Downloaded via UNIV OF GLASGOW on August 12, 2021 at 03:00:18 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Forum Article

NO Reduction to N,O Triggered by a Dinuclear Dinitrosyl Iron
Complex via the Associated Pathways of Hyponitrite Formation and
NO Disproportionation

Wun-Yan Wu, Ming-Li Tsai,* Yi-An Lai, Chieh-Hsin Hsieh, and Wen-Feng Liaw*

I: I Read Online

Article Recommendations ‘

Cite This: https://doi.org/10.1021/acs.inorgchem.1c00541

ACCESS | [l Metrics & More | @ Supporting Information

4NO,3h
\ /——x—\ | o
- NO
~. ON ~., ON DS ) 7
N NO N NO N  NO '
NN N \ o _Fe—N"
Fe, Fe S HII
/ N 2° : / ; Fe ’
0 xNO 0 13 S SRS NO L ()/ \\'4'\\ /”
\ ,0 x23 \ _.,.-“ x=1 ' / Fe
Fe : Fe = O V'
P . g % )0l - AN
/‘,? — N, major '/4,/ major —N—[¢ ON ‘\
N - 2 N . 4= ON N
) ON NO ON NO 7 S
/ / ON No
{Fe(NO),}*-{Fe(NO),} -(4-ONO) {Fe(NO),}*-{Fe(NO),} [:l"'x()):(”-H‘C(.\;())::.']:-(k: N,0,)
3) (1) )

ABSTRACT: In spite of the comprehensive study of the metal-mediated conversion of NO to N,O disclosing the conceivable
processes/mechanism in biological and biomimetic studies, in this study, the synthesis cycles and mechanism of NO reduction to
N,O triggered by the electronically localized dinuclear {Fe(NO),}'°—{Fe(NO),}’ dinitrosyl iron complex (DNIC) [Fe(NO),(u-
bdmap)Fe(NO),(THF)] (1) (bdmap = 1,3- bis(dimethylamino)-2-propanolate) were investigated in detail. Reductive conversion
of NO to N,O triggered by complex 1 in the presence of exogenous -NO occurs via the simultaneous formation of hyponitrite-
bound {[Fe,(NO),(u-bdmap)],(k*-N,0,)} (2) and [NO,] -bridged [Fe,(NO),(u-bdmap)(u-NO,)] (3) (NO disproportionation
yielding N,O and complex 3). EPR/IR spectra, single-crystal X-ray diffraction, and the electrochemical study uncover the reversible
redox transformation of {Fe(NO),}’-{Fe(NO),}’ [Fe,(NO),(u-bdmap)(u-OC,Hg)]* (7) < {Fe(NO),}'{Fe(NO),}’ 1 <«
{Fe(NO),}'*-{Fe(NO),}'° [Fe(NO),(u-bdmap)Fe(NO),]” (6) and characterize the formation of complex 1. Also, the synthesis
study and DFT computation feature the detailed mechanism of electronically localized {Fe(NO),}'*—{Fe(NO),}’ DNIC 1 reducing
NO to N,O via the associated hyponitrite-formation and NO-disproportionation pathways. Presumably, the THEF-bound
{Fe(NO),}’ unit of electronically localized {Fe(NO),}'°-{Fe(NO),}’ complex 1 served as an electron buffering reservoir for
accommodating electron redistribution, and the {Fe(NO),}'’ unit of complex 1 acted as an electron-transfer channel to drive
exogeneous -NO coordination to yield proposed relay intermediate x*-N,0-[NO] -bridged [Fe,(NO),(u-bdmap)(u-NO)] (A) for
NO reduction to N,0.

B INTRODUCTION

for N,O liberation requires the cooperative nitrosylation of

Nitric oxide (-NO) was demonstrated as a versatile
physiological regulator for vasodilation, immune response,
and neurotransmission in mammals." Mammals exhibit regular
metabolism precisely modulating the concentration of nitric
oxide to relieve nitrosative stress via the metal-mediated
oxygenation of -NO yielding nitrite/nitrate ions.' > The
mammalian immune response defends against invading
pathogens by producing -NO and its derivative in macro-
phages.' > Some pathogens employ heme-/Cu-containing or
heme-/nonheme-containing nitric oxide reductases
(NORs),"” flavin diiron NORs (FNORs),”*"'* and flavin-
free diiron NORs (e.g., microbial YtfE repair protein)'® serving
as an NO trapper/scavenger to facilitate the reductive coupling
of -NO producing nitrous oxide (N,0) under the participation
of electrons and protons. In the diiron NORs, the prerequisite
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diiron sites [Fe(II)—Fe(II)]. Two scenarios were proposed for
ON—-NO bond formation: (a) The hyponitrite pathway
involving the addition of exogenous -NO to a proposed
mononitrosyl-bridged (x*-N,0-NO) [Fe(II)—{Fe(NO)}’]
species forms a putative hyponitrito-bound intermediate."*
(b) Diferrous dinitrosyl pathway: ON—NO coupling occurs
via the dinitrosyl diiron [{Fe(NO)}”/%-{Fe(NO)}"/®] inter-
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mediate to release N,0,"”'® where Enemark—Feltham
notation is adopted.'”

In biomimetic model studies, transition-metal-complex-
mediated NO conversion to N,O via inter/intramolecular
ON—NO coupling has been explored (Scheme 1A)."*™*" The

Scheme 1. NO Reduction to N,O Triggered by Transition-
Metal Complexes
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reductive conversion of ‘NO to N,O via the formation of
hyponitrite-bound intermediate ([ON] —[NO]~ couplin§
promoted by ligating two Fe-/Ru-nitrosyl moieties,”>”
stabilized by Lewis acid’' or hydrogen-bonding interac-
tions’>*’) was demonstrated. In particular, it has been
reported that the highly reduced [NOJ]*"-bound complexes
possessing a stronger nucleophilicity promote -NO electro-
philic attack to form hyponitrite-bound complexes (Scheme
1B).>7* NO disproportionation yielding nitrite and N,O
triggered by transition-metal (Fe, Cu, Ni, Co, Ru, and Mn)
complexes was also proposed (Scheme 1C).**™* Despite
several literature reports on the transition-metal-mediated
reduction of NO to N,O, the detailed conversion pathways of
NO to N,O via competition between the generation of the
[N,0,]* -bound intermediate and the formation of the
[N,O,]"-bound intermediate originated from metal-mediated
NO disproportionation remain elusive.

The natural [Fe(NO),] motifs in the form of dinitrosyl iron
complexes (DNICs) derived from the nitrosylation of
nonheme Fe proteins or the assembly of nonheme iron and
endogenous -NO in the presence of glutathione/cysteine/
histidine were demonstrated.”” "> Glutathione transferase
(GST) was demonstrated to act as the storing/transporting
protein of DNICs, and multi-drug-resistance-associated protein
1 was unveiled as the effluent channel of DNICs.>>™>" In the
biomimetic study of DNICs, the redox shuttling of DNICs
[(NO),FeL,] between {Fe(NO),}’ and {Fe(NO),}'° elec-
tronic states, modulated by the RS-/R,N-/RO-coordinate

ligands,58 was reported to stabilize -NO/NO7,**% activate
nitrite /nitrate,”®" and trigger CO, reduction.’” Because of the
two spin-parallel NO ligands of DNICs, it was demonstrated
that the spontaneous intramolecular ON—NO coupling of the
[Fe(NO),] unit does not occur.”®°*% In a recent
communication, we reported that electronically localized
dinuclear {Fe(NO),}'°—{Fe(NO),}* DNIC [Fe(NO),(u-
bdmap)Fe(NO),(THF)] (1) (bdmap = 1,3-bis(dimethyl-
amino)-2-propanolate) drives 1 equiv of NO reduction to
yield N,O in the presence of H-bdmap in THF via the
formation of hyponitrite-bound {[Fe,(NO),(u-bdmap)],(x*
N,0,)} (2) (yield ~74%).2*® In this study, we uncover that
the NO-to-N,O transformation triggered by dinuclear DNIC 1
in the presence of various amounts of exogenous -NO occurs
via the simultaneous formation of hyponitrite-bound inter-
mediate 2 (by adopting the intermolecular [ON]™—[NO]~
coupling pathway) and [NO,] -bridged [Fe,(NO),(u-
bdmap)(¢-NO,)] (3) along with the release of N,O (by
adopting the NO disproportionation pathway) (Scheme 1D).
In addition, the revealed synthesis cycle, complex 1 —
[Fe(NO),(u-bdmap)(u-NO)Fe(NO),] (A) —» complex 3 —
[Fe,(NO),(u-bdmap)(4u-OMe)] (4) — [Fe;(NO),(u-
bdmap)(u-OSO,CF;)] (5) — complex 1 (as shown in
Scheme 2), highlights the proposed (x>-[NO]~)-bridged
dinuclear {Fe(NO),}’—{Fe(NO),}° [Fe(NO),(u-bdmap)(u-
NO)Fe(NO),] (A) serving as a key species for dinuclear
DNIC 1-mediated NO reduction generating N,O via both the
hyponitrite-formation pathway and the NO disproportionation
pathway (Scheme 2b,c).

B RESULTS AND DISCUSSION

As displayed in Figure 1, the addition of 1 equiv of NO to the
THF solution of complex [Fe(NO),(u-bdmap)Fe-
(NO),(THF)] (1) yielded the major product of complex
{[Fe,(NO)4(u-bdmap)],(xk*-N,0,)} (2) (1741 sh (vno),
1719 m, 1667 sh, and 1651 m cm™; yield 71.8 + 7.7%) and
the minor product [Fe,(NO),(u-bdmap)(u-NO,)] (3) (1759
s and 1693 s cm™" (vye), yield ~25.4 + 6.9%) along with the
release of N,O (~2223 em™ (vy_y), yield ~23.2 + 3.54%).2%"
In contrast, the reaction of complex 1 with 3 equiv of NO(g)
in THF (2 mL) at ambient temperature for 3 h led to the
formation of suspended powder 2 (yield ~19.3 + 8.7%) and
the brown solution of complex 3 (yield ~76.2 + 10.2%) along
with release of N,O (yield ~75.8 + 11.8%) characterized by
GC (Figure 1, Figures S1 and S2, and Scheme 2a—c). In a
similar fashion, the treatment of 2 equiv of NO(g) with
complex 1 in THF yielded complex 2, complex 3, and N,O in
yields of 47.0 + 9.1, 48.6 + 9.7, and ~46.7 + 9.0% (Figure 1b).
It is noted that the reaction of complex 1 with greater amounts
of NO(g) (>3 equiv of NO) does not significantly change the
yield distribution of complex 2 (yield 10—15%), complex 3
(yield 75—85%), and N,O (yield 75—88%) (Figure 1). Of
importance, complex 2 did not transform to complex 3 when 4
equiv of NO was added to the THF solution of complex 2 and
stirred for 3 h at ambient temperature (Figure S3). These
results suggest that the simultaneous generation of complexes
2 and 3 and N,O may be derived from the distinct pathways
when NO(g) is added to the THF solution of complex 1 at
ambient temperature. Specifically, the simultaneous production
of complexes 2 and 3 and N,0O may occur via the
intermolecular [ON] —[NO]~ coupling of the proposed
{Fe(NO),}’—{Fe(NO),}’ x*[NO] -bridged [Fe,(NO),(u-
bdmap)(u-NO)] (A) (hyponitrite-formation pathway
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Scheme 2. Synthesis Cycles for the Hyponitrite-Formation Pathway (1 — 2 — § — 1) and NO Disproportionation Pathway (1
— 3 > 4 - 5§ — 1) Triggered by Complex 1 via Relay Intermediate A
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Figure 1. (a) FTIR spectra of complex 1 reacted with various equiv of NO(g) in THF, in which * is an undefined impurity. (b) Yield of complexes
2 (black line) and 3 (red line) along with N,O (blue line) for the reaction of various quantities of NO(g) with 1. (Also see Figures S1 and S2.)

(Scheme 2b)) accompanied by the electrophilic attack of NO (Scheme 2c)). That is, proposed intermediate A may play a
on relay intermediate A (NO disproportionation pathway unique role in modulating NO transformation to N,O via the
C https://doi.org/10.1021/acs.inorgchem.1c00541
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75 % k2-O,N-[NO,]-

25 % 1P-0-INO,}-

Figure 2. ORTEP drawing and labeling scheme of {[Fe(NO),],(¢-bdmap)(4-NO,)} with the thermal ellipsoid drawn at 50% probability (the ratio
of ¥*-O,N-[NO,]™ {[Fe(NO),],(u-bdmap) (u-NO,)} (3) and #*-0O-[NO,]™ {[Fe(NO),],(u-bdmap) (u-NO,)} (3’) = 0.75:0.25). Hydrogen atoms
are omitted for clarity. Selected bond lengths (A) and angles (deg) are presented in Table S1.
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Figure 3. (a) FTIR spectra for the addition of 0.0—1.0 equiv of NaOCH; to complex 3 (black line), yielding complex 4 (red line) in THF. (b)
FTIR spectra for the addition of 0.0—1.0 equiv of HOTf to complex 4 (black line), yielding complex § (red line) in THF at —80 °C.

associated hyponitrite-formation pathway (intermolecular
[ON]™—[NO]"~ coupling) and NO disproportionation path-
way (Scheme 2b,c). Attempts to detect intermediate A were
unsuccessful when complex 1 was reacted with excess NO in
THF by low-temperature UV—vis/FTIR spectroscopy (—80
°C) (Figure S4). Theoretical calculations of Gibbs free-energy
profiles of the reaction mechanism as well as the analysis of
natural charge and spin density distributions were then
conducted to elaborate how key intermediate A dictates NO
reduction to N,O via the associated pathways of [ON] —
[NO]™ coupling and NO disproportionation, as shown in the
Computation section.

The crystallographic structure of complex 3 is depicted in
Figure 2, and the selected bond distances and angles are
presented in Table S1. The bond lengths of Fe—N(O) range
from 1.681(5) to 1.703(5) A, and the N—O bond lengths are
within 1.154(6)—1.174(6) A, consistent with the published
Fe—N(O) and N-O bond lengths of {Fe(NO),}’
DNICs.**77® It is noticed that complex 3 shows linkage
isomers, that is, complex 3 with x*-O,N-NO, linkage (O(5)—
N(5)—0(6) (75%)) and complex 3’ with terminal #7*-0-ONO
linkage (O(8)—N(5')—0(6") (25%)). Variable-temperature
UV—vis spectra indicate that the linkage isomers of complex 3
with k*-O,N-NO, and complex 3’ with #*-0-ONO are
interconvertible, as shown in Figure SS. The Fe(1)---Fe(2)
distance of 3.543 A found in {Fe(NO),}’—{Fe(NO),}’

complex 3 rationalizes the less dipolar interaction reflecting
the paramagnetic property. The EPR spectrum (solid) of
complex 3 shows an isotropic signal at g = 2.020 corresponding
to a paramagnetic species (Figure S6). The temperature-
dependent effective magnetic moment of complex 3 ranging
from 2.75u5 (300 K) to 0.53u5 (2 K) and the best-fit yyT
value (versus absolute temperature for g = 2.030, ] = —45.3 +
0.5 cm™') demonstrate the antiferromagnetic coupling
between two {Fe(NO),}’ (S = 1/2) units (Figures S7 and
S8). Also, the Fe K-edge pre-edge energy of 7113.8 eV suggests
the {Fe(NO),}’—{Fe(NO),}’ electron configuration of
complex 3 (Figure §9).587576

In contrast to the injection of NO(g) into the fully
delocalized mixed-valence {Fe(NO),}'°—{Fe(NO),}’ [Fe,(u-
SBu),(NO),]~ (EPR signal g,= 2.009 and g, = 1.965 at 77 K
and IR vy 1673 s, 1655 s (THF)) yielding {Fe(NO),}’—
{Fe(NO),}” [Fe,(u-SBu),(NO),],°® the addition of NO gas
to the THF solution of complex 1 leading to the formation of
complexes 2 and 3 and N,O suggests that electronically
localized {Fe(NO),}'*—{Fe(NO),}* DNIC 1 acts as a key
species in promoting the electrophilic attack of NO on the
{Fe(NO),}'° core of complex 1, yielding proposed x*-[NO]"-
bridged intermediate A. The electrochemistry of complex 3
measured in THF with 0.1 M [n-Bu,N][PF,] as supporting
electrolyte at room temperature displaying irreversible redox
signals at E,. = —1.25 and —1.96 V and E,, = —0.86 V (vs Fc/

https://doi.org/10.1021/acs.inorgchem.1c00541
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(a)

(b)

Figure 4. ORTEP drawing and labeling schemes of (a) complex 4 and (b) complex S with the thermal ellipsoid drawn at 50% probability.
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (deg) are presented in Table SI.

(a)

=

Figure 5. ORTEP drawing and labeling schemes of (a) complex 1’, (b) complex 6, and (c) complex 7 with the thermal ellipsoid drawn at 50%
probability. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (deg) are presented in Table SI.

Fc*) implies that the direct reduction of complex 3 to complex
1 to complete the catalytic cycle of NO to N,O is infeasible
(Figure S10). Alternatively, the transformation of complex 3 to
[Fe,(NO),(u-bdmap)(u-OMe)] (4) along with release of
NaNO, was observed upon addition of 1 equiv of [Na]-
[OCHs;] to complex 3 in THF at ambient temperature. The
lower NO stretching frequencies of complex 4 (1743 sh, 1730
s, 1668 s cm™ (vy0)), compared to those of complex 3 (1759
s, 1693 s cm™" (o)), suggest the electronic deficiency of the
dinuclear {Fe(NO),}’—{Fe(NO),}’ [(NO),Fe(u-bdmap)Fe-
(NO),] motif (Scheme 2d and Figure 3a). The yield of
NaNO, was extracted by O,-free water and was quantified via
Griess assay (72.4% yield, Figure S11). The electrochemistry
of complex 4 measured in THF with 0.1 M [n-Bu,N][PF] as
the supporting electrolyte at room temperature displaying
irreversible redox 51gnals atE,. = —1.86 Vand E,, = —1.04 V
(decayed to E,, = —0.95 V in the second cycle (vs Fc/Fc"))
demonstrates that complex 4 undergoes decomposition when
complex 4 is reduced to {Fe(NO),}’—{Fe(NO),}'° DNIC
(Figure S12). To complete the synthesis cycle for reducing
nitric oxide to N,O triggered by complex 1, the protonation of
complex 4 by triflic acid was conducted to result in the
formation of redox-reversible {Fe(NO),}’—{Fe(NO),}’ tri-
flate-bridged [Fe,(NO),(u-bdmap)(u-OSO,CF;)] (5) (1791
sh, 1780 s, 1710 s cm™ (o)) and MeOH at —80 °C
(Scheme 2e and Figure 3b). Similarly, the formation of
complex 5 along with N,O liberation was also observed by the
protonation (triflic acid) of hyponitrite-bound complex 2 at 0
°C (Scheme 2f and Figure S13). Subsequently, the addition of
1 equiv of bis(benzene)chromium (CrBz,) to the THF
solution of complex 5 generated complex 1 to complete the

synthesis cycle for reducing NO to N,O triggered by complex
1 via the associated pathways of hyponitrite formation
(synthesis cycle complex 1 - 2 — § — 1) and NO
disproportionation (synthesis cycle complex 1 - 3 — 4 — §
— 1) (Scheme 2 and Figure S14).

The crystallographic structures of complexes 4 and $ are
depicted in Figure 4, and the selected bond distances and
angles are presented in Table S1. The average Fe—N(O)/N—
O bond lengths of methoxide-bridged complex 4 and triflate-
bridged complex 5 are 1.702(5)/1.175(3) A (for 4) and
1.692(5)/1.164(6) A (for §), respectively, characterized as
dinuclear {Fe(NO),}’—{Fe(NO),}’ DNICs.**"7° Presumably,
the elongation of N—O bond lengths of complex 4 (ranging
from 1.170(3) to 1.183(3) A), compared to those of complex
5 (ranging from 1.159(7) to 1.169(6) A), reflects the
methoxide-induced polarization of five-coordinate iron centers
leading to the [Fe**(NO7),] units to preserve the highly
covalent {Fe(NO),}’cores.”® EPR spectra of complexes 4 and
S (solid) exhibit an isotropic signal at g = 2.036 and a broad
isotropic signal at g = 2.034, respectively, corresponding to the
paramagnetic species (Figures S15 and S16). The temperature-
dependent effective magnetic moment of complex 4 (from
2.23u5 (300 K) to 0.89u5 (2 K)) and complex 5 (from 2.724y
(300 K) to 0.78u5 (2 K)) and the corresponding best-fit y,, T
values for complexes 4 (g = 2.035, ] = —172.57 + 4.87 cm™")
and 5§ (g = 2.030, ] = —111.1 + 17 cm™') indicate the
antiferromagnetically coupling between two {Fe(NO),}’ (S =
1/2) cores (Figures S7, S17, and S18). The Fe K-edge pre-
edge energies of complex 4 (7114.0 eV) and complex §
(7114.0 eV) also suggest the {Fe(NO),}’—{Fe(NO),}’
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electron configuration for complexes 4 and S (Figure
§9).587576

To further unravel the exact electron configuration of two
[Fe(NO),] units of {Fe(NO),}'°—{Fe(NO),}’ dinuclear
DNIC 1, the deep-blue THEF solution of complex 1 layered
with n-hexane (10 mL) was kept at —20 °C for 1 week leading
to dark-green crystals of [Fe(NO),(u-bdmap)Fe(NO),] (1')
composed of two four-coordinate iron centers. The single-
crystal X-ray structure of complex 1’ is depicted in Figure Sa,
and the selected bond distances and angles are shown in Table
S1. The bond lengths of Fe—N(O) range from 1.649(5) to
1.657(5) A and the N—O bond lengths range from 1.179(6) to
1.192(6) A, compared to the published Fe—N(O) (1.661(2)
A) and N-O (1.186(2) A) bond lengths of {Fe(NO),}’—
{Fe(NO),}'° DNICs,**7”* supporting the crystallization of the
singly bdmap-bridged electronically delocalized {Fe(NO),}’—
{Fe(NO),}' solid-state [Fe(NO),(u-bdmap)Fe(NO),] (1').
We noticed the absence of the THF-coordinate ligand in
isolated solid-state crystal DNIC 1'. It is presumed that the
thermal stability of solid-state {Fe(NO),}’—{Fe(NO),}"
DNIC 1’ may be ascribed to the apparently shorter Fe:--Fe
distance (2.806(1) A) to reimburse the electronic deficiency of
[Fe(NO),] cores. However, the single-crystal X-ray structure
of DNIC 1, obtained from the deep-blue THF solution of
complex 1 layered with n-hexane and kept at —20 °C for 1
week, was analyzed as dark-green [Fe(NO),(u-bdmap)Fe-
(NO),] (1’). Dark-green crystal DNIC 1’ dissolved in THF to
yield the IR spectrum (vyo 1762 m, 1701 s, 1682 sh, 1650 s
cm™' (THF)), suggesting the formation of complex 1. Further
addition of 1 equiv of KCg + [PPN][CI] to a THF solution of
complex 1’ afforded the reduced-form dinuclear {Fe-
(NO),}'*—{Fe(NO),}'"* DNIC [PPN][Fe(NO),(u-bdmap)-
Fe(NO),] (6) verified by IR (1671 s, 1657 sh, 1613 s cm™
(vno)) and single-crystal X-ray diffraction (Figures Sb and 6

08
1 ——1671, 1657sh, 1613 cm’' for complex 6 in THF
—— 1761, 1701, 1681sh, 1649 cm™' for complex 1 in THF
0.6 { ——1791sh, 1780, 1713 cm’' for complex § in THF

Absorbance (a.u.)

T v T T g T v T v T v T
2200 2100 2000 1900 1800 1700 1600

Wavenumbers (cm™)

Figure 6. FTIR spectra for the addition of 1 and 2 equiv of silver
triflate to complex 6 (black) in THF, yielding complex 1 (red) and
complex S (blue), respectively.

and Scheme 3). Of importance, the electrochemistry of
complex 6 measured in THF with 0.1 M [n-Bu,N][PF] as
the supporting electrolyte at room temperature reveals two
reversible redox processes at E; ,= —0.71 V (AE, = 021V, i,/
ipe = 1.03) and —1.16 V(AE, = 021 V, i, /i,. = 0.93 vs Fc/
Fc*), exactly consistent with the cyclic voltammetric study of
complex 1 displaying two reversible redox couples (E,;,) at

—0.73 and —1.18 V (vs Fc/Fc*) (Figure 7). That is, the redox-
form DNICs associated with {Fe(NO),}°*—{Fe(NO),}’ DNIC
< {Fe(NO),}'°—{Fe(NO),}’ DNIC 1 < {Fe(NO),}'’-
{Fe(NO),}'° DNIC 6 electronic states are reversible (Scheme
3 and Figure 7). This result obtained from the cyclic
voltammetric study is supported by the treatment of the
THE solution of complex 1 with ferrocenium hexafluorophos-
phate (FcPF), yielding oxidized-form dinuclear {Fe(NO),}’—
{Fe(NO),}” [Fes(NO),(u-bdmap)(u-THF)][PF,] (7) with
the THF-bridged ligand (Scheme 3), characterized by IR
(1790 sh, 1776 s, 1710 s cm™" (vy0)) and single-crystal X-ray
diffraction (Figure Sc and S19). In a similar fashion, the
addition of 1 equiv of silver triflate (AgOTf) to complex 6 in
THE led to the formation of complex 1, and the subsequent
addition of 1 equiv of AgOTf to complex 1 resulted in the
isolation of {Fe(NO),}’—{Fe(NO),}’ [Fe,(NO),(u-bdmap)-
(u-OS0,CF;)] (5) as identified by IR (1790 sh, 1776 s, 1710
em™ (vyo)) and single-crystal X-ray diffraction (Scheme 3,
Figures S—6). Presumably, the redox-inactive -SO,CF;/THEF-
bridging ligands of complexes 5/7, individually, are incorpo-
rated to stabilize the highly covalent dinuclear {Fe(NO),}’—
{Fe(NO),}’ [Fe,(NO),(u-bdmap)] motif via its ability to
donate electron density. Consistent with the previous cyclic
voltammetric study of complexes 1/6 displaying two reversible
redox couples, complexes § and 7 exhibit two identical redox
couples at E;,= —0.74 and —1.18 V for § and at E,,= —0.73
and —1.18 V for 7, respectively (Figure 7). The electro-
chemical/chemical studies of {Fe(NO),}’—{Fe(NO),}'* dark-
green crystal DNIC 1’ dissolved in THF display the reversible
redox interconversion among {Fe(NO),}’—{Fe(NO),}’ 7,
{Fe(NO),}'°~{Fe(NO),}’ DNIC 1, and {Fe(NO),}'°—{Fe-
(NO),}'” DNIC 6, identifying the presence of the THF-bound
ligand to stabilize the electron-deficient {Fe(NO),}’ core.
Also, the EPR spectrum of DNIC 1 (g, = 2.013 (THF, 77
K)), consistent with the reported five-/six-coordinate {Fe-
(NO),}’ DNICs (g ~ 2.01-2.02), implicates the preservation
of a five-coordinate {Fe(NO),}’ core (S = 1/2) in DNIC 1.”°
Furthermore, it has been demonstrated that the coordination
of a “hard” RO-containing ligand (R = alkyl) polarizes the
{Fe(NO),}’ core to possess the dominant ionic character of
(NO),Fe-OR bonds, leading to the electron deficiency of the
iron center. That is, the coordination of [OR]~ ligands (vs
[SR]”) inducing the electron-deficient {Fe(NO),}’ core is
attributed to the tendency to decrease the covalent character of
Fe-OR bonds. The cooperative nature of RO = Fe and NO —
Fe charge transfers characterizes the noninnocent character of
NO ligands serving as an electron buffer to attenuate the RO-
induced polarization imposed on the Fe center and to preserve
the highly covalent {Fe(NO),}’ core.”® This may rationalize
the polarization effect of the Fe—Opyy,, bond of DNIC 1,
leading to the buildup of electronically localized {Fe(NO),}*—
{Fe(NO),}'® cores within dinuclear {Fe(NO),}'°—{Fe-
(NO),}’ DNIC 1. As displayed in Scheme 3, the present
study in combination with the previous IR/EPR spectra of
complex 1 rationalizes that electronically localized {Fe-
(NO),}*—{Fe(NO),}'° dinuclear DNIC 1 may undergo
reversible redox shuttling between {Fe(NO),}'°—{Fe(NO),}’
DNIC 1 and {Fe(NO),}’—{Fe(NO),}’ DNIC 7 to trigger the
NO reduction to N,0.

Single-crystal X-ray structures of complexes 6 and 7 are
depicted in Figure Sb,c, and the selected bond distances and
angles are presented in Table S1. The bond lengths of Fe—
N(O) and N—O of complex 6, ranging from 1.645(2) to
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Scheme 3. Redox Shuttling among Complexes 5/7 < 1 < 6
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of complex 6 revealed a diamagnetic species (Figure $20). The
P » Vo T average Fe—N(O)/N—O bond lengths of complex 7 are
S N1 NNV 1.685(2) A/1.177(2) A, consistent with the published Fe—
J V"'--U B A . — o J N(O) and N—O bond lengths of {Fe(NO),}’ DNICs.>*77¢
MF -e \ o - X The average Fe—Oryy bond distance of 2.434(2) A and the
/\ff?x(, _N o A _N A, space-filling model suggest that THF bridges two [Fe(NO),]
/ } ‘ / , ‘ ./ units (Figure S21). It is presumed that the inlay of the THF
U S Cae e CO ligand elongates the Fe(1)--Fe(2) distance (3.407(2) A) of
FoFe  -0.73V complex 7, leading to the weak dipolar interaction, supported

{Fe(NO),)’{Fe(NO),}"* (1)
{Fe(NO),Y’{Fe(NO),}’-(s-OTf) (5)
{Fe(NO),)*{Fe(NO),Y-(+THF) (7)
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Figure 7. Electrochemistry of complex 1 (black), complex § (red),
complex 6 (green), and complex 7 (blue) measured in a THF
solution of complexes 1 and 5—7 (4 mM), with 0.2 M [n-Bu,N][PF]
as the supporting electrolyte (4 mM, ferrocene as the internal
standard) at room temperature (scan rate 0.02 V/s).

1.650(2) A and from 1.204(3) to 1.212(3) A, respectively, are
consistent with the published Fe—N(O) and N—O bond
lengths of {Fe(NO),}"° DNICs.”>~”° The 'H NMR spectrum

by the EPR spectrum (solid) of complex 7 showing an
isotropic signal at g = 2.037 (Figure S22). The temperature-
dependent effective magnetic moment of complex 7 (from
2.73u5 (300 K) to 0.86u5 (2 K)) and the corresponding best-
fit yuT value (g = 2.030, J = —122.2 + 2.4 cm™') demonstrate
the weak antiferromagnetic coupling between two {Fe(NO),}’
(S =1/2) cores (Figures S6 and S23). The Fe K-edge pre-edge
energy of 7114.0 eV in complex 7 also suggests the
{Fe(NO),}’—{Fe(NO),}’ electron configuration of complex
7 (Figure S9).

Computation. The DFT calculations of geometry-
optimized [Fe(NO),(u-bdmap)Fe(NO),] (1’) and [Fe-
(NO),(u-bdmap)Fe(NO),(THF)] (1) were conducted, and
their selected bond distances, spin densities, and natural
charges are included in Figure S24. As shown in Figure S24a,
the calculated Fe—N(O)/N—O bond lengths between two
Fe(NO), fragments in complex 1’ are almost equivalent,
consistent with its solid-state structure determined by single-
crystal X-ray diffraction. In addition, the spin density
distribution of two Fe(NO), fragments in complex 1’ reveals
the delocalization of one unpaired electron between two
Fe(NO), fragments as evidenced by an ~0.5 unpaired electron
on each Fe(NO), unit (Fe, +2.47; N1, —0.56; N2, —0.59; O1,
—0.45; 02, —0.46), supporting the assignment of electronically
delocalized {Fe(NO),}’—{Fe(NO),}!° solid-state [Fe-
(NO),(u-bdmap)Fe(NO),] (1’). On the other hand, the
calculated Fe—N(O)/N—O bond lengths of the four-
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Scheme 4. Theoretical Computation for the Hyponitrite-Formation Pathway and NO Disproportionation Pathway via

Intermediate [Fe(NO),(u-bdmap)(u-NO)Fe(NO),] (A)
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coordinate (4CN) Fe(NO), and THF-bound five-coordinate
(S5CN) Fe(NO), fragments in [Fe(NO),(u-bdmap)Fe-
(NO),(THF)] (1) demonstrate that the Fe—N(O) bond
lengths of the THF-coordinate Fe(NO), fragment are
significantly longer than those of the four-coordinate Fe(NO),
fragment (dge_n (scn) = 1.756 A and d,_y (4on) = 1.631 A).
The strong back-bonding interaction between Fe and NO
ligands in the four-coordinate Fe(NO), fragment is attributed
to its electron-rich nature as compared to the THF-bound five-
coordinate Fe(NO), congener. The spin density distribution
between 4CN and SCN Fe(NO), fragments in complex 1
further reveals the nature of the two Fe(NO), fragments.
Specifically, the SCN Fe(NO), fragment exhibits a strong
antiferromagnetic coupling interaction between Fe and two
coordinated NO ligands, resulting in one unpaired electron
situated on the Fe center. Therefore, the electronic structure of
the SCN Fe(NO), fragment is best described as {Fe(NO),}’,
where the 4CN Fe(NO), fragment exhibits diamagnetic
character which is assigned as {Fe(NO),}' electronic
structure. The natural charge analysis on the 4CN and SCN
Fe(NO), fragments also reveals asymmetric charge distribu-
tions between 4CN and SCN Fe(NO), fragments
(5Fe(NO)2—4CN = —0.42 and 5Fe(NO)1—5CN = +039) The

calculated bond lengths, spin densities, and natural charges
of complex 1 support the nature of electronic localization in
dinuclear {Fe(NO),}'°—{Fe(NO),}’ DNIC [Fe(NO),(u-
bdmap)Fe(NO),(THF)] (1) resulting from THF coordina-
tion to complex 1'.

To unveil the roles of dinuclear DNICs in NO-to-N,O
transformation, the reaction mechanism of the intermolecular
[ON]™—[NO]" coupling pathway to the formation of complex
2 and the NO disproportionation pathway yielding [NO,]™-

bridged complex 3 were elucidated by DFT calculations. As
indicated from the previous studies,”®” x*-[NO] -bridged
[Fe,(NO),(u-bdmap)(u-NO)] (A) plays pivotal roles in
facilitating a barrier-free reaction to produce thermodynami-
cally stable hyponitrite-bound intermediate 2 (hyponitrite-
formation pathway, Scheme 4). In this study, intermediate A
was further demonstrated to proceed via the facile NO
disproportionation reaction to form corresponding [NO,] -
bound complex 3 and N,O (disproportionation pathway,
Scheme 4). Adding 1 equiv of -NO to the bridged [NO]~
moiety of intermediate A could produce almost isoenergetic
trans-hyponitrite intermediate B1 and cis-hyponitrite inter-
mediate B2 with —2.8 and —2.6 kcal/mol stabilization Gibbs
free energies, respectively (Scheme 4a). Unlike the binding of -
NO to trans-hyponitrite intermediate B1 that provides only an
additional —1.7 kcal/mol stabilization energy for the formation
of nitrosyl trans-hyponitrite intermediate C1, the reaction
between -NO and cis-hyponitrite intermediate B2 generates
more thermodynamically stable nitrosyl trans-hyponitrite
intermediate C2 (—11.2 kcal/mol) (Scheme 4b). Intermediate
C2 could then proceed to produce corresponding [NO,] -
bound complex 3 and N,O via nitrosyl trans-hyponitrite
transition state D with a 5.8 kcal/mol energy barrier (Scheme
4c,d). The singlet state pathway with a broken-symmetry wave
function was evaluated and included in Scheme 3. The singlet
state energy of intermediate C2 is only 0.6 kcal/mol higher
than that of the corresponding triplet state, which implies that
the formation of intermediate C2 possessing a singlet
configuration is also energetically accessible as compared to
its triplet ground state. In addition, the energies of the broken-
symmetry singlet state of transition state D and complex 3 are
only 0.3 kcal/mol higher and 0.6 kcal/mol lower, respectively,
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Scheme 5. Scheme for the NO Disproportionation Pathway and Spin Density/Natural Charge of Intermediates/Transition
States
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than those of their corresponding triplet states. The almost
isoenergetic nature of the singlet and triplet states among
intermediate C2, transition state D, and complex 3 indicates
that the triplet state-to-singlet state transformation is energeti-
cally possible along the reaction path from intermediate C2 to
complex 3, consistent with the experimentally determined
singlet ground state of complex 3. It is noticed that the DFT-
optimized geometries and natural charge analysis of
intermediate C2, transition state D, and complex 3 with a
broken-symmetry singlet state are almost identical to their
triplet counterparts.

The bonding interactions among its three NO ligands of
intermediate C2 could be described as a free NO ligand
interacting with the bridging cis-hyponitrite moiety of two
{Fe(NO),} units. To understand the detailed bonding
interactions between the free NO ligand and the metal-
bound cis-hyponitrite moiety, the selected occupied (HOMO
and HOMO — 2) and unoccupied (LUMO and LUMO + 1)
orbital contours of the cis-hyponitrite fragment as well as the
selected occupied (HOMO and HOMO — 1) and unoccupied
(LUMO and LUMO + 1) orbital contours of the free NO
ligand were depicted (Figure S25a). The key bonding
interactions between the free NO ligand and metal-bound
cis-hyponitrite fragment were obtained by the DFT calculation
of intermediate C2 and revealed by its HOMO — 2 a-spin
orbital (2118) and LUMO + 7 a-spin orbital (@128). The
orbital contours of @118 and @128 indicate that the bonding is
best described as a o-bonding interaction resulting from the
formation of a Lewis acid—base adduct between the occupied
HOMO - 2 of the metal-bound cis-hyponitrite fragment and
the unoccupied LUMO (7* orbital) of the free NO ligand
(Figure S25b), consistent with the bonding scheme derived
from the natural charge analysis and spin density distribution.

Similar to the hyponitrite-formation pathway (intermediate
A to complex 2), the formation of cis-hyponitrite (intermediate
A to intermediate C2) in the disproportionation pathway is
also barrier-free, downhill by ~—13.2 kcal/mol. The energy
difference of 10.6 kcal/mol between triplet intermediate C2
and intermediate B2 may rationalize the prevention of the back
transformation from intermediate C2 to intermediate B2. The
computation implicates that the higher NO(g) concentration
(>3 equiv) would favor the formation of irreversible and
barrier-free cis-hyponitrite intermediate C2 and, subsequently,
transform to complex 3 and N,O. Under the dilute NO(g) (1
equiv) condition, the formation of either hyponitrite

intermediates (B1 and B2) or trans-/cis-hyponitrite inter-
mediates (C1 or C2) is limited by the scarcity of NO(g)
surrounding intermediate A, rationalizing the higher yield of
complex 2 under dilute NO(g) (1 equiv) as observed
experimentally.

The analysis of natural charge and spin density distributions
of the key intermediates, transition state, and the product along
the NO disproportionation pathway could provide insights
regarding the roles of the dinuclear DNICs in triggering facile
N,O formation. As compared to the spin density (SDy = 0.72,
SDg = 0.28) and natural charge (6y = 0.17, 5o = —0.17) of a
free -NO, the binding of NO to the {Fe(NO),}'’—
{Fe(NO),}® core in complex 1 forming intermediate A in a
k*-[NO] -bridged fashion significantly increases the amount of
spin density (~0.4) and polarizes the increased spin density
toward the N atom of the x*-bridged [NO]™ moiety as
revealed by the analysis of the natural charge and spin density
distribution of intermediate A (SDy; = —1.00, SDy; = —0.40;
Sn1 = 0.05, 5o, = —0.32). The polarized N atom of bridged
NO could then proceed via a facile radical-coupling reaction
with exogeneous -NO promoting N—N bond formation to
yield corresponding trans-/cis-hyponitrite intermediates B1/B2
(Scheme Sa). Nitrosyl cis-hyponitrite intermediate C2 could be
generated by the reaction between cis-hyponitrite intermediate
B2 and another equivalent of exogeneous -NO via the electron
transfer from the added -NO to the coordinated cis-hyponitrite
fragment in B2. The intramolecular electron transfer was
supported by the positive natural charge (8y; = 0.38, 8o; =
—0.16) and the drastic decrease in spin density (SDy; = 0.02,
SDg; = 0.02) of the N303 fragment (the third equiv of added
‘NO) in intermediate C2 (Scheme Sb). The final step in the
disproportionation pathway involves the intramolecular
rearrangements triggered by the nucleophilic attack of O1
(801 = —0.47) on the N3 atom (Sy; = 0.38) of the weakly
coordinated [N303] group, followed by the subsequent
electron redistributions between the coordinated dianionic
cis-hyponitrite and cation-like [N303]* fragment to generate
final product N,O and [NO,] -bridged complex 3 (Scheme
Sc). The nature of this intramolecular rearrangement could be
elaborated by the changes in metric parameters and electronic
structures between intermediate C2 and transition state D.
The bond distance of O1—N3 is significantly shortened by
0.43 A (2.03 A in C2 and 1.60 A in D), accompanied by a 0.44
A elongation of the 02—N3 bond distance (1.91 A in C2 and
2.35 A in D), which suggests the strong bonding interactions
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Figure 8. Natural charge distributions of bridging (NO), (n = 1-3), O-bound [Fe(NO),], and N-bound [Fe(NO),] fragments along the reaction

coordinates of the proposed NO disproportionation pathway.

between O1 and N3 from intermediate C2 to transition state
D (Scheme 4c). It is important that the same transformation
also elongates N1—O1 by 0.43 A (1.37 Ain C2 and 1.71 A in
D) and concomitantly shortens N1—N2 and N2—02 by 0.05
and 0.06 A, respectively, to result in the subsequent N—O
bond cleavage as well as N,O formation. It is noted that the
reaction coordinate of this transformation was depicted by the
animation of the vibrational movements associated with only
one imaginary frequency (i = —443 cm™') which is
characteristic and a verification of transition state D (Figure
$26). In addition to the changes in metric parameters, the
decrease in the natural charge of the [N303] fragment (from
0.22 to 0.07) and the increase in the natural charge of the cis-
hyponitrite fragment (from —0.68 to —0.59) in transition state
D also indicate that the electron-redistribution process
between the coordinated cis-hyponitrite fragment and the
N303 fragment could be facilitated by the nucleophilic attack
of O1 on N3.

Complementary to the natural charge distributions of
coordinated (NO), (n = 1—3) along the reaction coordinates
of the disproportionation pathway, the natural charge
distributions between the coordinated (NO), (n = 1-3) and
{Fe(NO),} fragments could provide invaluable insights
regarding how dinuclear DNICs modulate their electronic
structures during the NO to N,O transformation. To describe
the electron distributions in detail, the {Fe(NO),} fragments
of dinculear DNICs along the reaction coordinates were
classified as N-bound {Fe(NO),} and O-bound {Fe(NO),}
fragments. As demonstrated in Figure 8, the general trend
associated with the increases in electron density on the
coordinated (NO), moiety (6(yo),: from —0.27 to —0.52) is
exactly opposite to the trend associated with the decreases in
electron density on the N-bound {Fe(NO),} fragment
(On-bound Fe(n0), = 0.09 to 0.37) along the proposed dispro-
portionation reaction coordinates while the O-bound {Fe-
(NO),} fragment shows only relatively small perturbations
(60-bound Fe(NO), = 0.30 to 0.34). These results imply that the

two {Fe(NO),} fragments play different roles in modulating
the (NO); to N,O and NO,” disproportionation reaction.
Specifically, the N-bound {Fe(NO),} fragment could act as an
electron-transfer channel for supplying one electron that is
required for NO,” formation in order to achieve charge
balance, and the O-bound {Fe(NO),} fragment could serve as
an electron-buffering reservoir for accommodating electron
redistribution processes along the disproportionation reaction
coordinates.

B CONCLUSIONS

Nitric oxide (NO) reduction yielding nitrous oxide (N,O)
triggered by nonheme flavodiiron nitric oxide reductases
(FNORs) was reported via the proposed hyponitrite pathway
and diferrous dinitrosyl pathway in a biological and biomimetic
study."*™"" In this article, we demonstrated that electronically
localized dinuclear {Fe(NO),}'°—{Fe(NO),}’* DNIC 1
resembling FNORs serves as an NO trapper to facilitate NO
reduction to nitrous oxide (N,0). Through the direct reaction
of NO(g) with complex 1 (stoichiometric molar ratio of 1NO/
complex 1 (n=1,2, 3,5, and 10)), the simultaneous formation
of trans-hyponitrite-bound complex 2, nitrite-bound complex
3, and N,O was observed. The generation of complex 2 as well
as complex 3 along with N, O release, respectively, is attributed
to the intermolecular [NO]™—[NO]~ coupling of relay
intermediate [Fe,(NO),(u-bdmap)(u-NO)] (A) and NO
disproportionation through the sequential binding of exoge-
nous ‘NO to the bridged x*-N,0-[NO]~ of intermediate A.
That is, the reduction of NO to N,O triggered by complex 1
occurs via the associated pathways of hyponitrite formation
(synthesis cycle: complex 1 - 2 — § — 1) and NO
disproportionation (synthesis cycle: complex 1 — 3 - 4 — §
— 1) (Scheme 2). Single-crystal X-ray diffraction, EPR/IR
spectra, DFT computation, and the electrochemical study of
complexes 1/6/7 demonstrate the reversible redox intercon-
version of {Fe(NO),}’—{Fe(NO),}’ 7 < {Fe(NO),}!*-
{Fe(NO),¥’ 1 & {Fe(NO),}'°—{Fe(NO),}° 6 and charac-
terize the formation of electronically localized {Fe(NO),}'°—
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{Fe(NO),}’ dinuclear DNIC 1 with THF bound to the
{Fe(NO),}’ unit with an EPR g value of 2.013 (THF).”*" It is
presumed that the {Fe(NO),}’ unit of DNIC 1 serves as an
electron-buffering reservoir to accommodate electron redis-
tribution, and the {Fe(NO),}'° unit acts as an electron-transfer
channel to drive exogeneous -NO coordination. In addition,
the regeneration of DNIC 1 through synthesis cycle (complex
1 > 3 > 4 —> 5§ — 1), and alternatively, through synthesis
cycle (complex 1 — 2 — § — 1), modulated by the key x>
N,0-[NO] -bridged intermediate A, highlights that species A
acts as a relay intermediate for NO reduction to N,O via both
the hyponitrite formation pathway and the NO disproportio-
nation pathway (Scheme 2).

B EXPERIMENTAL SECTION

Manipulations, reactions, and transfers were conducted under a pure
nitrogen atmosphere according to Schlenk techniques or in a glovebox
(N, atmosphere). Solvents were purified and distilled under nitrogen
by utilizing suitable reagents (acetonitrile from CaH,—P,O; diethyl
ether/n-hexane/tetrahydrofuran (THF) from sodium benzophenone)
and stored in dried, N,-filled flasks over 4 A molecular sieves.
Reagents 1,3-bis(dimethylamino)-2-propanol (Hbdmap) (97%
(Sigma-Aldrich)), triflate acid, ferrocenium hexafluorophosphate
([Cp,Fe][PF4]) (Sigma-Aldrich), and bis(triphenylphosphoranyl-
idene)ammonium chloride ([PPN][Cl], Fluka) were used as received.
Complexes [Fe(CO),(NO),] and {[Fe(NO),],(u-bdmap),} (bdmap
= 1,3-bis(dimethylamino)-2-propanoate) were synthesized on the
basis of previous reports.Zgb Nitric oxide gas (10% NO + 90% N,) was
purified by passage through a column of Ascarite (8—20 mesh)
purchased from Sigma. Infrared spectra (IR) were recorded on a
PerkinElmer-Frontier with sealed solution cells (0.1 mm, KBr
windows). UV—vis spectra were recorded on an Agilent 8453
spectrophotometer equipped with an UNICOKU liquid N, cryostat.
'"H NMR spectra were obtained on a Varian Unity-500 MHz
spectrometer. N,O quantification was performed on a Shimadzu GC-
2030 gas chromatograph equipped with a barrier-discharge ionization
detector (BID). Analyses of carbon, hydrogen, and nitrogen were
obtained with a CHN analyzer (Elementar Vario EL III CHN-OS
Rapid).

Preparation of [Fe(NO),(u-bdmap)Fe(NO),(THF)] (1). Freshly
prepared complex [Fe(NO)Z(ﬂ—bdmap)Fe(NO)%(THF)] (1) was
synthesized according to published procedures.”® IR 140 1762 m,
1701 s, 1682 sh, 1650 s cm™' (THE); 1749 s, 1676 s, 1659 s, 1636 s
cm™ (KBr). Absorption spectrum (THF) [4,,,, nm (&, M™' cm™)]:
540 (1090), 755 (1650). EPR spectra show an isotropic signal with g
=2.013 (THF) and g = 2.016 (solid) at 77 K, respectively. The THF
solution of complex 1 layered with n-hexane (10 mL) was kept at —20
°C for 1 week, leading to dark-green crystals of [Fe(NO),(u-
bdmap)Fe(NO),] characterized by single-crystal X-ray diffraction, as
shown in Figure Sa.

Preparation of {[Fe,(NO),(x-bdmap)],(x*-N,0,)} (2). Complex
{[Fe,(NO),(u-bdmap)],(x*N,0,)} (2) was synthesized according
to the published procedures.ZSb IR 1744 s, 1721 s, 1669 s, 1644 s
(vno), 1087 s (1y_o ([N,0,]*7)) em™ (KBr).

Addition of Various Quantities of NO(g) to a THF Solution
of Complex 1 Yielding Complex 2 and [Fe,(NO),(u-bdmap)(u-
NO,)] (3) along with N,O. Nitric oxide (74 mL (NO 10% + N,
90%), 0.3 mmol) was injected into the freshly prepared THF solution
(2 mL) of complex 1 (45 mg (0.1 mmol) stored in a 65 mL vial) by
syringe, and the mixture solution was stirred for 3 h at ambient
temperature. The mixture solution was then filtered to collect
insoluble complex 2 (7.9 mg, yield 19.3 + 8.7% based on complex 1),
and the brown filtrate was then dried under vacuum to obtain dark-
brown solid [Fe,(NO),(-bdmap)(u-NO,)] (3) (32.2 mg, 762 +
10.2% based on complex 1). In a similar fashion, upon addition of 1
equiv of NO to complex 1, complexes 2 and 3 were obtained in yields
of 71.8 + 7.7 and 25.4 + 6.9% (47.0 £ 9.1 and 48.6 =+ 9.7% yields for
the addition of 2 equiv of NO; 14.7 + 6.3 and 82.7 + 9.8% yields for

the addition of S equiv of NO and 14.3 & 4.5 and 84.0 + 8.1% yields
for the addition of 10 equiv of NO), respectively. The headspace gas
detected by GC and IR vy_y 2223 cm™ (THF) was characterized as
N,O. On the basis of the IR spectrum (vyo 1762 m, 1701 s, 1682 sh,
1650 s cm™") of complex 1, it cannot be ruled out that a trace of
residual complex 1 remained in the reaction solution. Attempts to
isolate the trace of residual complex 1 were not successful. However,
ESI-MS results show the presence of thermodynamically stable
complex [Fe,(NO),(u-bdmap),]. Alternatively, complex 1 (0.225 g,
0.5 mmol), potassium nitrite (43 mg, 0.5 mmol), and ferrocenium
hexafluorophosphate ([Cp,Fe][PF]) (165 mg, 0.5 mmol) prepared
in a Schlenk tube were added to THF (S mL) at 0 °C, leading to the
formation of complex 3 (0.179 g, 85%). The THF solution of
complex 3 layered with n-hexane (10 mL) was kept at —20 °C for 1
week, leading to dark-brown crystals suitable for X-ray crystallog-
raphy. IR vyq 1759 s, 1694 s cm™ (THF); 1763 sh, 1751 s, 1677 s
cm™" (KBr). The EPR spectrum shows an isotropic signal of g = 2.020
(solid) at 77 K. Absorption spectrum (THF) [A,,, nm (&, M
em™1)]: 535 (417), 615 (294), 760 (226) at 30 °C; 790 (261) at —80
°C. Magnetic susceptibility (solid state (2—300 K): up = 2.75 (300
K), pg = 0.53 (2 K), and calcd for g = 2.030 and ] = —45.3 + 0.5 cm™"
(antiferromagnetically coupled). Anal. Calcd. for C,H;,Fe,N,0,: C,
19.88; H, 4.05; N, 23.18. Found: C, 20.12; H, 3.96; N, 22.92.

Quantification of Released N,O upon Complex 1 Reacted
with Various Amounts of NO. N,O was quantified on a Shimadzu
GC-2030 gas chromatography equipped with a BID detector and
ShinCarbon ST (100/120 mesh) columns filled with poly(dimethyl)-
siloxane (Rtx-1). Helium was adopted as a carrier gas to conduct
sample separation. The oven temperature was kept at 40 °C and then
increased to 240 °C (rate 20 °C/min), and the detector was heated to
280 °C. The identification and quantification of N,O were achieved
by utilizing a gastight syrin%e to acquire 0.1 mL of sample headspace
gas and injected into GC.>*"*577 The calibration curves were derived
by the injection of various amounts of NO ((10% NO + 90% N,; 2.2,
4.5,6.8,11.2, and 22.4 mL) and pure N,O (0.10, 0.15, 0.20, 0.30, and
0.50 mL) into a vial (65 mL) containing 2 mL of THF. The
calibration curve was plotted in Figure S2. Quantification of the
released N, O is based on gas chromatography with a retention time of
8.14 min. Each vial (65 mL) containing THF solution (2 mL) of
complex 1 (4.5 mg, 0.01 mmol) was added to 1 equiv of NO(g) (2.2
mL, (10% NO + 90%N,)), 2 equiv of NO (4.5 mL), 3 equiv of NO
(6.8 mL), 5 equiv of NO (11.2 mL), and 10 equiv of NO (22.4 mL),
individually. The reaction solution was stirred for 3 h, and then the
headspace gas (0.1 mL) was injected into the GC for N,O detection.
The average amounts of generated N,O are displayed in Figure 1b
with yields of 23.2 & 3.54% (injection of 1 equiv of NO), 46.7 + 9.0%
(injection of 2 equiv of NO), 75.8 + 11.8% (injection of 3 equiv of
NO), 84.5 + 7.2% (injection of S equiv of NO), and 87.5 + 3.5%
(injection of 10 equiv of NO) of N,O.

Preparation of [Fe,(NO),(u-bdmap)(u-OCH;)] (4) Derived
from the Reaction of Complex 3 and Sodium Methoxide.
Complex 3 (84 mg, 0.2 mmol) and [Na][OMe] (10.8 mg, 0.2 mmol)
were added to a Schlenk tube containing 3 mL of THF under an N,
atmosphere and stirred for 2 h. The resulting brown solution was
filtered through Celite to remove the insoluble solid (NaNO,), and
the brown filtrate was then dried under vacuum to obtain bright-
brown solid [Fe,(NO),(u-bdmap)(u-OCH,)] (4) (isolated yield 72
mg (88.2%)). The residual (NaNO,) was extracted with anaerobic
water and was quantified by a Griess test (yield 74.2%). The THF
solution of complex 4 was layered with n-hexane (15 mL) at —20 °C
for 1 week to produce dark-brown crystals suitable for X-ray
crystallography. IR vy 1743 sh, 1730 s, 1668 s cm™! (THF); 1716
s, 1637 s cm™! (KBr). Absorption spectrum (THF) [4,,., nm (g, M~
cm™)]: 548 (430), 620 (300), and 825 (216). The EPR spectrum
shows an isotropic signal with g = 2.036 (solid) at 77 K. Magnetic
susceptibility (solid state (2—300 K): g = 2.23 (300 K), u = 0.89 (2
K)) and caled for g = 2.035 and J = —172.57 + 4.87 cm™
(antiferromagnetically coupled). Anal. Caled. for CgH,Fe,NOg4: C,
23.55; H, 4.94; N, 20.60. Found: C, 23.85; H, 4.97; N, 19.98.

https://doi.org/10.1021/acs.inorgchem.1c00541
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00541/suppl_file/ic1c00541_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00541?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

Forum Article

Protonation of Complex 4 via the Addition of Triflic Acid. A
THEF solution (S mL) containing complex 4 (80.2 mg, 0.2 mmol) was
cooled to —80 °C, and then a THF solution containing triflic acid (0.2
M, 1 mL) was added to the cooled THF solution of complex 4 drop
by drop at —80 °C. The resulting dark-green solution was then dried
under vacuum to obtain dark-green solid [Fe,(NO),(u-bdmap)(u-
0SO,CF;)] (5) (isolated yield 91 mg (86.5%)). The THF solution of
complex S was layered with n-hexane/diethyl ether (1:1 v/v) at —20
°C for 1 week to produce dark-green crystals suitable for X-ray
crystallography. IR vyo 1791 sh, 1780 s, 1710 s cm™ (THF); 1793
sh, 1785 's, 1705 s, 1685 sh cm™ (KBr). Absorption spectrum (THF)
[Amaw nm (g, M™! cm™)]: 540 (430), 610 (385) and 720 (230). The
EPR spectrum shows an isotropic signal of g = 2.034 (solid) at 77 K.
Magnetic susceptibility (solid state (2—300 K)): pp = 2.72 (300 K),
u = 0.78 (2 K) and caled for g = 2.030 and J = —111.1 + 1.7 cm™
(antiferromagnetically coupled). Anal. Calcd. for CgH,,Fe,N;OF: C,
18.27; H, 3.26; N, 15.98. Found: C, 18.15; H, 3.49; N, 15.68.

Protonation of Complex 2 with Triflic Acid (HOTf). To
complex 2 (81 mg, 0.1 mmol) prepared in a Schlenk tube was added
THF (3 mL), and the suspension solution was placed in the Schlenk
tube capped with a septum. The prepared THF solution containing
HOT( (0.1 M, 2 mL) was then injected into the suspension solution
and stirred at 0 °C for 1 h. The headspace gas and reaction solution
were monitored by IR. The vy_y 2223 cm™" (generation of N,0) and
Uno stretching frequencies 1791 sh, 1780 s, 1710 s cm ™" (formation of
S) that were observed implicated the conversion of complex 2 to §
along with the release of N,O. The quantification of N,O is described
below. The injection of headspace gas (0.1 mL) into GC using a
gastight syringe after the addition of a THF solution of HOTf (0.1 M,
2 mL) to a THF solution (3 mL) of complex 2 (0.081 g, 0.1 mmol)
displays the generation of N,O (yield 93%).* In a similar fashion, the
addition of a THF solution of HOTf (0.1 M, 2 mL) to a THF
solution (5§ mL) of complex 1 (45 mg, 0.1 mmol) at 0 °C
demonstrated the oxidation of 1 to 5§ (IR vy 1791 sh, 1780's, 1710 s
cm™") along with H, release (detected by GC).

Reaction of Complex 5 and Bis(benzene)chromium (CrBz,).
Complex § (53 mg, 0.1 mmol) and bis(benzene)chromium (20.8 mg,
0.1 mmol) were added to a Schlenk tube containing 3 mL of THF
under an N, atmosphere, and then the reaction solution that was
gradually converted to a dark-blue solution was observed after the
reaction solution was stirred for 30 min at ambient temperature. IR
Uno stretching frequencies 1762 m, 1701 s, 1682 sh, and 1650 s cm™
(THF) demonstrated the formation of dinuclear {Fe(NO),}’—
{Fe(NO),}!* DNIC 1.

Reaction of Complex 1 and KCg + [PPNI[CI]. Complex 1 (45
mg, 0.1 mmol) and KCy (13.5 mg, 0.1 mmol) were added to a
Schlenk tube containing 3 mL of THF in a glovebox. The THF
solution was transferred to a CH;CN solution (1 mL) of [PPN][CI]
(574 mg, 0.1 mmol), and the THF-CH;CN mixture solution was
then stirred for 2 h at ambient temperature. The resulting green
solution was filtered through Celite to remove the insoluble solid
(KCl and graphite), and the green filtrate was dried under vacuum to
obtain diamagnetic greenish-yellow solid [PPN][Fe,(NO),(u-
bdmap)] (6). The THF-CH,;CN solution of complex 6 was layered
with diethyl ether (10 mL) at ambient temperature for 2 weeks to
produce greenish-yellow crystals suitable for X-ray crystallography
(yield 58 mg (65.8%)). IR vy 1671 s, 1657 sh, 1613 s cm™" (THE);
1664 s, 1603 s cm™ (KBr). Absorption spectrum (THF) [4,,., nm
(e, M! ecm™)]: 405 (1440), 750 (132). 'H NMR: § 7.68—7.48 (m,
Ar—CH), 4.54 (O—CH), 2.56 (—CH,—), 2.33 (N—CH,) ppm at 298
K (CD4CN). Anal. Caled. for C,;3H,,Fe,N,O:P,: C, 56.41; H, 5.17;
N, 10.71. Found: C, 56.12; H, 5.32; N, 10.31.

Oxidation of Complex 6 with Silver Triflate (AgOTf). A
suspended THF solution (S mL) containing complex 6 (45.5 mg,
0.05 mmol) was added to a Schlenk tube containing 1 equiv of silver
triflate (12.8 mg, 0.05S mmol) under a N, atmosphere. The reaction
solution was stirred for 1 h and gradually converted to a dark-blue
solution at 0 °C. IR vy stretching frequencies 1762 m, 1701 s, 1682
sh, and 1650 s cm™ (THF) demonstrated the formation of the
known {Fe(NO),}’—{Fe(NO),}!° dinuclear DNIC [Fe(NO),(u-

bdmap)Fe(NO),(THF)] (1), as shown in Figure 6. Subsequently, the
second equivalent of silver triflate was added to a dark-blue solution
(complex 1), leading to a dark-green solution. IR vyo stretching
frequencies 1791 sh, 1780 s, and 1710 s cm™' (THF) demonstrated
the formation of dinuclear {Fe(NO),}’—{Fe(NO),}’ DNIC
[Fe,(NO), (4-bdmap) (4-OSO,CF3)] (8), as shown in Figure 6.

Oxidation of Complex 1 with Ferrocenium Hexafluoro-
phosphate ([Cp,Fel[PF¢). Ferrocenium hexafluorophosphate (100
mg, 0.1 mmol) and complex 1 (135 mg, 0.3 mmol) were added to a
Schlenk tube containing 2 mL of THF in a glovebox, and then the
reaction solution was gradually converting to a dark-green solution
after the reaction solution was stirred for 1 h at 0 °C. IR vy 1790 sh,
1776 s, 1710 s cm™' (THE) and 1783 s, 1771 s, and 1703 s cm™!
(KBr) suggested the formation of dinuclear {Fe(NO),}’—{Fe-
(NO),}” DNIC [Fe;(NO),(u-bdmap)(u-THF)][PE] (7), as
shown in Figure S19. The THF solution of complex 7 was layered
with n-hexane (10 mL) at ambient temperature for 2 weeks to
produce brownish-green crystals suitable for X-ray crystallography
(crystal yield 96 mg (53.8%)). Absorption spectrum (THF) [4,,,, nm
(& M~ cm™)]: 545 (450), 608 (510), 740 (185). The EPR spectrum
shows an isotropic signal of g = 2.037 (solid) at 77 K. Magnetic
susceptibility (solid state (2—300 K)): u = 2.73 (300 K), ug = 0.86
(2 K), and caled for g = 2.030 and J = —122.2 + 2.4 cm™
(antiferromagnetically coupled). Anal. Calcd. for
C,,H,Fe,N,OFP,: C, 22.24; H, 4.24; N, 14.15. Found: C, 21.83;
H, 4.18; N, 13.67.

Cyclic Voltammetry Measurements. Electrochemical measure-
ments were recorded on a CH Instruments 621E electrochemical
potential state using a gastight three-electrode cell under N, at room
temperature. A glassy carbon electrode (3 mm in diameter) and a
platinum wire were used as the working and counter electrodes,
respectively. The reference electrode was a nonaqueous Ag/Ag"
electrode. Cyclic voltammograms were obtained from 2.0 mM analyte
concentration in O,-free THF using 0.2 M electrolyte (n-
tetrabutylammonium hexafluorophosphate). All potentials are re-
ported toward ferrocene/ferrocenium (Fc/Fc*).

Crystallography. The single-crystal X-ray crystallographic data
collections for complexes 1 and 3—7 were carried out at 200 K with a
Bruker D8 venture dual X-ray single-crystal diffractometer with
graphite-monochromated Mo Ka radiation (4 = 0.71073 A) outfitted
with a low-temperature, nitrogen-stream aperture. The structures
were solved by direct methods, in conjunction with standard
difference Fourier techniques and refined by full-matrix least-squares
procedures. Least-squares refinement of the positional and anisotropic
thermal parameters of all non-hydrogen atoms and fixed hydrogen
atoms was carried out with the riding model.”® The SHELXTL
structure refinement program was employed.”” A summary of the
crystallographic parameters for complexes 1 and 3—7 are shown in
Tables S2 and S3.

EPR Measurements. The X-band EPR measurements were
recorded at 77 K on a Bruker ES80 CW/pulse EPR equipped with
an Oxford liquid-He quartz cryostat. The EPR samples (solution and
powder) of complexes 3, 4, S, and 7 were transferred to EPR tubes
and then immediately frozen in liquid nitrogen prior to measure-
ments. The experimental parameters are the following: microwave
frequency = 9.657 GHz, microwave power = 15 mW, modulation
amplitude = 1.6 mT, modulation frequency = 100 kHz, gain = 30, and
time constant = 3276.8 ms.

Magnetic Measurements. The magnetic data of the micro-
crystalline samples of complexes 3, 4, S, and 7 were placed in a
polycarbonate capsule and were recorded on a SQUID magnetometer
(SQUID-VSM, Quantum Design) under an external magnetic field
(0.5 T) in the temperature range of 2—300 K. The magnetic
susceptibility data were corrected with the ligand diamagnetism by the
tabulated Pascal constants®®* and the sample holder. It is assumed
that the electronic structure for complexes 3—S5 and 7 are best
described as {Fe(NO),}*-(u-OR),-{Fe(NO),}’. The spin Hamil-
tonian (H, = —JS,S,) is used to illustrate the weak magnetic coupling
(dipolar coupling) between two {Fe(NO),}’ centers.”®® These
analyses were performed by taking the product of the magnetic
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susceptibility (yy) and the absolute temperature (T) as a function of
the absolute temperature and fitting the data to the Boltzmann
distribution.

XAS Measurements. All Fe K-edge spectra were completed at the
National Synchrotron Radiation Research Center (NSRRC),
Hsinchu, Taiwan. The measurements were carried out at the TPS
44A beamline (quick-scanning X-ray absorption spectroscopy, 4.5—34
keV) with a double-crystal Si(111) monochromator and were
recorded at room temperature. The energy resolution AE/E was
estimated to be about 2 X 10~*. High harmonics were rejected by Rh-
coated mirrors. Ion chambers used to measure the incident (I,) and
transmitted (I) beam intensities were filled with a mixture of N, and
He gases and a mixture of N, and Ar gases, respectively. The spectra
were scanned from 6.912 to 8.006 keV. The energy calibration was
referenced by measuring, simultaneously, the iron foil (the first
inflection point at 7112.0 eV). The energy resolution of 0.3 eV can be
achieved. A smooth background was removed from all spectra by
fitting a straight line to the pre-edge region and then subtracting this
straight line from the entire spectrum. Normalization of the data was
accomplished by fitting a flat polynomial to the postregion and also
normalizing the edge jump to 1.0 at 7400 eV for Fe K-edge spectra.’’

Computational Details. The initial coordinates for geometry
optimizations of 2 and 3 were taken from single-crystal X-ray
crystallography data. The coordinates of intermediate A were taken
from previous studies.”*® All geometry optimization DFT calculations
were conducted with the TZVP basis set™ for Fe, N, and O and with
the 6-31G* basis set®® for C and H (ultrafine integration grid and very
tight SCF criteria) by Gaussian 16, version B0L** Meta-GGA
functional TPSSh®® was used to obtain the geometry-optimized DFT
structures of 2, 3, all intermediates, and the transition state. The
vibrational analysis verified the optimized DFT structures of 2 and 3,
and intermediates are either stationary points or true minima on the
potential energy hypersurface. The transition state was confirmed by
the existence of one negative frequency as well as the internal reaction
coordinate (IRC) calculations. The calculations of the single-point
energy and the Gibbs free energy profile were conducted under the
same basis set and functionals used in geometry optimization with a
PCM solvent correction® for the solvent used in experiments. The
diffusion correction for TPSSh was also included in the single-point
energy, frequency, and Gibbs free energy calculations.”” The natural
population analysis and orbital contour plots were obtained with
NBO 3.1%* and Avogadro,” respectively.
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