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Dinitrosyl iron complexes (DNICs) are known as one of the two
possible naturally occurring forms for storage and delivery of NO
in biological systems.1 NO can be stored in the form of protein-
bound DNICs and is probably released from cells in the form of
low-molecular-weight DNICs (LMW DNICs).2 NO release is
regulated by ligands coordinated to the{Fe(NO)2} unit.3a As has
been known, characterization of both protein-bound DNICs and
LMW DNICs in vitro is possible via their distinctive electron
paramagnetic resonance (EPR) signals atg ) 2.03.1,2 Roussin’s
red esters (RREs), the dimeric form of DNICs considered to perform
the similar role as DNICs, are diamagnetic and EPR-silent due to
the antiferromagnetic coupling between the two iron centers.3b,c

Recently, formation of the protein-bound RREs accompanied by
protein-bound DNICs (4:1 molar ratio) was observed on the basis
of EPR and UV-vis spectra upon nitrosylation of the [4Fe-4S]2+

clusters of FNR, ahmpgene transcription regulator.4 In addition,
inactivation of cytosolic and mitochondrial aconitases by nitrosy-
lation led to the formation of DNICs displaying the rhombic EPR
spectrum withg ) 2.037, 2.031, 2.012, and an axial EPR spectrum
with g ) 2.006, 1.97 (assigned as a d9 DNIC) was observed upon
the subsequent reduction by excess dithionite.5

According to the Enemark and Feltham notation,6 DNICs can
be divided into three major types; monomeric EPR-active{Fe-
(NO)2}9, EPR-silent{Fe(NO)2}10 DNICs, and dimeric EPR-silent/-
active [{Fe(NO)2}9-{Fe(NO)2}9] DNICs.3 We have shown that
addition of H+/SR- to DNICs/RREs, respectively, triggered the
interconversion of DNICs and RREs.3 We also noticed that
reduction of RREs yielding the proposed [Fe2(µ-SR)2(NO)4]- (R
) Me, Et) with EPRg ) ∼1.995 at 250 K and [Fe2(µ-SR)2(NO)4]2-

characterized by IR and1H NMR were reported by Glidewell and
Wojcicki, respectively.7 In this contribution, the anionic dimeric
dinitrosyl iron complex [Fe2(µ-StBu)2(NO)4]- (2) was isolated and
characterized by single-crystal X-ray diffraction, EPR, IR, SQUID,
and UV-vis, and the dynamic equilibrium between DNIC [cation]-
[(NO)2Fe(S-tBu)2] (cation ) PPN (3-PPN), Na-18-crown-6-ether
(3-Na)), and RRE [Fe2(µ-StBu)2(NO)4] (1) in protic solvent (MeOH)
due to the hydrogen-bonding formation was also studied.

The THF solution of complex1, KC8, and 18-crown-6-ether was
stirred at ambient temperature for 1 h (Scheme 1a); reduction
occurred to yield complex [K-18-crown-6-ether][Fe(µ-S-tBu)(NO)2]2

(2). The IR spectrum of complex2 exhibits diagnosticυNO

stretching frequencies at 1673 s, 1655 s cm-1 (THF) with ∆υNO )
18 cm-1 (∆υNO ) the separation of NO stretching frequencies).
The IR spectra for complexes1 and2 have the different pattern/
position (1802 vw, 1787 s, 1753 s cm-1 for 1) and∆υNO (∆υNO )
27 cm-1 for 1).8 Compared to complex1, which is dominated by
three intense absorption bands at 315, 358, 431(sh) nm (THF),8

complex2 displays four absorption bands at 310, 435, 639, 982

nm (THF). The UV-vis spectrum of complex2 exhibits an intense
absorption around 982 nm with extinction coefficient>2000 L
mol-1 cm-1 which may be ascribed to the intervalence transition
of the fully delocalized mixed-valence complexes (Supporting
Information [SI] Figure S1).9 The temperature-dependent effective
magnetic moment (µeff) decreases from 2.07µB at 300 K to 1.58
µB at 4 K (SI Figure S2). At 77 K, complex2 displays an axial
EPR signal atg⊥ ) 2.009,g| ) 1.965, and an isotropic EPR signal
at g ) 1.998 at 298 K (Figure 1a,b), deviating from the
characteristic EPR signal (g ) 2.03) of DNICs. Of importance, we
noticed that the EPR spectra for complex2 and the products of
reduction of DNIC obtained from nitrosylation of aconitase and
reduction of HiPIP-containing protein-bound DNIC had the same
pattern andg values.2a,5

Single-crystal X-ray structure of [Fe(µ-S-tBu)(NO)2]2
- unit in

[K+-18-crown-6-ether] salt is depicted in Figure 2, and selected
bond dimensions are presented in the figure caption. The [Fe(µ-
S)2Fe] core geometry of complex2 is best described as a planar
rhombus with twotert-butyl groups adopting ananti configuration
in the solid state. The mean N-O bond distances of 1.186(3) Å,
(N(1)-O(1) 1.189(3), and N(2)-O(2) 1.183(3) Å) in complex2,
longer than the average N-O bond distances of 1.1685(19) Å
observed in complex1, are nearly at the upper end of the 1.178-
(3)-1.160(6) Å for the anionic{Fe(NO)2}9 DNICs and nearly at
the lower end of the 1.214(6)-1.189(4) Å for the neutral{Fe-
(NO)2}10 DNICs;10 meanwhile, the mean Fe-N(O) distances of
1.662(2) Å (1.657(2) and 1.666(2) Å) in complex2 also approach
the lower end of 1.695(3)-1.661(4) Å for the anionic{Fe(NO)2}9

DNICs and the upper end of 1.650(7)-1.638(3) Å for the neutral
{Fe(NO)2}10 DNICs.10 The apparently longer Fe(1)‚‚‚Fe(1A)
distance (2.9575(8) Å) of complex2, compared to the Fe‚‚‚Fe
distance of 2.7049(6) Å in complex1,8 suggests a weaker
Fe(1)‚‚‚Fe(1A) interaction in complex2.

Complex [PPN][(NO)2Fe(S-tBu)2] (3-PPN) characterized by IR,
UV-vis, EPR, and single-crystal X-ray diffraction was isolated

Scheme 1
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from nitrosylation of the reduced site analogue of rubredoxin protein
[Fe(StBu)4]2- in CH3CN at ambient temperature.8

Compared to an isotropic EPR spectrum with signalg ) 2.028
at 298 K observed in complex [(EtS)2Fe(NO)2]-,11 complex3-PPN
exhibits a well-resolved five-line EPR signalg ) 2.029 with
hyperfine coupling constants of 2.7 G at 298 K, and high rhombicity
with three principalg values of 2.039, 2.027, and 2.013 at 77 K
(SI Figure S3a,b). In comparison with complex [(EtS)2Fe(NO)2]-

dominated by two intense absorption bands at 436, 802 nm (THF),11

the electronic spectrum of complex3-PPNcoordinated by the more
electron-donatingtert-butylthiolate displays a blue-shift to 432, 780
nm. Figure S4 (SI) displays the thermal ellipsoid plot of the anionic
complex3-PPN, and selected bond distances and angles are given
in the figure captions.

Upon dissolution of complex3-Na in MeOH at 300 K, the IR
spectrum (υNO: 1806 vw, 1773 s, 1748 s, and 1701 m cm-1) and
a rhombic EPR signal withg ) 2.033 (77 K) (SI Figure S5)
implicated the formation of a mixture of complexes3-Na and 1
(Scheme 1b). The subsequent addition of 1 equiv of cobaltocene
led to the formation of complex2 characterized by IR and EPR
spectra (Scheme 1c) (SI Figure S6). Presumably, the conversion
of complex 3-Na to complex 1 in MeOH was driven by the
formation of hydrogen-bonding interactions between the coordinated
thiolate ligands of complex3-Na and methanol, followed by
reduction of complex1 by cobaltocene to completely yield the stable
complex2 (E1/2 ) -1.617 V (complex3-Na), E1/2 ) -0.994 V
(complex1), E1/2 ) -1.353 V (Cp2Co) (MeOH)). In contrast to
the bridged-thiolate cleavage of RREs [Fe2(µ-SR)2(NO)4] by [SR]-

in CH3CN-producing DNICs [(RS)2Fe(NO)2]- observed in the
previous study,3b the IR spectrum in theυNO region shows that the
dynamic equilibrium among complexes3-Na, 1, and [StBu]- was

reached in 1 h at 300 Kwhen complex1 and [Na-18-crown-6-
ether][StBu] in a 1:2 molar ratio were dissolved in CH3OH. The
equilibrium constant, enthalpy, and entropy were calculated to be
3.50× 10-3 (293 K), 11.5 kJ/mol, and-7.8 J/mol, respectively,
by monitoring this equilibrium reaction based upon1H NMR
spectroscopy (SI Figure S7). The IR spectra in theυNO region,
shifting from 1806 vw, 1773 s, 1748 s, 1701 m cm-1 (a mixture of
complexes3-Na and1) to 1743 s, 1698 s cm-1 (complex3-Na),
show the reaction was completely driven to the formation of
complex3-Na upon further addition of 10 equiv of [StBu]- into
the equilibrium MeOH solution of complexes3-Na, 1, and [StBu]-

mixture (SI Figure S8).
The EPR spectrum of complex2, identical to the EPR spectra

of reduction of DNIC/aconitase and HiPIP-containing protein-bound
DNIC, demonstrates that nitrosylation of the [4Fe-4S]2+ clusters
of aconitase/HiPIP produces a mixture of the monomeric and
dimeric DNICs.2a,4-5 The coexistence of a mixture of the monomeric
and dimeric DNICs in nitrosylation of aconitase/HiPIP may be
ascribed to the initial generation of the monomeric DNICs via
nitrosylation of [Fe-S] clusters, followed by the transformation
of the monomeric DNICs into the dimeric DNICs driven by the
hydrogen-bonding formation between the protic surroundings and
DNICs. The EPR-silent dimeric DNICs may be ignored in the
nitrosylation of [Fe-S] clusters. Therefore, the EPR spectrum in
combination with IR and UV-vis spectra may be employed to serve
as an efficient tool to examine the degradation of [Fe-S] clusters
via nitrosylation. Study of the interconversion of DNICs, RREs,
and anionic RREs is ongoing.
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Figure 1. EPR spectrum of complex2 (a)g⊥ ) 2.009,g| ) 1.965 at 77 K,
and (b)gav ) 1.998 at 298 K.

Figure 2. ORTEP drawing and labeling scheme of [Fe(µ-StBu)(NO)2]2
-

unit in [K+-18-crown-6-ether] salt with thermal ellipsoids drawn at 50%
probability. Selected bond distances (Å) and angles (deg): Fe(1)‚‚‚Fe(1A)
2.9575(8); Fe(1)-N(1) 1.657(2); Fe(1)-N(2) 1.666(2); Fe(1)-S(1) 2.2991-
(8); Fe(1)-S(1A) 2.3070(8); O(1)-N(1) 1.189(3); O(2)-N(2) 1.183(3);
N(1)-Fe(1)-N(2) 116.08(12); N(1)-Fe(1)-S(1) 107.95(9); N(2)-Fe(1)-
S(1) 110.29(9); N(1)-Fe(1)-S(1A) 111.98(9); N(2)-Fe(1)-S(1A) 109.24-
(9); S(1)-Fe(1)-S(1A) 100.11(3); O(1)-N(1)-Fe(1) 169.9(2); O(2)-
N(2)-Fe(1) 169.1(2).
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