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中 文 摘 要 ： 一系列的雙和雙亞硝基鐵化合物已經成功合成出來([Fe2(-

SPh)2(NO)4]2－(1)具{Fe(NO)2}10-{Fe(NO)2}10 core, the 

reduced-form RRE [Fe2(-SPh)2(NO)4]－(3) 具 

{Fe(NO)2}9-{Fe(NO)2}10 core, 及 RRE [Fe2(-

SPh)2(NO)4] (4) 具 {Fe(NO)2}9-{Fe(NO)2}9 core).這一系

列的化合物已用 X-ray 吸收光譜, X-ray 單晶繞射,及理論計

算來解析其電子結構.研究結果顯示,這些化合物中的 NO 紅外

線吸收頻率正比於這些化合物 X-ray 吸收光譜的 N K-edge 能

量. 

中文關鍵詞： 雙核雙亞硝基鐵化合物 

英 文 摘 要 ：  

英文關鍵詞：  
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ABSTRACT: A combination of N/S/Fe K-edge X-ray absorption
spectroscopy (XAS), X-ray diffraction data, and density functional theory
(DFT) calculations provides an efficient way to unambiguously delineate
the electronic structures and bonding characters of Fe−S, N−O, and Fe−
N bonds among the direduced-form Roussin’s red ester (RRE) [Fe2(μ-
SPh)2(NO)4]

2−(1) with {Fe(NO)2}
10-{Fe(NO)2}

10 core, the reduced-
form RRE [Fe2(μ-SPh)2(NO)4]

−(3) with {Fe(NO)2}
9-{Fe(NO)2}

10 core,
and RRE [Fe2(μ-SPh)2(NO)4] (4) with {Fe(NO)2}

9-{Fe(NO)2}
9 core.

The major contributions of highest occupied molecular orbital (HOMO)
113α/β in complex 1 is related to the antibonding character between
Fe(d) and Fe(d), Fe(d), and S atoms, and bonding character between
Fe(d) and NO(π*). The effective nuclear charge (Zeff) of Fe site can be
increased by removing electrons from HOMO to shorten the distances of
Fe···Fe and Fe−S from 1 to 3 to 4 or, in contrast, to increase the Fe−N bond lengths from 1 to 3 to 4. The higher IR νNO
stretching frequencies (1761, 1720 cm−1 (4), 1680, 1665 cm−1 (3), and 1646, 1611, 1603 cm−1 (1)) associated with the higher
transition energy of N1s →σ*(NO) (412.6 eV (4), 412.3 eV (3), and 412.2 eV (1)) and the higher Zeff of Fe derived from the
transition energy of Fe1s → Fe3d (7113.8 eV (4), 7113.5 eV (3), and 7113.3 eV (1)) indicate that the N−O bond distances of
these complexes are in the order of 1 > 3 > 4. The N/S/Fe K-edge XAS spectra as well as DFT computations reveal the
reduction of complex 4 yielding complex 3 occurs at Fe, S, and NO; in contrast, reduction mainly occurs at Fe site from complex
3 to complex 1.

■ INTRODUCTION

Nitric oxide (NO), a ubiquitous endocrine molecule, has been
intensively studied because of its physiological functions such as
smooth muscle relaxation,1−3 neurotransmission,4 immune
response,5 and blood pressure.6 Dinitrosyl iron complexes
(DNICs), the endogenous NO-derived species as S-nitro-
sothiols (RSNO), are thought to serve as storage and carriers of
NO in biological system.7−10 In vivo, the naturally occurring
DNICs are classified into protein-bound DNICs and low-
molecular-weight DNICs (LMW-DNICs). Protein-bound
DNICs derived from NO-mediated degradation of [Fe−S]
cluster-containing proteins are considered as the storage of NO
or {Fe(NO)2} moiety, and LMW-DNICs produced via the
displacement of protein-bound DNICs with free thiols/
thiolates may serve as the donor of NO or {Fe(NO)2}
moiety.11−14 Biologically, both protein-bound DNICs and
LMW-DNICs are characterized by their distinctive electron
paramagnetic resonance (EPR) signals at g = 2.03.15,16 In spite
of the major thiol components of cellular DNICs composed of
cysteinate residues in proteins and mobile units such as
glutathione,17−20 the DNICs ligated by histidine, deprotonated

imidazole, and tyrosinate were found and proposed in
enzymology based on EPR spectra.11,17,19,21−24 Recently, the
crystal structure of human glutathione S-transferase (GST)
P1−1-bound dinitrosyldiglutathionyl iron complex (GSH-
DNIC) ligated with tyrosinate and glutathione has been
determined.17 In inorganic chemistry, DNICs can be classified
into the paramagnetic, oxidized form DNICs ({Fe(NO)2}

9

DNICs) and the diamagnetic, reduced-form DNICs ({Fe-
(NO)2}

10 DNICs), based on the oxidation levels of the
Fe(NO)2 unit. Up to now, numbers of oxidized and reduced
LMW-DNICs containing various ligation modes were synthe-
sized for the spectroscopic references and the study of potential
NO delivery.25−32

In addition to DNICs, Roussin’s red esters (RREs), the
dimeric form of DNICs considered to act the similar role as
DNICs, were also observed upon nitrosylation of various [Fe−
S] protein and Fe-containing proteins. For example, nitro-
sylation of a Rieske-type ToMOC protein containing a [2Fe−
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2S] cluster resulting in the formation of protein-bound RRE
was reported.33 The [4Fe−4S] cluster was nitrosylated to
convert into protein-bound RRE when WhiB-like protein was
treated with NO.34 Furthermore, the formation of protein-
bound RREs and DNICs with 4:1 molar ratio was reported
upon treatment of the [4Fe−4S] fumarate and nitrate reductase
regulator (FNR) protein with NO, based on UV−vis and EPR
spectra.35,36 Unlike DNICs identified by its characteristic EPR
signal at gav =2.03, RREs are more difficult to identify
biologically due to their EPR silence. In chemistry, DNICs
exist in reversible interconversion with RREs, regulated by
concentration, solvent polarity, and the nature of the thiolate
ligand.37 In addition to the neutral {Fe(NO)2}

9-{Fe(NO)2}
9

RREs, {Fe(NO)2}
9-{Fe(NO)2}

10 reduced RREs have been
prepared and identified.37−39 EPR spectra of the reduced RREs,
resulting from chemical reduction of the corresponding RREs,
are identical to those obtained from reduction of DNICs
derived from nitrosylation of aconitase and HiPIP-containing
protein-bound DNIC.38 Recently, the dinuclear DNICs with
{Fe(NO)2}

10-{Fe(NO)2}
10 core (direduced RREs) were

synthesized via the chemical reduction of the corresponding
anionic {Fe(NO)2}

9 DNICs.40 According to the oxidation
levels and configurations of the {Fe(NO)2}-{Fe(NO)2} core of
dinuclear DNICs, these dinuclear DNICs could be classified
into: (i) the EPR-silent {Fe(NO)2}

9-{Fe(NO)2}
9 species with

sulfide-bridged ligands/mixed sulfide−thiolate-bridged ligands/
thiolate-bridged ligands, (ii) the EPR-active {Fe(NO)2}

9-
{Fe(NO)2}

9 species with two separated {Fe(NO)2}
9 moieties,

(iii) the EPR-active {Fe(NO)2}
9-{Fe(NO)2}

10 species, and (iv)
the EPR-silent {Fe(NO)2}

10-{Fe(NO)2}
10 species with mixed

carbonyl−thiolate-bridged ligands/thiolate-bridged li-
gands.25,40,41

In addition to EPR spectroscopy, the nuclear resonance
vibrational spectroscopy (NRVS) has been applied to
determine the formation of DNICs and RREs according to
their characteristic vibrational frequencies.42 Furthermore, the
characteristic pre-edge peak energy in Fe K-edge absorption

spectra, ranging from 7113.1 to 7113.3 eV for the mononuclear
{Fe(NO)2}

10 DNICs/dinuclear {Fe(NO)2}
10-{Fe(NO)2}

10

DNICs, from 7113.6 to 7113.8 eV for the dinuclear
{Fe(NO)2}

9-{Fe(NO)2}
9 DNICs, and from 7113.4 to 7113.8

eV for the mononuclear {Fe(NO)2}
9 DNICs, are adopted to

probe the various DNICs.28,40 In particular, the distinct pre-
edge absorption energy and pattern of S K-edge absorption
spectra were also utilized to distinguish the mononuclear and
dinuclear DNICs with bridging-sulfide and bridging-thiolate
ligands.40,43

In this study, the {Fe(NO)2}
10-{Fe(NO)2}

10 direduced-form
RRE [Fe2(μ-SPh)2(NO)4]

2− (1), mixed-carbonyl−thiolate-
bridged {Fe(NO)2}

10-{Fe(NO)2}
10 direduced-form RRE

[Fe2(μ-SPh)(μ-CO)(NO)4]
− (2), {Fe(NO)2}

9-{Fe(NO)2}
10

reduced-form RRE [Fe2(μ-SPh)2(NO)4]
− (3), and {Fe-

(NO)2}
9-{Fe(NO)2}

9 RRE [Fe2(μ-SPh)2(NO)4] (4) were
isolated and characterized as shown in Chart 1. The
transformations among these dinuclear DNICs were unraveled.
N/S/Fe K-edge XAS spectra and DFT computation employed
to delineate the bonding character of Fe−S, N−O, and Fe−N
bonds and Zeff of Fe of the reversible redox-form RREs (RRE 4
⇌ reduced RRE 3⇌ direduced RRE 1) were demonstrated. Of
importance, the correlations between IRνNO stretching
frequencies and N1s →σ*(NO)/N1s →π*(NO) transition
energies are uncovered.

■ RESULTS AND DISCUSSION
Synthesis of Dinuclear DNICs. As shown in Scheme 1a,

the dinuclear DNIC [PPh4]2[Fe2(μ-SPh)2(NO)4] (1) was
isolated as yellow-green solid (80% yield) by the treatment of
Fe(TMEDA)(NO)2 (TMEDA= N,N,N′,N′-tetramethylethyle-
nediamine) with [PPh4][SPh] (1:1 molar ratio) in tetrahy-
drofuran (THF). Complex 1 displays extreme air sensitivity in
CH3CN/dimethyl sulfoxide solution, but is stable in solid state
under nitrogen. The IR νNO spectrum of complex 1 shows
stretching bands at 1646 (m), 1611 (s), and 1603 (s) cm−1

(KBr) (1644 (s) and 1604 (s) cm−1 (CH3CN)), in accordance

Chart 1

Scheme 1
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with the presence of the {Fe(NO)2}
10 moiety. The slightly

higher νNO stretching frequencies of complex 1, compared with
those of [PPN]2[Fe2(μ-S

tBu)2(NO)4],
40 are consistent with the

distinct electronic effects of phenylthiolate and alkyl-thiolate
ligands. The redox behavior of complex 1 was studied by cyclic
voltammetry (CV) in CH3CN with [nBu4N][PF6] as
supporting electrolyte at ambient temperature. Complex 1
reveals two reversible oxidation−reduction processes at −0.79
and −1.41 V (E1/2 vs Fc+/Fc, scan rate of 0.5 V/s) (in
Supporting Information (SI), Figure S1) corresponding to the
{Fe(NO)2}

9-{Fe(NO)2}
9/{Fe(NO)2}

10-{Fe(NO)2}
9 couple

and {Fe(NO)2}
10-{Fe(NO)2}

9/{Fe(NO)2}
10-{Fe(NO)2}

10

couple, respectively. The positive shift of reversible redox
potential of complex 1, compared with the analogous processes
at −0.99 and −1.61 V (E1/2 vs Fc+/Fc) of [PPN]2[Fe2(μ-
StBu)2(NO)4],

40 is a consequence of less electron density
surrounding Fe of complex 1 and is consistent with the slightly
higher νNO stretching frequencies of complex 1.
When complex 1 was added to the THF solution of

[Fe(CO)2(NO)2] with a 1:2 stoichiometry at ambient
temperature (Scheme 1b), a pronounced color change from
orange to blue occurred. The transformation of the dinuclear
DNIC 1 into [PPh4]2[Fe2(μ-SPh)(μ-CO)(NO)4] (2) was
observed and monitored with Fourier transform infrared
(FTIR) spectroscopy. The IR νNO spectrum of complex 2
displays strong stretching bands at 1706 (s), 1694 (s) cm−1, and
one νCO stretching band at 1846 (w) cm−1 (THF). Presumably,
the π-accepting labile CO of {Fe(NO)2}

10 [Fe(CO)2(NO)2]
promoting the bridging-thiolate cleavage of {Fe(NO)2}

10-
{Fe(NO)2}

10 complex 1 may rationalize the formation of
complex 2 stabilized by π-accepting CO-bridging ligand. Upon
addition of 1 equiv of (PhS)2 to a THF solution of complex 2, a
pronounced color change from blue to dark green occurred
under N2 at ambient temperature. The shift in the IR νNO
stretching frequencies from 1706 (s) and 1694 (s) cm−1 (THF)
to 1688 (s) and 1667 (s) cm−1 (THF), comparable with those
of dinuclear {Fe(NO)2}

10-{Fe(NO)2}
9 species,37−39 was

assigned to the formation of {Fe(NO)2}
10-{Fe(NO)2}

9

[PPh4][Fe2(μ-SPh)2(NO)4] (3), presumably derived from
oxidative addition of (PhS)2 into the {Fe(NO)2}

10-{Fe-
(NO)2}

10 core of complex 2. Complex 3 exhibits an isotropic
EPR signal at g = 2.001 at 298 K (SI, Figure S2), consistent
with the g values of other analogous dinuclear {Fe(NO)2}

10-
{Fe(NO)2}

9 species.37−39 Reversibly, conversion of complex 3
into complex 2 was demonstrated by reaction of complex 3
with [Fe(CO)2(NO)2] and monitored by IR νNO spectra
(Scheme 1c′). The shift in the IR νNO stretching bands from
1688 (s) and 1667 (s) cm−1 (THF) to 1846 (w), 1814 (w),
1783 (s), 1757 (s), 1706 (s) and 1694 (s) cm−1 (THF) was
assigned to the formation of complex 2 and dinuclear
{Fe(NO)2}

9-{Fe(NO)2}
9 [Fe2(μ-SPh)2(NO)4] (4). Isolation

of the reaction mixture afforded complexes 2 and 4 in the yield
of molar ratio 2:1. We also noticed that addition of complex 4
into complex 1 generates {Fe(NO)2}

10-{Fe(NO)2}
9 complex 3,

presumably, via intermolecular electron transfer from {Fe-
(NO)2}

10-{Fe(NO)2}
10 complex 1 to {Fe(NO)2}

9-{Fe(NO)2}
9

complex 4 (Scheme 1d). In contrast to the formation of anionic
reduced RREs by reduction of neutral RREs or oxidation of
direduced RREs, the transformation of complexes 1/2 to
complex 3, respectively, provides the new synthetic pathway for
synthesis of anionic reduced RREs.
Similar to CO known to serve as a probe of the electron

density at transition metal, the shift of the NO stretching

frequencies also reflects the variation of the electron density at
Fe atom of {Fe(NO)2} motif.

44 The IR νNO stretching bands at
1644 (m) and 1604 (s) cm−1 (CH3CN) for complex 1; 1688
(s) and 1671 (s) cm−1 (CH3CN) for complex 3; and 1817 (w),
1786 (s) and 1759 (s) cm−1 (CH3CN) for complex 4 reveals
that the electronic richness of Fe atoms in complexes 1, 3, and
4 is in the order of complex 1 > complex 3 > complex 4.
However, dinuclear {Fe(NO)2}

10-{Fe(NO)2}
10 complex 2

displays the IR νNO stretching frequencies at 1709 (s) and
1697 (s) cm−1 (CH3CN), which is significantly higher than
those of complex 1 and slightly higher than those of complex 3.
Obviously, the strong π-accepting bridging CO of complex 2
effectively relieves the electron density at Fe atom of
{Fe(NO)2}

10-{Fe(NO)2}
10 complex 2. The electronic richness

of Fe atoms of complexes 1−4, probed by the IR νNO stretching
frequencies, reveals that the electronic richness of Fe atoms of
complexes 1−4 is in the order of complex 1 > complex 3 >
complex 2 > complex 4.

Structure. Figures 1−3 display the thermal ellipsoid plots of
complexes 1−3, and selected bond distances and angles are

given in the figure captions. Two nitrosyl groups and two
bridging thiolates define the distorted tetrahedrlal geometry of
each Fe atom in complexes 1 and 3, while each Fe atom is
connected to two nitrosyl groups, bridging thiolate and
carbonyl, with a pseudotetrahedral geometry in complex 2.
The [Fe(μ-S)2Fe] core geometries of complexes 1 and 3 are
best described as a planar rhombus with two bridging-
phenylthiolate ligands in the anticonformation; in the mean-
time, the [Fe(μ-S)(μ-C)Fe] core geometry of complex 2 is best
described as a butterfly-like structure with a dihedral angle of
172.23° (the intersection of the Fe2S and Fe2C planes),
comparable to the dihedral angle of 170.1° in [PPh4]-
[(NO)2Fe(μ-CO)(μ-SC6H4-o-N(CH3)2)Fe(NO)2].

25 The lon-
ger average Fe−N bond distance of 1.650(1) Å and the shorter
average N−O bond length of 1.207(2) Å found in complex 1,
compared to the average Fe−N bond distance of 1.637(3) Å
and average N−O bond length of 1.223(3) Å found in
[PPN]2[Fe2(μ-S

tBu)2(NO)4],
40 are consistent with a relatively

Figure 1. ORTEP drawing and labeling scheme of the [Fe2(μ-
SPh)2(NO)4]

2− unit in PPh4 salt (1) with thermal ellipsoids drawn at
50% probability. Selected bond distances (Å) and angles (deg): Fe···
FeA 3.613 (3); Fe−N(1) 1.6464(14); Fe−N(2) 1.6534(14); Fe−S(1)
2.3623(4); Fe−S(1A) 2.3678(4); N(1)−O(1) 1.2038(18); N(2)−
O(2) 1.2097(17); N(1)−Fe−N(2) 117.73(7); N(1)−Fe−S(1)
111.49(5); N(2)−Fe−S(1) 114.15(5); N(1)−Fe−S(1A) 114.44(5);
N(2)−Fe−S(1A) 112.97(5); S(1) −Fe−S(1A) 80.403(3); O(1)−
N(1)−Fe 172.45(14); O(2)−N(2)−Fe 166.97(13); Fe−S(1)−Fe-
(1A) 99.596(16).
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dx.doi.org/10.1021/ic501055w | Inorg. Chem. 2014, 53, 10881−1089210883



considerable degree of π back-bonding in the {Fe(NO)2}
10 core

induced by the distinct electron donating ability of phenyl-
thiolate and alkyl−thiolate ligands.
As shown in Table 1, the average Fe−S bond lengths of

2.365(1), 2.310(2), and 2.260(1) Å in complexes 1, 3, and 4,
respectively, indicate that oxidation occurs from the antibond-
ing orbitals of Fe−S bond. This is accompanied by the increase
of average Fe−N(O) bond length from 1.650(1) to 1.665(4) Å
and to 1.676(1)Å and the decrease of average N−O bond
length from 1.207(1) to 1.184(5) Å and to 1.165(2) Å for
complex 1-to-3-to-4. In comparison with the average Fe−S
bond length of 2.365(1) Å, the Fe−N(O) bond length of

1.650(1) Å and the N−O bond length of 1.207(2) Å for
{Fe(NO)2}

10-{Fe(NO)2}
10 complex 1, {Fe(NO)2}

10-{Fe-
(NO)2}

10 complex 2 shows the average Fe−S bond length of
2.277(1) Å, the N−O bond length of 1.179(4) Å and Fe−
N(O) bond length of 1.653(4) Å. Complexes 1−4 display the
distinct Fe···Fe distances, 3.613(2) Å for {Fe(NO)2}

10-
{Fe(NO)2}

10 complex 1, 2.848(1) Å for {Fe(NO)2}
10-{Fe-

(NO)2}
9 complex 3, and 2.693(1) Å for {Fe(NO)2}

10-
{Fe(NO)2}

9 complex 4. Compared to complexes 3 and 4,
the Fe···Fe distance of complex 1 is lengthened to relieve the
electronic richness for the stability of complex 1. In contrast,
{Fe(NO)2}

10-{Fe(NO)2}
10 complex 2 is stabilized by relieving

the electronic richness of {Fe(NO)2}
10-{Fe(NO)2}

10 core via
the strong π-accepting bridging CO.

Fe K-Edge Absorption Spectroscopy. The Fe K-edge X-
ray absorption spectra of a series of dinuclear {Fe(NO)2}

9/10-
{Fe(NO)2}

9/10 DNICs (complexes 1−4) are depicted in Figure
4 and Table 2. The pre-edge 1s→ 3d transitions, due to the d−
p mixing between Fe and ligand atoms in the distorted Td local
environment of the Fe center, are enlarged in the inset to clarify
the differences among these complexes. It has been known that
the pre-edge energy is correlated with the oxidation state of

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

− unit in PPh4 salt (2) with thermal ellipsoids
draw at 50% probability. Selected bond distances (Å) and angles
(deg): Fe(1)···Fe(2) 2.5969(8); Fe(1)−N(2) 1.660(4); Fe(1)−N(3)
1.655(4); Fe(2)−N(4) 1.650(4); Fe(2)−N(5) 1.646(4); Fe(1)−S(1)
2.2734(11); Fe(2)−S(1) 2.2803(11); Fe(1)−C(1) 1.936(4); Fe(2)−
C(1) 1.948(4); O(2)−N(2) 1.177(4); O(3)−N(3) 1.178(4); O(4)−
N(4) 1.179(4); O(5)−N(5) 1.182(4); C(1)−O(1) 1.165(3); N(2)−
Fe(1)−N(3) 120.60(16); N(2)−Fe(1)−S(1) 109.12(12); N(3)−
Fe(1)−S(1) 114.96(12); N(2)−Fe(1)−C(1) 103.74(17); N(3)−
Fe(1)−C(1) 102.71(16); S(1)−Fe(1)−C(1)103.27(12); O(2)−
N(2)−Fe(1) 171.9(3); O(3)−N(3)−Fe(1) 173.0(3) ; O(4)−N(4)−
Fe(2) 171.1(3) ; O(5)−N(5)−Fe(2) 171.9(3).

Figure 3. ORTEP drawing and labeling scheme of [Fe2(μ-
SPh)2(NO)4]

− (3) unit in PPh4
+ salt (3) with thermal ellipsoids

draw at 50% probability. Selected bond distances (Å) and angles
(deg): Fe(1)···Fe(2) 2.8480(10); Fe(1)−N(1) 1.665(5); Fe(1)−N(2)
1.670(4); Fe(2)−N(3) 1.669(4); Fe(2)−N(4) 1.656(5); Fe(1)−S(1)
2.3120(15); Fe(1)−S(2) 2.3102(15); Fe(2)−S(1) 2.2999(15);
Fe(2)−S(2) 2.3197(14); O(1)−N(1) 1.178(5); O(2)−N(2)
1.177(5); O(3)−N(3) 1.195(5); O(4)−N(4) 1.184(6); N(1)−
Fe(1)−N(1) 117.7(2); N(1)−Fe(1)−S(1) 107.71(16); N(1)−
Fe(1)−S(2) 107.30(18); N(2)−Fe(1)−S(1) 110.05(15); N(2)−
Fe(1)−S(2) 109.27(15); S(1)−Fe(1)−S(2)103.86(5); O(1)−N(1)−
Fe(1) 171.0(5); O(2)−N(2)−Fe(1) 170.2(4) ; O(3)−N(3)−Fe(2)
167.8(4) ; O(4)−N(4)−Fe(2) 172.5(4).

Table 1. Selected Metric Data for Complexes 1−4

1 2 3 4

Fe···Fe (Å) 3.613(2) 2.597(1) 2.848(1) 2.693(1)
Fe−S (Å)a 2.365(1) 2.277(1) 2.310(2) 2.260(1)
Fe−N (Å)a 1.650(1) 1.653(4) 1.665(4) 1.676(1)
N−O (Å)a 1.207(2) 1.179(4) 1.184(5) 1.165(2)
S···S (Å) 3.053(2) 3.639(2) 3.631(1)
Fe−S−Fe
∠(deg)

99.6(1) 69.5(1) 76.1(1)a 73.14(1)

Fe−C−Fe
∠(deg)

83.92(15)

S−Fe−S ∠(deg) 80.4(1) 103.9(1)a 106.9(1)
S−Fe−C
∠(deg)

103.27(12)a

N−Fe−N
∠(deg)a

117.7(1) 120.3(2)a 118.4(2) 117.4(1)

Fe−N−O
∠(deg)a

169.7(1)a 171.9(3)a 170.4(4)a 169.95(1)a

dihedral
∠(deg)b

180 172 180 180

aAverage bond distance and angle. bDefined by the intersection of two
[Fe2S] planes.

Figure 4. Fe K-edge absorption spectra of complexes 1−4. (inset) The
pre-edge absorption spectra.
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metal containing the same coordination ligand environment
and geometry.45 In the Fe K-edge XAS, the pre-edge energies
of the dinuclear DNIC redox complexes 1, 3, and 4 with the
similar coordination geometries could be adopted to mark the
oxidation states of the Fe center.45,46 Obviously, the apparent
pre-edge energy of Fe K-edge XAS shifted from 7113.3 and
7113.5 eV for complexes 1 and 3, respectively, to 7113.8 eV for
complex 4 indicates the higher effective nuclear charge (Zeff)
and oxidation state of Fe in complex 4 upon two-electron
oxidation of the {Fe(NO)2}

10-{Fe(NO)2}
10 complex 1,

consistent with the trend on those of another structurally
analogous dinuclear DNIC redox complexes [Fe2(μ-
StBu)2(NO)4]

2−/1−/0.40 It is interesting to note that the pre-
edge energy of 7113.6 eV for complex 2 ({Fe(NO)2}

10-
{Fe(NO)2}

10 core) is higher than that of complex 1 (7113.3
eV) but lies between 7113.5 eV (complex 3 with {Fe(NO)2}

10-
{Fe(NO)2}

9 core) and 7113.8 eV (complex 4 with {Fe-
(NO)2}

9{Fe(NO)2}
9 core). This result indicates that the Fe K-

edge pre-edge peak position of dinuclear DNICs is obviously
perturbed by not only metal oxidation state and coordination
geometry but also the ligand environment.28 As the
spectrometer energy resolution (0.15 at 708 eV) in Fe LIII,II-
edge (2p→ 3d transitions) is better than that of Fe K-edge, the
Fe LIII,II-edge absorption were also measured, as shown in SI
Figure S3. The results indicate that the similar trend as that of
Fe K-edge pre-edge results by using the apparent peak energy
for comparisons among complexes 1, 3, and 4. In general, the
multiplet effects of crystal field should be calculated to interpret
the Fe LIII,II-edge spectrum well. Since the ligands and local
geometry of complexes 1, 3, and 4 are the same, the apparent
peak position is helpful in elucidating the electronic structures
of {Fe(NO)2} core of complexes 1, 3, and 4. In addition, the
evaluation of the electronic richness of Fe center in complexes
1−4 by the characteristic pre-edge energy of Fe K-edge XAS is
consistent with the conclusion from the intensity-weighted IR
νNO stretching frequencies. It is noticed that the higher IR νNO
stretching frequencies from complex 1 to 3 to 4 could reflect
the variation in the electronic richness of {Fe(NO)2} core, as
observed in the pre-edge energies of Fe K-edge XAS increasing
from complex 1 (7113.3 eV) to complex 3 (7113.5 eV) and to
complex 4 (7113.8 eV) (Figure 5).
S K-Edge Absorption Spectroscopy. The S K-edge X-ray

absorption spectra of complexes 1−4 are depicted in Figure 6,
and the corresponding pre-edge energies and thiolate peak
energies are collected in Table 3. In comparison with the
intense S1s → SC−S σ* transition of free [SPh]− at 2472.9 eV,
the higher thioate peak energies of complexes 1−4 at 2473.8,
2473.8, 2473.8, and 2474.3 eV, respectively, imply the obvious
charge dispersion from bridging-thiolate ligand to the {Fe-
(NO)2} cores of dinuclear DNICs. The same S1s → SC−S σ*
transition energies of complexes 1 and 3 reveal that complexes
1 and 3 exhibit the similar Zeff of sulfur,43 in contrast to
complex 4 showing the higher Zeff of sulfur. In the pre-edge
region of S K-edge XAS derived from the S1s → Fe3d transition,

complex 1 shows one pre-edge absorption peak at 2472.6 eV.
The absorption peak shifts to 2471.3 (shoulder) and 2471.9 eV
upon one-electron oxidation of complex 1 to afford complex 3.
However, one-electron oxidation of complex 3 yielding
complex 4 displayed two well-resolved absorption peaks at
2471.0 and 2472.2 eV. As shown in Figure 6, a pre-edge
absorption peak at 2471.8 eV can be observed for complex 2,
but no absorption peak at lower energy of ∼2471.0 eV.
The previous studies have concluded that the relative energy

of the S1s orbital of [M−S] complexes (M = Fe and Ni) could
be calculated from the S1s → SC−S σ* transition energies.47−51

Consequently, the pre-edge energies of S1s → Fe3d transition
may be used to estimate the relative energy of the Fe3d
manifold orbitals and the effective nuclear charge Zeff of the
Fe center in MNICs and DNICs.52−55 The relative Fe3d
manifold orbital energies of complexes 1−4 are calculated by
setting the reference energy levels on [FeIII(SPh)4]

−, as shown
in the previous study,43 and listed in Table 3. As shown in
Table 3, the Fe3d manifold orbital energies of complexes 1, 2,
and 3 are estimated to be 1.8, 1.0, and 1.1 eV, respectively,
higher than that of complex 4 (0.3 eV). The decreasing relative
d-manifold energy from 1 to 3 to 4 implicates that one-electron
oxidation may increase the Zeff of Fe to induce the increasing
shift of 0.7−0.8 eV. This trend is consistent with the increasing
pre-edge energies of Fe K-edge XAS from 7113.3 to 7113.5 eV
to 7113.8 eV upon going from 1 to 3 to 4, respectively.
However, the variations obtained from the pre-edge peak of Fe
K-edge XAS are smaller than those from the S K-edge XAS.

Table 2. Pre-Edge Energy of Complexes 1−4 Derived from
Fe K-Edge XAS

complexes pre-edge energy (eV)

[PPh4]2[Fe2(μ-SPh)2(NO)4] (1) 7113.3
[PPh4][Fe2(μ-SPh)(μ-CO)(NO)4] (2) 7113.6
[PPh4][Fe2(μ-SPh)2(NO)4] (3) 7113.5
[Fe2(μ-SPh)2(NO)4] (4) 7113.8

Figure 5. Plot of experimental and calculated intensity-weighted IR
νNO stretching frequencies and Fe K-edge pre-edge energies of
complexes 1−4.

Figure 6. S K-edge absorption spectra of complexes 1−4.
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The reason may be due to the apparent peak position is used to
assigned as 1s→ 3d transitions. As a matter of fact, the best way
to describe the pre-edge transitions is to deconvolute the peak
based on the crystal field multiplet calculations.45 In addition,
the slightly lower Fe3d manifold orbital energy of complex 2,
compared with that of complex 3, reveals that the Zeff of Fe in
complex 2 is slightly higher than that of complex 3, consistent
with the trend probed by Fe pre-edge K-edge energies and IR
νNO stretching frequencies. In comparison with {Fe(NO)2}

10-
{Fe(NO)2}

10 cores of complexes 1 and 2, the significant lower
Fe3d manifold orbital energy of complex 2 indicates that the Zeff
of Fe in complex 2 is definitely higher than that of complex 1.
On the basis of the linear relationship between the oxidation
state and the Zeff,

43,55 the Zeff of Fe in [(SPh)2Fe(NO)2]
−, 1, 2,

3, and 4 are estimated as 6.46, 6.07, 6.31, 6.28, and 6.51,
respectively, and the corresponding oxidation states are 2.59,
1.48, 2.17, 2.08, and 2.75, respectively, when the oxidation
states of [FeII(SPh)4]

2− and [FeIII(SPh)4]
− are defined as 2.0

and 3.0, respectively. Detailed information is listed in Table 3.
These results indicate that the average oxidation state of Fe of
complex 1 is closer to FeII, and the oxidation state of Fe is close
to FeIII in complex 4.
N K-Edge Absorption Spectroscopy. In addition to Fe

and S K-edge XAS, N K-edge XAS was also employed to
explore the electronic structure of the {Fe(NO)2} cores and
characterize the property of NO ligand in complexes 1−4. The
N K-edge absorption spectra of complexes 1−4 are displayed in
Figure 7. In general, the apparent peak in the range of 398−401

eV is derived from the N1s →π* transition, and the broad peak
around 413 eV is mainly derived from the transition of N1s →
σ*(NO).56,57 By using the minimum of second derivative of
absorption spectrum around 413 eV, the transition energies of
N1s →σ* are determined as ∼412.2 eV, ∼412.5 eV, ∼412.3 eV,
and ∼412.6 eV for complexes 1, 2, 3, and 4, respectively. In
combination of Fe/S K-edge XAS and the similar N1s →π*
transition energy from complex 1 to 3 to 4, we assume the π
orbital contributions of NO are almost the same among these
complexes. We may conclude that the higher IR νNO stretching
frequencies are associated with higher transition energy of N1s

→σ*(NO) as shown in Figure 8a. Also, the higher transition
energy of N1s →σ*(NO) is accompanied by the shorter N−O
bond distances from complex 1 to 3 to 4, that is, in the order of

Table 3. Pre-Edge Energy, Thiolate Peak Energy, and the Calculated Relative d-Manifold Energy Shift Derived from S K-Edge
XAS

complexes
pre-edge energy

(eV)a
averaged thiolate pre-edge

energy (eV)b
thiolate peak
energy (eV)a

relative d-manifold energy
shift (eV)c

oxidation state
of Fe

Zeff of
Fe

[FeII(SPh)4]
2 d 2471.4 2471.4 2473.3 1.1 2.0 6.25

[FeIII(SPh)4]
 d 2470.2 2470.2 2473.2 0 3.0 6.60

[PPh4][(SPh)2Fe(NO)2] (2470.6 2471.3) 2471.0 2473.5 0.5 2.59 6.46
1 2472.6 2472.6 2473.8 1.8 1.48 6.07
2 2471.8 2471.8 2473.8 1 2.17 6.31
3 (2471.3 2471.9) 2471.9 2473.8 1.1 2.08 6.28
4 (2471.0 2472.2) 2471.6 2474.3 0.3 2.75 6.51

aThe pre-edge and thiolate peak energies are determined by the minimum of the second derivative. bThe intensity-weighted average energy is given
here. cCalculated from the difference of the thiolate peak energy and the intensity-weighted pre-edge peak energy. dFrom refs 52−55.

Figure 7. N K-edge absorption spectra of complexes 1−4.

Figure 8. Plot of experimental and calculated intensity-weighted IR
νNO stretching frequencies and N K-edge energies of complexes 1−4.
(a) N1s →σ*, (b) N1s →π*.
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complex 1 (1.207(2) Å) > complex 3 (1.184(5) Å) > complex
2 (1.179(4) Å) > complex 4 (1.165(2) Å).
As shown in Figure 7, complex 1 demonstrates a strong

transition peak of N1s →π* at 399.4 eV. Surprisingly, the N K-
edge absorption spectrum of complex 3 shows the same N1s →
π* transition energy upon one-electron oxidation of complex 1
yielding complex 3. In contrast, the strong absorption peak at
399.4 eV of complex 3 shifts to 399.7 eV with a shoulder at
400.4 eV upon one-electron oxidation of complex 3 yielding
complex 4. From comparisons of N1s →π* transition energy
among complexes 1, 3, and 4, the lower N1s →π* energy of
complex 3, in contrast to that of complex 4, indicates that one-
electron oxidation of complex 1 to complex 3 seems to have no
influence on the N atom of complex 1, but it does have some
effect on the N atom from oxidation of complex 3 yielding
complex 4; but this effect is not so large. The correlation
between IR νNO stretching frequencies and N1s →π* transition
energy was also displayed in Figure 8b. On the basis of the
variations of bond lengths among Fe−S, Fe−N, and N−O in all
complexes, the highest occupied molecular orbital (HOMO)
should include the contributions of π bonding between Fe(3d)
and π*(NO) orbitals. Since the increase of Fe−N bond lengths
is accompanied by the decrease of N−O bond lengths from 1
to 3 to 4, the trend of N1s →π* transition energy is definitely
changed due to the contributions of Fe(3d) and π*(NO)
orbitals. When π*(NO) is significantly dominated, compared to
the contributions of Fe transition orbitals, the decrease of N1s
→π* transition energy is associated with the increase of N−O
bond lengths and the decrease of IR vibrational frequency of
NO. Presumably, the one-electron oxidation of complex 1
yielding complex 3 mainly occurs on Fe site due to no
significant differences on S1s → SC−S σ*, N1s →π*, and N1s →
σ* energies between complex 1 (2473.8, 399.4, and 412.2 eV,
respectively) and complex 3 (2473.8, 399.4, and 412.3 eV,
respectively) (Tables 3 and 4).The further one-electron
oxidation of complex 3 yielding complex 4 occurs at S, NO,
and Fe site, and induces the less NO− character in complex 4,
reflecting the shift of 0.3 eV (N1s →π*) and decrease of NO
bond length ∼0.02 Å (Tables 1 and 4). In addition, the shift to
a slightly higher energy of the N1s → π* transition in complex 2
may be rationalized by the less electron back-donation from Fe
atom to NO molecule due to the replacement of one bridged π-
donor thiolate ligand with the strong π-acceptor carbonyl
ligand. All detailed discussions will be made in terms of MO
and time-dependent density functional theory (TD-DFT)
calculations.
MO and TD-DFT Calculations. The MO diagrams of

complexes 1, 2, 3, and 4 were depicted in Figure 9 and SI
Figures S6, S4, and S5, respectively. In comparisons with MO
diagrams of [(NO)2Fe(μ-SEt)]2

z (z = 0, −1) and [(NO)2Fe(μ-
StBu)]2

z (z = 0, −1, −2),37,40 all of complexes display the similar
character on chemical bonding. The highest occupied MO
113α/β of complex 1 is the hybridization of Fe(dx2−y2/dz2),
S(3p), and NO(2p), which is dominated by the contributions
of the antibonding character between Fe(d) and Fe(d), Fe(d)

and S atoms, and bonding character between Fe(d) and
π*(NO) group. The lowest unoccupied orbital 114α is related
to the antibonding character between Fe(dxy) and π*(NO)
group, but dominated by the contribution of π*(NO) group.
This rationalizes the decrease of Fe−S/N−O bond distances
and the increase of Fe−N bond lengths from {Fe(NO)2}

10-
{Fe(NO)2}

10 of complex 1 to {Fe(NO)2}
10-{Fe(NO)2}

9 of
complex 3, and to {Fe(NO)2}

9-{Fe(NO)2}
9 of complex 4

(Table 1). When one electron is removed from the highest
occupied 113β in complex 1 to form complex 3, the pre-edge
peak of Fe K-edge XAS (complex 3) shifts to higher energy,
which indicates the increasing of Zeff at Fe site, so that the 3d
orbitals shift to lower energy as shown in the natural bonding
orbital (NBO) analysis of SI Figure S7. The similar variation is
also observed in oxidation of complex 1 to 3 (Table 3). This is
due to the dominated contribution of Fe(3d) orbitals in
HOMO of complexes 1 and 3. That is, the bonding characters
of Fe−S and Fe···Fe are enhanced. Moreover, the NBO analysis
indicates that the oxidation state of each Fe is changed from +2
to +2.5 to +3 from complex 1 to 3 to 4, and both {Fe(NO)2}

9

cores are in antiferromagnetic coupling fashion in complex 4,

Table 4. Fe/N K-Edge Energies, NO Bond Length, and IRνNO of Complexes 1−4

complexes Fe pre-edge energy (eV) N K-edge energy (eV) N 1s→σ* (N 1s→π*) IRυNO stretching frequency (cm−1) N−O distance (average) (Å)

1 7113.3 412.2 (399.4) 1646, 1611, 1603 1.207(2)
2 7113.6 412.5 (399.5) 1702, 1685 1.179(4)
3 7113.5 412.3 (399.4) 1680, 1665 1.184(5)
4 7113.8 412.6 (399.7) 1702, 1685 1.165(2)

Figure 9.MO energy diagram of complex 1. The numbers shown after
Fe/S/NO in percentages are the major contribution of orbitals
Fe(3d), NO(2p), and S(3p) in each MO.
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whose spin density is displayed in SI Figure S8. This trend is
consistent with the oxidation states derived from S K-edge
analysis. The electronic structures of complexes 1, 3, and 4
displayed quite similar character as reported by Yeh et al.,40

where four of five 3d orbitals in high-spin Fe(III) are strongly
π-bonding with NO. The last 3d-based orbital may act as the
electron acceptor orbital upon reduction of {Fe(NO)2}

9

yielding {Fe(NO)2}
10.58

The TD-DFT calculation on the pre-edge transitions of S K-
edge XAS and the comparison with experimental results were
displayed in Figure 10 and SI Figures S9−S10 for complex 1, 3,

and 4, respectively.40,43,55,59−61 On the basis of the results of
TD-DFT calculations, the peaks observed at 2471.3 and 2471.0
eV for complexes 3 and 4, respectively, are corresponding to
the transition of S1s to the unoccupied MO, mainly contributed
from the Fe(dx2−y2) and S(3p) orbitals (113β and 113α/β
shown in SI Figures S9 and S10, respectively). The absorption
peak at 2472.6 eV for complex 1 and the second absorption
peak at 2471.9 eV for complex 3 (2472.2 eV for complex 4)
were associated with the transitions from S1s to unoccupied
MOs related to Fe−S antibonding and to the antibonding
orbital dominated by the contributions of S, NO(π*), and
Fe(d) orbitals (MO 114α/β-117α/β shown in Figure 10 and SI
Figures S9 and S10). The absorption peak at ∼2471.8 eV in
complex 2 is assigned as the transition S1s → MO 92. In
comparison with the MO diagrams of complexes 3 and 4,
displayed in SI Figures S4 and S5, removing one electron at
occupied 113α in complex 3 is accompanied by creating
another unoccupied orbital dominated by Fe(dx2−y2) and S(3p)
(i.e., unoccupied 113α and 113β in complex 4; 47.5% Fe(dx2−y2)
+ 15.5% S(3p) + 6.6% NO), so that the intensity of pre-edge
peak is increased upon oxidation of complex 3 yielding 4. It
rationalizes the significant variation in S K-edge pre-edge
spectra. Moreover, because of the decreasing bonding character
of Fe−N(O) and antibonding character of N−O going from
complex 3 to complex 4, it is expected that the Fe−N bonding
is weakened and N−O bonding is enhanced.

The TD-DFT calculation of N1s →π* transition energies and
the comparison with experimental results are shown in Figure
11 and SI Figures S11 and S12 for complex 1, 3, and 4,

respectively. The major contribution of this absorption peak is
mainly the transition to 114α, which is mainly the contribution
of ∼50% NO in complex 1. This indicates that the N1s →π*
absorption peak is related to the N−O antibonding character.
When oxidation occurred from complex 1 to complex 3 by
removing one electron at 113β, the contribution of NO(π*) in
unoccupied 113β is too small (∼4.8%) so that we observe the
same N1s →π* transition energies of complexes 3 and 1. In
examining the N1s →π* transitions of complex 3 oxidized to
form 4, the major contribution is to excite one electron to the
orbitals of 114α/β and even with higher energy, which is
significantly dominated by NO(π*). However, due to the
rearrangement of NO(π*) and Fe(dxy) contributions in 114β
(from 17.8% to 58.2% for NO(π*) ; from 42% to 17.9% for
Fe(dxy)), it will affect N1s →π* transition shift to higher energy
by 0.3 eV so that the associated IR stretching frequencies also
shift to higher frequencies were observed.
The Fe(NO)2}

10-{Fe(NO)2}
10 complex 2 containing a

carbonyl-bridged ligand was employed to elucidate the distinct
electronic effect on the Fe atom and NO ligand of {Fe(NO)2}
moiety when one of the phenylthiolate-bridged ligands of
complex 1 was replaced by a σ donor and π acceptor CO
ligand. Such bonding effect can be illustrated in the HOMO−1
(MO 90) shown in Figure 12, which is a hybridization with
∼19% Fe (dx2−y2), ∼17% CO, ∼11% S, and ∼25.6% NO. This
MO elucidates the back-donation of Fe(dx2−y2) to π acceptor
CO ligand, so that Zeff of Fe in complex 2 is higher than that in
complex 1.

■ CONCLUSION AND COMMENTS
Studies on the syntheses, N/S/Fe K-edge XAS, and DFT
computation of the direduced-form RRE 1, reduced-form RRE
3, RRE 4, and mixed-CO-thiolate-bridged direduced-form RRE
2 have resulted in the following conclusions.

1. For the synthetic methodology: (a) In contrast to the
direduced-form RREs obtained from reduction of

Figure 10. Experimental (○) and TD-DFT-calculated (red solid line)
of S K-edge pre-edge absorption of complex 1. The vertical lines are
theoretically calculated peaks. The calculated transitions are
convoluted with a pseudo-Voigt function (Lorentzian (L)/Gaussian-
(G) = 1/1) and with a 0.36 eV half-width to account for experiment
and core-hole broadening. A further transition energy shifted by 46.6
eV is applied to get better agreement between the experimental and
the calculated profile.

Figure 11. Experimental (○) and TD-DFT-calculated (red solid line)
of N K-edge N1s →π* absorption of complex 1. The vertical lines are
theoretically calculated peaks. The calculated transitions are
convoluted with a pseudo-Voigt function (L/G = 1/1) and with a
0.4 eV half-width to account for experiment and core-hole broadening.
A further transition energy shifted by 13.2 eV is applied to get better
agreement between the experimental and the calculated profile.
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thiolate-/phenolate-bound {Fe(NO)2}
9 DNICs, the

successful synthesis of complex 1 provides the new
synthetic pathway for the syntheses of direduced-form
RREs. (b) The transformation of complex 1 to complex
3 via complex 2 may provide an alternative route for the
syntheses of {Fe(NO)2}

9-{Fe(NO)2}
10 reduced-form

RREs, in contrast to reduced-form RREs derived from
reduction of {Fe(NO)2}

9-{Fe(NO)2}
9 neutral RREs

uncovered in the previous study.
2. The MO energy diagram of complex 1 indicates that the

HOMO (113α/β) is a linear combination with Fe-
(dx2−y2)/Fe(dz2), S(px) and NO(pz), which is mainly
contributed from the antibonding character between
Fe(d) and Fe(d), Fe(d) and S atoms, and bonding
character between Fe(d) and NO(π*). That is, the
consecutive oxidation from complex 1 to 3 and then
from 3 to 4 enhances bonding character of Fe−S and N−
O bonds, but weakens bonding character of Fe−N
bonds. It rationalizes that the N−O and Fe−S bond
lengths of complexes 1, 3, and 4 are in the order of
complex 1 > complex 3 > complex 4; in contrast, the
Fe−N bond distances are in the order of complex 4 >
complex 3 > complex 1, as shown in Table 1.

3. As HOMO is dominated by the contribution of Fe(d) for
complexes 1, 3, and 4, removing electrons from HOMO
definitely increases the effective nuclear charge (Zeff) of
Fe site. It explains pre-edge energy of Fe shifts from
7113.3 eV for complex 1 to 7113.5 eV for complex 3 and
then to 7113.8 eV for complex 4 (Table 2).

4. On the basis of the experimental IR νNO stretching
frequencies and XANES of Fe/S/N K-edge energies
shown in Tables 2−4 and Figures 5 and 8, we
demonstrate that the Fe/S K-edge pre-edge energy and
N K-edge XAS can be employed to delineate N−O
bonding character in the dinuclear DNICs system. The
lower IR νNO stretching frequencies and the longer N−O
bond lengths are associated with the lower transition
energy of N1s →σ*(NO), that is, the N1s →σ*(NO)
transition energies (412.2, 412.3, and 412.6 eV) of
complexes 1, 3, and 4, respectively, reflect the νNO
stretching frequencies as (1646, 1611, 1603 cm−1 for
1), (1680, 1665 cm−1 for 3), and (1761, 1720 cm−1 for
4), and the N−O bond distances of complexes 1, 3, and
4 are in the order of complex 1 (1.207(2) Å) > complex
3 (1.184(5) Å) > complex 4 (1.165(2) Å) (Table 4).
Moreover, on the basis of S K-edge pre-edge energy, the
relative d-manifold energy of Fe is in the order of
complex 1 > complex 3 > complex 4, which is consistent

with the Zeff of Fe site (complex 1 < complex 3 <
complex 4). This also explains the average bond lengths
of Fe−S are in the order of complex 1 (2.365(1) Å) >
complex 3 (2.310(2) Å) > complex 4 (2.260(1) Å).

5. On the basis of N/S/Fe K-edge XAS, oxidation mainly
occurs at Fe site when complex 1 is oxidized to form
complex 3; in contrast, oxidation of complex 3 yielding
complex 4 occurs at Fe, S, and NO.

6. In complex 2, the strong π-acceptor CO-coordinated
ligand bridged to Fe(NO)2}

10-{Fe(NO)2}
10 motif

significantly modulates the bonding character between
Fe and S/NO due to the increasing Zeff of Fe site, as
observed in IR νNO stretching frequencies and Fe/N/S
K-edge XAS.

■ EXPERIMENTAL SECTION
Manipulations, reactions, and transfers were conducted under nitrogen
according to Schlenk techniques or in a glovebox (nitrogen gas).
Solvents were distilled under nitrogen from appropriate drying agents
(methylene chloride from CaH2; acetonitrile from CaH2−P2O5;
diethyl ether, hexane, and tetrahydrofuran (THF) from sodium
benzophenone) and stored in dried, N2-filled flasks over 4 Å molecular
sieves. Nitrogen was purged through these solvents before use. Solvent
was transferred to the reaction vessel via stainless cannula under
positive pressure of N2. The reagents, tetraphenylphosphonium
bromide ([PPh4][Br]), iron pentacarbonyl (Strem), N,N,N′,N′-
tetramethylethylenediamine (TMEDA), nitrosonium tetrafluoroborate
(Alfa Aesar), and diphenyl disulfide (Acros) were used as received.
[PPN][Fe(CO)3(NO)] and [Fe(TMEDA)(NO)2] were prepared
according to the literature procedure.62,63 Infrared spectra of the
carbonyl ν(CO) and the nitrosyl ν(NO) stretching frequencies were
recorded on Bruker ALPHA FTIR spectrophotometer or Thermo
FTIR Nicolet iS5/iD1 spectrophotometer with sealed solution cells
(0.1 mm, KBr/CaF2 windows) or KBr disc. UV−vis spectra were
recorded on a Thermo Evolution 201 UV−vis spectrophotometer.
Cyclic voltammetry (CV) was carried out with a CH Instruments
electrochemical analyzer 611C. A three-electrode system consisted of a
glassy carbon working electrode, a platinum wire auxiliary electrode,
and a 0.1 M Ag/Ag+ reference electrode. CV data was recorded with
the scan rate of 0.5 V s−1 in CH3CN with tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. All potential values
are reported verseus ferrocene/ferrocenium ion. 1H NMR spectra
were obtained on a Varian AC 400 spectrometer. Elemental analyses of
carbon, hydrogen, and nitrogen were obtained with a Heraeus CHN−
O−S Rapid Analyzer.

Preparation of [PPh4]2[Fe2(μ-SPh)2(NO)4] (1). Fifteen milliliters
of THF was added to the 20 mL Schlenk tube loaded with
[Fe(TMEDA)(NO)2] (0.464 g, 2.0 mmol) and [PPh4][SPh] (0.900
g, 2.0 mmol). After the reaction mixture was stirred overnight at
ambient temperature under N2 atmosphere, the resulting suspensions
were stood to afford the yellow-green precipitates. When the upper
THF solution was removed by cannula under positive N2 atmosphere,
the yellow-green precipitates were washed by THF twice and dried
under vacuum to afford [PPh4]2[Fe2(μ-SPh)2(NO)4] (1) (yield: 0.905
g, 80.2%). The dark-green crystals suitable for single-crystal X-ray
diffraction were afforded by storing the green CH3CN solution of
complex 1 at −15 °C for two weeks. IR: 1646 (s), 1611 (s), 1603 (s)
(νNO) cm−1 (KBr); 1644 (s), 1604 (s) (νNO) cm−1 (CH3CN).
Absorption spectrum (CH3CN) [λmax, nm (ϵ, M−1 cm−1)]: 365
(10154), 460 (4182), 641 (2471), 984 (2736). Anal. Calcd for
C60H50Fe2N4O4P2S2: C, 63.84; H, 4.46; N, 4.96. Found: C, 63.13; H,
4.15; N, 4.64%.

Preparation of [PPh4][Fe2(μ-SPh)(μ-CO)(NO)4] (2). The THF
solution (15 mL) of 0.5 mmol Fe(CO)2(NO)2, prepared fleshly from
reaction of [NO][BF4] (0.059 g, 0.5 mmol) and [PPN][Fe-
(CO)3(NO)] (0.354 g, 0.5 mmol) in THF, was transferred to a 50
mL Schlenk flask loaded with [PPh4]2[Fe2(μ-SPh)2(NO)4] (1) (0.226
g, 0.2 mmol) by cannula under positive pressure of N2 at ambient

Figure 12. HOMO−1 of complex 2.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic501055w | Inorg. Chem. 2014, 53, 10881−1089210889



temperature. After the reaction mixture was stirred overnight, the
reaction solution was monitored by FTIR. The IR spectrum showing
the νNO stretching bands at 1846 (w) (νCO), 1706 (s), and 1694 (s)
cm−1(νNO) (THF) was assigned to the formation of [PPh4][Fe2(μ-
SPh)(μ-CO)(NO)4] (2). When the reaction solution was filtered
through Celite to remove the insoluble solids, the blue filtrate was
concentrated to 5 mL under vacuum, and 35 mL of diethyl ether was
added to precipitate the blue solids of complex 2 (yield: 0.253 g,
89.4%). The dark blue crystals suitable for X-ray crystallography were
afforded by laying the blue THF solution of complex 2 with hexane at
−15 °C for 10 d. IR: 1846 (w) (νCO), 1706 (s), 1694 (s) (νNO) cm

−1

(THF); 1843 (w) (νCO), 1709 (s), 1697 (s) (νNO) cm
−1 (CH3CN);

1825 (w) (νCO), 1702 (s), 1685 (s) (νNO) cm−1 (KBr). Absorption
spectrum (THF) [λmax, nm (ϵ, M−1 cm−1)]: 364 (5935), 616 (2493),
969 (607). Anal. Calcd for C31H25Fe2N4O5PS: C, 52.57; H, 3.56; N,
7.91. Found: C, 52.60; H, 3.53; N, 7.46%.
Preparation of [PPh4][Fe2(μ-SPh)2(NO)4] (3). Complex 2 (0.142

g, 0.2 mmol) and (PhS)2 (0.044 g, 0.2 mmol) were loaded in a 50 mL
Schlenk flask, and then 15 mL of THF was added to the Schlenk flask.
After the reaction solution was stirred at ambient temperature
overnight, the reaction solution was monitored by FTIR. The IR
spectrum showing the νNO stretching bands at 1688 (s) and 1667 (vs)
cm−1(νNO) (THF) was assigned to the formation of [PPh4][Fe2(μ-
SPh)(NO)4] (3). When the reaction solution was filtered through
Celite to remove the insoluble solids, the green filtrate was
concentrated to 5 mL under vacuum, and 35 mL of diethyl ether
was added to precipitate the blue solids of complex 3 (yield: 0.126 g,
79.6%). The green THF solution of complex 3 was layered with
hexane at −15 °C for 5 d to afford dark green crystals suitable for X-
ray crystallography. IR νNO: 1688 (s), 1667 (s) cm

−1 (THF); 1688 (s),
1671 (s) cm−1 (CH3CN); 1680 (s), 1665 (s) cm

−1 (KBr). Absorption
spectrum (CH3CN) [λmax, nm (ϵ, M−1 cm−1)]: 367 (13619), 459
(5811), 651 (2922), 985 (3696)]. Anal. Calcd for C36H30Fe2N4O4PS2:
C, 54.77; H, 3.83; N, 7.10. Found: C, 54.65; H, 3.72; N, 6.99%.
Preparation of [Fe2(μ-SPh)2(NO)4] (4). (PhS)2 (0.044 g, 0.2

mmol) and [(TMEDA)Fe(NO)2] (0.092 g, 0.4 mmol) were loaded in
a 20 mL Schlenk tube and dissolved in 10 mL of THF. After the
reaction mixture was stirred for 48 h, the reaction solution was
monitored by FTIR. The IR spectrum showed three stretching bands
at 1814 (w), 1783 (s), and 1757 (s) cm−1(νNO) (THF) and was
assigned to the formation of [Fe2(μ-SPh)2(NO)4] (4). The reaction
solution was filtered through Celite, and then the filtrate was dried
under vacuum leading to the dark brown solids. After the dark brown
solids were washed with 8 mL of hexane, the dark brown solids of
complex 4 were afforded (yield 0.064 g, 71.2%). IR νNO: 1814 (w),
1783 (s), 1757 (s) cm−1 (THF); 1817 (w), 1786 (s), 1759 (s) cm−1

(CH3CN); 1761 (s), 1720 (s) cm−1 (KBr). Anal. Calcd for
C12H10Fe2N4O4S2: C, 32.02; H, 2.24; N, 12.45. Found: C, 33.04; H,
2.74; N, 11.42%.
Reaction of [PPh4]2[Fe2(μ-SPh)2(NO)4]2 (1) with 1 equiv of

[Fe2(μ-SPh)2(NO)4]2 (4). A THF solution of complex 4 (0.090 g, 0.2
mmol) was transferred to a 20 mL Schlenk tube loaded with complex
1 (0.226 g, 0.2 mmol) by a cannula under positive N2 pressure at
ambient temperature. The reaction was stirred for 24 h under nitrogen
at ambient temperature and monitored by FTIR. The IR spectrum
showing two absorption bands at 1688 (s) and 1667 (vs) cm−1 (THF)
implied the formation of [PPh4][Fe2(μ-SPh)2(NO)4]2 (3). The green
solution was filtered through Celite to remove insoluble solid. After
the green filtrate was concentrated to 5 mL, hexane was added to
precipitate the dark green solids of complex 3 (yield: 0.125 g, 79.4%).
Reaction of [PPh4][Fe2(μ-SPh)2(NO)4] (3) with 1 equiv of

Fe(CO)2(NO)2. The THF solution (15 mL) of 0.3 mmol Fe-
(CO)2(NO)2, prepared fleshly from reaction of [NO][BF4] (0.036
g, 0.3 mmol) and [PPN][Fe(CO)3(NO)] (0.213 g, 0.3 mmol) in
THF, was transferred to a 50 mL Schlenk flask loaded with
[PPh4][Fe2(μ-SPh)2(NO)4] (3) (0.158 g, 0.2 mmol) by cannula
under positive pressure of N2 at ambient temperature. After the
reaction solution was stirred for 3 h, the reaction mixture was filtered
through Celite to remove the insoluble solids. When the blue filtrate
was dried under vacuum, 30 mL of diethyl ether was added to separate

product [PPh4][Fe2(μ-SPh)(μ-CO)(NO)4] (2) (diethyl ether in-
soluble) and [Fe2(μ-SPh)2(NO)4] (4) (diethyl ether soluble). After
drying insoluble dark-blue solids of complex 2 and diethyl ether
solution of complex 4 separately under vacuum, 0.115 g of dark blue
solids of complex 2 (yield 81.3%) and 0.038 g of dark brown solids of
complex 4 (yield 84.4%) were afforded.

EPR Measurement. EPR measurement was performed at X-band
using a Bruker EMX spectrometer equipped with Bruker TE 102
cavity. The microwave frequency was measured with a Hewlett-
Packard 5246L electronic counter. At 298 K, X-band EPR spectrum of
complex 3 in THF was obtained with a microwave power of 19.97
mW, frequency at 9.4852 GHz, and modulation amplitude of 0.8 G at
100 kHz.

X-ray Absorption Measurements. All X-ray absorption experi-
ments were carried out at the National Synchrotron Radiation
Research Center (NSRRC), Hsinchu, Taiwan. The Fe K-edge
absorption spectra were measured in transmission mode at the BL-
17 C wriggler beamline with a double-crystal Si(111) monochromator
(DCM). The energy resolution ΔE/E is ∼2.2 × 10−4. The associated
spectrometer energy resolution is 0.32 at 7112 eV. The step size over
the edge region is 0.3 eV, and the reproducibility in energy
determination is <0.2 eV, as determined from repeated calibration
and sample measurements during separate experimental runs. High
harmonics were rejected by using Rh-coated mirrors. The spectra were
scanned from 6.912 to 7.972 keV using a gas-ionization detector under
ambient conditions. A reference Fe foil was always measured
simultaneously, and the first inflection point at 7112.0 eV was used
for energy calibration. The background subtraction and normalization
of Fe K-edge spectra were done by the AUTOBK program.64

For Fe L-edge measurements, the data were collected at the BL20A
high-energy spherical grating monochromator (HSGM) beamline with
10 μm opening slits, corresponding to 0.15 eV energy resolution for
the Fe L-edge energy range. All samples were ground to powder from
single crystals, stuck to a conducting tape, and then put into an
ultrahigh vacuum chamber (10−9 Torr). The spectra were recorded in
the electron-yield mode and with a microchannel plate (MCP) as the
detector. Each spectrum was calibrated by using the known Fe LIII
edge absorption peak at 708.5 eV of Fe2O3.

All S K-edge XAS experiments were obtained at BL-16A with a
Si(111) DCM. The energy resolution ΔE/E was ∼1.4 × 10−4. The
spectra were taken in fluorescence mode with a Lytle detector, and the
sample chamber was filled with high-purity He gas to avoid air
absorption. The photon energy is calibrated from the S K-edge spectra
of Na2S2O3·5H2O and assigns the maximum of the first pre-edge peak
to 2472.02 eV. The sample was ground from single crystal into powder
before use. The spectrum is measured from 2.42 to 2.772 keV. The
monochromator step size over the edge region is 0.08 eV. The spectra
were reduced and normalized based on the procedures reported by
Solomon et al. The pre-edge features at the S K-edge were fitted using
the methods described in our previous results.

The spectra of N K-edge absorption were collected at BL-20A with
slit of 20 × 20 μm. Samples were prepared as mentioned above, stuck
to a conducting tape, and loaded into a vacuum chamber (10−9 Torr).
The spectra were taken in total electron yield mode. Energy was
calibrated against nitrogen at 401 eV of BN absorption. The
backgrounds of the spectra were removed by fitting a straight line to
the pre-edge region and subtracting this straight line from the entire
spectra. The reproducibility in energy determination is ∼0.1 eV, which
is determined from repeated calibration and sample measurements
during different experimental runs. To compare the results of different
complexes, we estimate the standard deviation of energy is 0.1 eV.

Molecular Orbitals Calculation. All molecular orbital (MO) and
time-dependent density functional theory (TD-DFT) calculations for
S and N K-edge regions were performed on the ORCA package
version 3.0.2.65 The relativistic effect by zeroth order regular
approximation (ZORA) is included in all calculations. The coordinates
used for geometry optimization of complexes 1−4 were based on the
experimental structures taken from the X-ray diffraction experi-
ments.38,66 The coordinate system employed is such that the origin is
set as the center between two Fe atoms; the x-axis is collinear with the
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Fe(1)−Fe(2) direction; the y-axis is perpendicular to x-axis and in the
direction of center to S(1). The B3LYP* exchange functional with the
def2-TZVP(-f) basis set on the Fe, S, N, O, C, and H atoms were used
in the geometry optimization. Broken symmetry method was used to
obtain the ground state in all compounds. In complex 2, as the overlap
between α and β orbitals in MO91 (HOMO) is close to one (0.9667),
we present a closed shell calculation result. There are only very small
imaginary frequencies at approximately −12 and −35 cm−1, and the
corresponding intensity is zero in complexes 3 and 4; no imaginary
frequency appears in complexes 1 and 2. How the different exchange
functionals influence the TD-DFT results on S/N K-edge pre-edge
regions are tested, and the better one is to mix ∼15% Hartree_Fock
exchange (HFx) for compromised all of complexes. Thus, we apply the
B3LYP* functional on all electronic calculations. Complexes 1, 2, and
4 were calculated at closed-shell level due to the diamagnetism, but
complex 3 was done at unrestricted open-shell level. The MO and TD-
DFT calculation were done at the same exchange functional and def2-
TZVP(-f) basis set. The LÖwdin population analysis was used to
obtain the contributions of Fe, S, and NO on each MO. Isosurface
plots of the MOs were generated using the Molekel program version
4.3 with an isovalue surface at 0.04 au.
Crystallography. Crystallographic data and structure refinements

parameters of complexes 1−3 are summarized in the Supporting
Information (Tables S1−S3). The crystals of complexes 1, 2, and 3
chosen for X-ray diffraction studies are measured in sizes of 0.40 ×
0.25 × 0.25 mm, 0.30 × 0.25 × 0.03 mm, and 0.30 × 0.15 × 0.15 mm,
respectively. Each crystal was mounted on a glass fiber and quickly
coated in epoxy resin. Unit-cell parameters were obtained by least-
squares refinement. Diffraction measurements for complexes 1, 2, and
3 were carried out on a Nonius Kappa CCD and Bruker SMART Apex
CCD diffractometers using graphite-monochromated Mo Kα radiation
(λ = 0.7107 Å) and between 1.87 and 27.50° for complex 1, between
1.34 and 27.49° for complex 2, and between 0.94 and 27.50° for
complex 3. Least-squares refinement of the positional and anisotropic
thermal parameters for the contribution of all non-hydrogen atoms
and fixed hydrogen atoms was based on F2. A SADABS absorption
correction was made.67 The SHELXTL structure refinement program
was employed.68
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