play an important role in
17 regulating the interaction of nitric oxide with metal cofactors in
18 biology. The transport and storage of nitric oxide within cells is
19 facilitated by iron−sulfur clusters which control the delivery of
20 NO in the bloodstream and help in maintaining the
21 physiological concentration of NO.1−3 Certain enzymes are
22 known to contain anionic thiolate donors that affect the
23 binding affinity of NO. For example, nitrile hydratase (NHase)
24 has sulfur ligands whose selective oxygenation controls the
25 coordination of NO at the ferric active site.4−6 The thiolate-
26 ligated heme cofactor in cytochrome P450 is known to reduce
27 NO to N2O and is the only enzymatic example of a
28 mononuclear iron center that mediates the reduction of NO
29 to N2O.7,8

30 The reduction of NO to N2O is a crucial step in the
31 denitrification pathway of the global nitrogen cycle.9−12 This
32 reductive transformation is carried out by nitric oxide
33 reductase (NOR) in anaerobic pathogens, which catalyzes
34 the 2e−/2H+ reduction as shown in eq 1:13

+ + ++2NO 2e 2H N O H O2 235 (1)

36 Harmful microbes such as cyanobacteria, protozoa, and
37 archaea use a special class of flavin-containing NORs, known as
38 FDPnor, to combat the nitrosative stress generated by the
39 immune response present in the bloodstream.9,12,14−16 These
40 enzymes are comprised of dinuclear iron centers, each with a
41 five-coordinate environment around the metal centers and

42open sites for binding NO.7,17 Although a number of
43mechanistic routes have been hypothesized for the reduction
44mechanism, the initial step in all of them involves the binding
45of NO to form a mononitrosyl {FeNO}7 (Enemark−Feltham
46notation)18 complex which undergoes a second nitrosylation to
47 s1form a dinitrosyl [{FeNO}7]2 complex (Scheme 1). The
48[{FeNO}7]2 complex can accept reducing equivalents to form
49an [{FeNO}8]2 species, which results in N2O production. In an
50alternate scenario, the [{FeNO}7]2 complex can directly
51facilitate N−N bond formation to yield N2O without an
52additional reduction step. Although the two routes are equally
53probable during catalytic NO reduction by FDPnor, the
54successful production of N2O by the deflavinated FDPnor
55enzyme in a single turnover reflects the possibility that the
56metal centers can indeed act as electron reservoirs to
57sufficiently activate the FeNO unit and thereby nullify the
58requirement of any exogenous reductant.19,20

59Significant efforts have been made to construct functional
60NOR models in order to examine the mechanism of biological
61NO reduction.21−37 A few examples are known to reduce NO
62to N2O without the requirement of an added reductant.31,38−41
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63 A diiron-dinitrosyl [{FeNO}7]2 complex was shown to
64 produce N2O upon photoirradiation by white light, providing
65 the first example of direct NO reduction to N2O.41 Another
66 diiron(II) complex was reported to produce N2O directly upon
67 exposure to NO, although no conformationally competent
68 {FeNO}7 species could be directly linked to the overall
69 reduction reaction.39 Multinuclear iron complexes have also
70 been shown to carry out NO reduction in the absence of
71 exogenous reductants.31,38,40

72 We have previously reported a structurally characterized
73 {FeNO}7 complex with the N3PyS ligand as a structural
74 analogue for the NO-bound iron site in cysteine dioxygenase
75 (CDO).42−46 One-electron reduction of the {FeNO}7 complex
76 formed an S = 1 {FeNO}8 complex, which led to the
77 spontaneous production of N2O upon thermal decay. The
78 N3PyS-ligated {FeNO}8 complex was the first example of a
79 mononuclear iron complex that produced N2O.47

80 We recently reported a mononuclear {FeNO}7 complex
81 Fe(NO)(Me3TACN)((OSiPh2)2O),48 and the nitrosyl stretch-
82 ing frequency (ν(NO) = 1680 cm−1) was found to be
83 remarkably close to that known for FDPnor (ν(NO) = 1681
84 cm−1).49 Formation of N2O was detected upon introduction of
85 water to a THF solution of the complex. Such an observation
86 motivated us to study the dependence of this reactivity upon
87 the structural and electronic properties of the primary
88 coordination sphere. Herein we report the reactivity of a
89 silanedithiolate-ligated iron complex, FeII(Me3TACN)-
90 (S2SiMe2) (1),

50 with NO gas. The dianionic sulfur framework
91 resulted in a new pattern of reactivity when compared to the
92 previously reported dialkoxide {FeNO}7 complex.48 Complex
93 1 spontaneously evolves N2O upon being exposed to NO and
94 does not require any additional reagent to cause N2O
95 formation. In contrast to the widely observed stable nature
96 of {FeNO}7 complexes,51 we observed a highly reactive
97 metastable {FeNO}7 species with the dithiolate ligand that
98 could only be intercepted at −135 °C and characterized by

99low-temperature spectroscopic measurements. To the best of
100our knowledge, this is the first example of any thiolate-
101containing mononuclear {FeNO}7 complex to directly produce
102N2O from NO without any added reductants.

103■ RESULTS AND DISCUSSION
104Reactivity with NO. Complex 1 (FeII(Me3TACN)-
105(S2SiMe2)) is a nonheme high-spin (S = 2) mononuclear
106ferrous complex and is coordinated by three neutral nitrogen
107donors from the Me3TACN ligand and two anionic sulfur
108donors from the dithiolate ligand.50,52 This environment
109results in an overall neutral, five-coordinated iron(II) complex
110with an open sixth coordination site. Addition of dry NO to a
111colorless solution of 1 in tetrahydrofuran (THF) results in the
112formation of a pale yellow solution with peaks at 500 and 618
113nm in the UV−vis absorption spectrum. An analysis of the
114headspace of this reaction mixture after 5 min by gas
115chromatography (GC-ECD) showed evolution of N2O in
11617% yield based on an assumed 2FeNO:1N2O reaction
117stoichiometry.48 Switching to higher concentrations (∼2
118mM) did not improve the N2O yield.
119We hypothesized that the NOR activity exhibited by 1
120proceeds through the formation of a transient mononitrosyl
121iron species that is unstable at room temperature. The addition
122of NO to 1 was carried out at low temperatures to allow a
123sufficient lifetime for any intermediates to be intercepted and
124characterized. Addition of NO to a precooled solution of 1 in
1252-MeTHF at −135 °C results in a green color, indicating the
126formation of the new species 2 with UV−vis absorption peaks
127at 370 nm (ε = 8750 M−1 cm1), 496 nm (ε = 5000 M−1 cm−1),
128 f1s2and 665 nm (ε = 1875 M−1 cm−1) (Figure 1 and Scheme 2).

129The new species 2 is stable for 1 h under inert conditions but
130starts to decay above −120 °C. The newly formed species is
131stable to vacuum/argon cycles and does not decay in the
132absence of excess NO in solution. A complete warmup of the
133reaction mixture produces the same UV−vis spectrum as was
134observed for NO addition to 1 under ambient conditions.
135Species 2 is highly reactive to trace amounts of air at low

Scheme 1. N2O Formation Mediated by Nonheme
Mononuclear Iron Nitrosyl Complexes: (A) Reduction of
{FeNO}7 to {FeNO}8 to Form N2O; (B) Structure of
FDPnor and Direct N2O Formation from an {FeNO}7
Complex; (C) This Work

Figure 1. UV−vis spectra showing the conversion of 1 (black line) to
2 (red line) after NO addition in 2-MeTHF at −135 °C (0.8 mM).
Inset: X-band EPR spectrum (black line) for 2 recorded at 22 K. The
simulated spectrum is shown in red.
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136 temperatures, and careful handling was required for further
137 characterization.
138 The X-band EPR spectrum of a frozen sample of 2 in 2-
139 MeTHF glass at 22 K revealed signals at g = 4.06, 3.86, and
140 2.00 (Figure 1, inset). These values are within the range of
141 high-spin S = 3/2 {FeNO}7 complexes. The ground spin state
142 can be attributed to arise from the antiferromagnetic coupling
143 between high-spin Fe(III) (S = 5/2) and the NO− (S = 1)
144 ligand.53,54 The EPR data for 2 are in contrast to those for our
145 previously reported monothiolate ligated {FeNO}7 complex
146 [Fe(NO)(N3PyS)]BF4, which showed a higher population of
147 the S = 1/2 spin state at 14 K.46 The high-spin state (S = 3/2)
148 for 2 also contrasts with the five-coordinate, dithiolato
149 {FeNO}7 complex reported by Darensbourg, which exhibits
150 an S = 1/2 ground spin state.55,56

151 Analysis of the reaction mixture was followed by Mössbauer
152 spectroscopy. We have previously reported the Mössbauer data
153 for 57Fe-labeled 57Fe-1, which is comprised of a sharp doublet
154 with the parameters δ = 0.90 mm s−1 and |ΔEQ| = 2.31 mm s−1,
155 and supports a high-spin state for the ferrous complex 1.50 The
156 Mössbauer spectrum for 2 revealed a doublet with the
157 parameters δ = 0.50 mm s−1 and |ΔEQ| = 1.08 mm s−1

f2 158 (Figure 2), which are in agreement with a mononuclear S =
159 3/2 {FeNO}7 center.54 The spectrum also reveals a
160 quantitative conversion of the ferrous species 1 to the
161 {FeNO}7 complex 2 at −135 °C. The asymmetric fit is
162 reminiscent of the commonly observed vibrational anisotropy

163in low-symmetry complexes.57−60 The isomer shift value is
164lower than that observed generally for S = 3/2 [{FeNO}7]x
165species, which typically fall in the range of 0.6−0.7 mm
166s−1.23,27,30,35,53

167Resonance Raman (RR) spectroscopy was used to analyze
168complex 2 for vibrations from the Fe−N−O unit. Excitation
169using a 514 nm laser line produced strong resonance
170enhancement at 479 cm−1 that downshifted to 474 and 469
171cm−1 with 15NO and 15N18O, respectively. This band can be
172assigned as the Fe−NO vibration and agrees well with an S =
1733/2 {FeNO}7 complex that usually favors an FeIII−NO−

174valence tautomer description.53 An additional signal was
175observed at 953 cm−1 that downshifts with 15NO and is
176assigned to a [ν(Fe−NO) + δ(Fe−N−O)] combination band,
177from which we can deduce the δ(Fe−N−O) at 474 cm−1

178 f3(Figure 3). No isotope-sensitive band could be detected in the

179high-frequency region where N−O stretching vibrations are
180anticipated. Changing the excitation wavelength to 647, 488,
181and 407 nm did not improve the resonance enhancement
182conditions. This result is not unexpected, since most N−O
183stretching vibrations are at best weakly enhanced for S = 3/2
184{FeNO}7 complexes. Indeed, detection of the ν(N−O) modes
185by RR at low temperatures remain rare for synthetic
186models,43,47,48,54 as well as for nonheme iron proteins.49,61−63

187DFT calculations at the BP86/6-311g* level showed a
188distorted-octahedral structure with three nitrogen atoms, two
189sulfur atoms, and a nitrosyl moiety coordinated to the iron
190 f4center (Figure 4). A single-point energy calculation at the
191B3LYP level of theory showed that the S = 3/2 spin state for 2
192was energetically more favored over the S = 1/2 state (∼1.03
193eV), supporting the S = 3/2 spin-state assignment for 2 as
194inferred from spectroscopic data (EPR, Mössbauer). The Fe−
195NO and N−O bonds were estimated to be at 1.71 and 1.19 Å,
196respectively. A geometry scan of the different orientations of
197the N−O bond along the N2S2 equatorial plane revealed a
198preferred orientation of the N−O bond toward the dithiolate
199ligand with an ∠Fe−N−O bond angle of 149°. The torsional
200potential increases significantly upon rotation of the N−O
201bond away from the dithiolate chelate and becomes the highest
202(increases by ∼4 kcal mol−1) when the N−O bond is oriented
203toward the TACN scaffold (Figure S5). Mössbauer calcu-
204lations yielded the values of δ = 0.46 mm s−1 and |ΔEQ| = 1.59
205mm s−1 for the {FeNO}7 complex 2, which are in reasonable
206agreement with experiment.

Scheme 2. Formation of the Mononuclear {FeNO}7
Complex 2

Figure 2. 57Fe-Mössbauer spectrum of a frozen solution of complex 2
in 2-MeTHF at 80 K: experimental data (filled circles); best fit (red
line). The major subcomponent (δ = 0.50 mm s−1, |ΔEQ| = 1.08 mm
s−1 (90%)) is shown as a green line. A minor broad subcomponent (δ
= 1.06 mm s−1, |ΔEQ| = 3.75 mm s−1, ΓR = ΓL = 5.7 (gray line)) was
added to represent the intermediate relaxation of the doublet at 80
K.48

Figure 3. Low-temperature RR spectra of 2-14NO (black), 2-15NO
(red), and 2-15N18O (blue) in 2-MeTHF obtained with 514 nm laser
excitation. The difference spectra are shown in green.
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207 Time-dependent density functional theory (TD-DFT)
208 calculations were performed with a THF continuum solvation
209 approximation model. The majority of the electronic
210 transitions arise from a ground state that is dominated by
211 contributions from the ligand sulfur atoms. The major UV−vis
212 peak at 496 nm can be attributed to a dipole-allowed electronic
213 transition between the NOπ* (β-HOMO) and β-LUMO+4

f5 214 FeIII(dx2−y2) orbitals (Figure 5). The high intensity of the 496

215 nm peak has an additional contribution from a S(px/y) →
216 FeIII(dx2−y2) transition with high oscillator strength. The broad
217 absorbance centered at 665 nm is constituted by a
218 combination of several excitations within the α/β-spin
219 manifolds. These excitations include ligand−ligand charge
220 transfer transitions that occur from a S(thiolate) populated
221 donor (α-SOMO-1) to the NOπ* acceptor (α-LUMO+1). A
222 single-point energy calculation revealed that the unpaired spin
223 density responsible for the S = 3/2 ground spin state resides
224 predominantly over the FeNO center.
225 The poor resonance enhancement of the ν(NO) vibration
226 did not allow us to experimentally obtain the ν(NO) stretching
227 frequency. DFT calculations were employed to predict the
228 ν(NO) stretch for 2. Frequency calculations for the gas-phase
229 BP86 optimized geometry of 2 yielded a ν(NO) stretch of
230 1659 cm−1, which shifts to 1627 cm−1 for the 15N18O

231isotopomer (Figure S6). The calculated NO vibrational stretch
232falls in the lower range of the NO vibration for S = 3/2
233{FeNO}7 complexes51 and supports the fact that species 2
234contains a highly activated NO group.
235The thermal instability of 2 precluded its structural
236characterization by crystallization techniques. We used Fe K-
237edge X-ray absorption spectroscopy to verify the structural
238integrity of complex 2 in solution. Fitting of the extended X-ray
239absorption fine structure (EXAFS) (Figure S7) revealed a six-
240coordinate environment around the metal center with three
241nitrogen scatterers at 2.28 Å and two sulfur scatterers at 2.47 Å,
242 f6respectively (Figure 6). The Fe−NO scatterer was located at a

243distance of 1.76 Å and confirmed the presence of an intact
244nitrosyl-bound species in solution. The Fe−N(TACN), Fe−S,
245and Fe−NO bond lengths are all in good agreement with the
246optimized geometry in Figure 4.
247Formation of N2O. Warming a solution of 2 in 2-MeTHF
248from −135 to 23 °C results in the disappearance of the green
249color associated with 2 and formation of a yellow solution.
250Analysis of the headspace by GC-ECD (Figure S3) showed the
251formation of N2O in 37% yield (2:1 FeNO:N2O ratio), which
252is higher than the N2O yield (17%) obtained from NO
253 s3addition to 1 at room temperature (Scheme 3). This increase

254in the N2O yield correlates nicely with the {FeNO}7 species
255being stabilized at low temperature, leading to effectively
256higher concentrations and more efficient N2O production. In
257contrast, the reaction of 1 with NO at room temperature may
258suffer from inefficient buildup of the {FeNO}7 species caused
259by competing degradation pathways, resulting in lower yields
260of N2O product. The N2O yields for reactions run by warm-up

Figure 4. DFT-optimized structure of complex 2 in the S = 3/2 spin
ground state.

Figure 5. TD-DFT simulation (dashed red line) of the UV−vis
absorption spectrum for 2 (solid black line). The computed spectral
excitations are shown as vertical black bars underneath the data.

Figure 6. Fe K-edge EXAFS data and fit for 2. Red traces correspond
to the k-smoothed experimental data, while the dotted black lines
represent a simulation of the data from the best fit (entry 4, Table S1
in the Supporting Information). Data were collected at 10 K and
modeled in a window of 2 < k < 12 Å−1.

Scheme 3. N2O Production via an {FeNO}7 Complex
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261 from −135 °C were not affected by replacing the excess
262 NO(g) with the addition of a stoichiometric equivalent of NO
263 (1 equiv per Fe, saturated NO(g) in 2-MeTHF stock solution,
264 1.1 mM). This observation indicates that excess NO is not
265 required for N2O formation and suggests that free NO in
266 solution is an unlikely participant in the mechanism of N2O
267 formation. The disiloxide-ligated {FeNO}7 analogue48 of 2
268 releases N2O upon the addition of H2O; however, addition of
269 water to a solution of 2 in 2-MeTHF did not lead to any color
270 change or increase in the N2O yield and indicated that 2 does
271 not react with water. Similarly, weak proton donors (PhOH,
272 Et3NH+) did not show any reactivity with 2. Stronger acids
273 resulted in the disappearance of the green color for 2 and
274 formation of a colorless solution, suggesting complex
275 decomposition.
276 Solutions of the {FeNO}7 complex 2 following thermal
277 equilibration to 23 °C showed absorbance features (λmax = 500,
278 618 nm) that are similar to those obtained upon the direct
279 reaction of 1 with NO at 23 °C. A Mössbauer analysis revealed
280 a mixture of products, with a major component (67%)
281 consistent with a high-spin FeIII species and a minor
282 component (32%) consistent with a high-spin FeII species
283 (Figure S4), but these species could not be characterized
284 further.
285 Taken together, the data indicate that the sulfur-ligated FeII
286 complex 1 directly converts NO to N2O via formation of the
287 {FeNO}7 intermediate, 2. This reaction does not require the
288 addition of exogenous reductants to trigger N2O formation, in
289 contrast to what is observed for the other [{FeNO}7]x
290 complexes,23,27,30,35,47,64 with the exception of our earlier
291 disiloxide analogue.48,65

292 ■ CONCLUSIONS
293 The reactivity of the mononuclear, sulfur-ligated FeII complex
294 1 with dry NO gas was investigated. Addition of NO to 1
295 resulted in the spontaneous evolution of N2O at 23 °C.
296 Carrying out the same reaction at −135 °C led to the
297 formation of the metastable {FeNO}7 complex 2, which was
298 characterized by UV−vis, resonance Raman, EPR, Mössbauer,
299 XAS, and DFT studies. Complex 2 yields significant amounts
300 of the NO reduction product N2O upon warming to 23 °C.
301 The formation of N2O proceeds without the need for addition
302 of an H+ or e− source. Although the release of HNO from 2
303 could also lead to N2O production via disproportionation, we
304 think production of HNO is unlikely, given the lack of
305 influence of addition of H+ to 2. A speculative mechanism for
306 N2O formation involves intramolecular ON−NO coupling on
307 the metal, although we have no direct evidence for such a
308 process at this time. The more polarizing nature and electron-
309 donating tendency of the dithiolate ligand might be responsible
310 for making the Fe−NO center more electron rich as compared
311 to the dialkoxide-ligated complex, leading to a more reactive
312 FeNO unit. These results bolster the hypothesis that has arisen
313 from our previous work on NO activation by nonheme iron
314 complexes:47,48 a dinuclear iron complex is not required for the
315 reduction of NO to N2O outside of a protein environment.
316 This idea suggests that FeNO complexes can benefit from
317 reactivity generated via simple solution-phase diffusion,
318 whereas a protein needs to engineer a dinucleating site to
319 sequester the reactive FeNO units in proximity to each other.
320 The results presented here also indicate that substitution of the
321 disiloxide ligation with the silanedithiolato donor in 1

322significantly enhances the activation and reactivity of the
323subsequent {FeNO}7 species toward NO to N2O reduction.

324■ EXPERIMENTAL SECTION
325General Considerations. All syntheses and manipulations were
326conducted in an N2-filled drybox (Vacuum Atmospheres, O2 <0.2
327ppm, H2O <0.5 ppm) or using standard Schlenk techniques under an
328atmosphere of Ar unless otherwise noted. Me3TACN was purchased
329from Matrix Scientific, degassed by three freeze−pump−thaw cycles,
330and stored over 3 Å molecular sieves prior to use. Hexamethylcyclo-
331trisilathiane ((Me2SiS)3) and Fe(OAc)2 were synthesized according
332to published procedures.52,66 Isotopically enriched 57Fe metal (95.5%)
333was purchased from Cambridge Isotope Laboratories (Andover, MA).
334Isotopically enriched 57Fe(OAc)2 was synthesized according to a
335published procedure using 57Fe powder.67 All other reagents were
336purchased from commercial vendors and used without further
337purification. Tetrahydrofuran, pentane, hexane, and 2-MeTHF were
338dried over Na/benzophenone and subsequently distilled. Diethyl
339ether was obtained from a PureSolv solvent purification system. All
340solvents were degassed by a minimum of three freeze−pump−thaw
341cycles and stored over freshly activated 3 Å molecular sieves in the
342drybox following distillation. Nitric oxide gas was purchased from
343Matheson gases (Baltimore, MD), purified according to a literature
344procedure,68 and stored in a dry, sealed Schlenk flask.
345Instrumentation. The 1H NMR spectra were measured on a
346Bruker 300 MHz or a Bruker 400 MHz spectrometer. UV−vis
347experiments were carried out on a Cary Bio-50 or Cary 60 UV−vis
348spectrophotometer equipped with a Unisoku USP-203A cryostat
349using a 1 cm modified Schlenk cuvette. EPR measurements were
350performed on a Bruker X-band EPR spectrometer in 4 or 5 mm quartz
351EPR tubes (Wilmad). Zero-field Mössbauer spectra were recorded on
352a spectrometer from SEE Co. (Edina, MN) operating in the constant-
353acceleration mode in a transmission geometry. Samples were cooled
354in an SVT-400 cryostat from Janis Research Co. (Wilmington, MA),
355using liquid N2 as a cryogen for 80 K measurements. Isomer shifts
356were determined relative to the centroid of the spectrum of a metallic
357foil of α-Fe collected at room temperature. Data analysis was
358performed using version F of the program WMOSS (www.wmoss.
359org), and quadrupole doublets were fit to Lorentzian line shapes.
360Preparation of 2 for EPR Spectroscopy. A stock solution of 1
361(3 mM, 2 mL) in 2-MeTHF was prepared. An aliquot (300 μL) of
362this solution was transferred to a 5 mm EPR tube and cooled to −130
363°C in a pentane/N2(l) bath. Excess NO was added, and the mixture
364was was shaken vigorously to result in a green solution. The EPR tube
365was annealed in N2(l) and was stored at 80 K until data collection.
366Preparation of 57Fe(NO)(Me3TACN)(S2SiMe2) for Mo ̈ssbauer
367Spectroscopy. A solution of 57Fe-enriched 1-57Fe (2.5 mM, 2 mL)
368in 2-MeTHF was transferred to a UV−vis cuvette, which was sealed
369and cooled to −135 °C. Excess NO was added to the solution and the
370mixture was stirred. Full formation of 2 was confirmed by monitoring
371of the UV−vis bands at 496 and 665 nm. The solution was poured
372into liquid nitrogen to yield green frozen pellets, which were crushed
373into a fine powder. An amount of the powder was loaded into a
374precooled Mössbauer cup and stored at 80 K until data collection. It
375should be noted that addition of NO directly into a Mössbauer
376sample cup containing a precooled solution (400 μL) of 57Fe-1 in 2-
377MeTHF at −135 °C did not result in a uniform green coloration of
378the solution due to inhomogeneous mixing. The high viscosity of 2-
379MeTHF results in nonuniform mixing at low temperatures without
380adequate stirring.
381Preparation of 2 for Resonance Raman Spectroscopy. A
382stock solution of the iron(II) complex was prepared by dissolving 8.0
383mg (22.0 μmol) of crystalline 1 in 2-MeTHF (4.0 mL, 5.5 mM). An
384aliquot (200 μL) of this solution was transferred to an NMR tube and
385∼1 mL of NO, 15NO, or 15N18O gas was added above the solution.
386The solution changed from colorless to green during a 2 min
387incubation, at which point the samples were frozen in liquid nitrogen
388and analyzed immediately.
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389 Resonance Raman spectra were obtained on a custom McPherson
390 2061/207 spectrometer equipped with a liquid-nitrogen-cooled CCD
391 detector (LN-1100 PB, Princeton Instrument). The 514 nm laser
392 excitation was obtained from an argon laser (I90C-3, Coherent) and
393 was focused on the samples maintained at 110 K inside a copper cold
394 finger cooled with liquid nitrogen.
395 Preparation of XAS Samples. A solution of 57Fe-enriched 1-57Fe
396 (13 mM, 2 mL) in 2-MeTHF was transferred to a cuvette, which was
397 sealed and cooled to −135 °C. Excess NO was added, and the
398 solution was stirred vigorously and monitored for full formation of the
399 UV−vis bands at 496 and 665 nm. The solution was poured into
400 liquid nitrogen to yield green frozen pellets, which were crushed into a
401 fine powder. An amount of the powder was loaded into a precooled
402 XAS sample cup. The slits were covered with 38 μm Kapton tape to
403 make X-ray-transparent windows. Fe K-edge XAS data including
404 extended X-ray absorption fine structure (EXAFS) data were obtained
405 at the Stanford Synchrotron Radiation Lightsource (SSRL) at the 16-
406 pole, 2 T wiggler beamline 9-3 under ring conditions of 3 GeV and
407 500 mA. A Si(220) double-crystal monochromator was used for
408 energy selection. A Rh-coated mirror (set to an energy cutoff of 9
409 keV) was used for harmonic rejection, and the internal energy
410 calibration was performed by assigning the first inflection point of an
411 Fe-foil spectrum to 7111.2 eV upstream of the sample. Data were
412 collected in fluorescence mode (windowed onto Fe Kα) using a
413 Canberra 100-element Ge solid-state detector perpendicular to the
414 incident beam. Elastic scatter into the detector was attenuated using a
415 Soller slit. During collection, the sample was maintained at 10 K in an
416 Oxford liquid He flow cryostat. Six scans were obtained and averaged.
417 No evidence of photodamage was apparent from superimposing
418 sequential scans. The scans were averaged and processed using the
419 SIXPACK software package. A smooth pre-edge background was
420 removed from each averaged spectrum by fitting a Gaussian to the
421 pre-edge region and subtracting this polynomial from the entire
422 spectrum. The postedge region was fit to a quadratic spline, flattened
423 below 7130 eV, and then subtracted from the entire spectrum, and the
424 data were normalized in the postedge absorption to 1.0. Coordinates
425 for 2 were obtained from the DFT-optimized (BP86/def2-TZVP)
426 structure and were used to generate models for scattering paths by
427 FEFF669 as implemented in the Artemis module of Demeter 0.9.26.70

428 Artemis was used to perform the fit, where floated parameters
429 included the interatomic scattering distances (R), Debye−Waller
430 factors (σ2), and the energy shift (ΔE). EXAFS were fit in the window
431 of 2 < k′ < 12 for 1. Truncation before k = 15 Å was dictated by a
432 poor signal-to-noise ratio beyond k = 12 Å.
433 Preparation of Headspace GC Samples. Headspace gas
434 chromatography (GC) measurements were performed on an Agilent
435 8860 instrument equipped with a 1041 injector, electron capture
436 detector, and molecular sieve capillary column. Grade 5.0 nitrogen
437 was used as both the carrier (8 mL/min) and the makeup (22 mL/
438 min) gas. For all measurements, the column oven temperature was
439 kept constant at 150 °C. The temperatures of the injector oven and
440 the detector oven were held at 200 and 300 °C, respectively. This GC
441 method results in a characteristic retention time of 7.1 min for N2O.
442 The column also exhibits characteristic retention times for residual air
443 from the syringe and NO at 1.6 and 1.9 min, respectively. Data
444 analysis was performed with Openlab software. All samples for N2O
445 detection were prepared under reduced-light conditions. The sample
446 solutions (1 mL) were prepared inside Wheaton vials (6 mL) and
447 incubated at 23 °C for 1 h in order to allow the complete partitioning
448 of the N2O gas between the solution and the headspace. An aliquot of
449 the headspace (60 μL) was withdrawn during each run by a gastight
450 three-way syringe and injected into the GC. The yield of N2O was
451 measured with respect to an N2O calibration curve, obtained with
452 N2O generated via the base-mediated decomposition of Piloty’s acid:
453 PhSO2NHOH + KOtBu → 0.5N2O + 0.5H2O + PhSO2

−K+ + tBuOH.
454 Details of the calibration curve can be found in ref 48.
455 Computation Methods. All calculations were performed in the
456 ORCA-4.0.1.2 program package.71 Fully relaxed geometry optimiza-
457 tions for the [Fe(NO)(Me3TACN)(S2SiMe2)] complex (2) were
458 carried out in the S = 3/2 spin state using BP86 with the RI

459approximation and the D3BJ dispersion correction.72,73 All
460optimizations utilized the CPCM solvation model for 2-methylte-
461trahydrofuran (dielectric constant 7.25; refractive index 1.407). Initial
462guess geometries were derived from the X-ray structure of
463[FeII(Me3TACN)(S2SiMe2)] (1). To reduce computational cost,
464the 6-311g* basis set was implemented for the Fe, Si, S, N, and O
465atoms, while the less expensive 6-31g* basis set was implemented for
466the C and H atoms. The def2/J auxiliary basis set was applied to all
467atoms for the RI approximation. Numerical frequency calculations at
468the same level of theory confirmed that all optimizations had
469converged to true minima on the potential energy surface (i.e., no
470imaginary frequencies). Calculated IR spectra for 2-14NO and 2-15NO
471were plotted with 20 cm−1 fwhm Gaussian broadening in ORCA
472(Figure S6). Band assignments were confirmed by inspection of the
473animated vibrational modes. Subsequently, single-point calculations
474were performed on the BP86-optimized geometries at the B3LYP
475level with a simulated 2-methyltetrahydrofuran dielectric constant.
476For the single-point energy calculation, the 6-311g* basis set was
477implemented for all atoms along with the def2/J auxiliary basis set for
478the RIJCOSX approximation. From the BP86-optimized geometries,
47957Fe Mossbauer parameters were calculated using B3LYP with
480methanol solvation.48 The CP(PPP) basis set was implemented for
481Fe, while the def2-TZVP basis set was applied to all remaining
482atoms.74 Quadrupole splittings (ΔEQ) were obtained directly without
483any calibration or correction.
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