
New Members of A Class of Iron-Thiolate-Nitrosyl Compounds

The neutral and the cationic trinuclear iron-thiolate nitrosyl [(ON)Fe(μ-S,S-C6H4)]3 (1) and [(ON)Fe(μ-S,S-
C6H4)]3[PF6] (2) were synthesized and characterized by IR, X-ray diffraction, X-ray absorption, electron
paramagnetic resonance (EPR) and magnetic measurement. The five-coordinated square pyramidal
geometry around each iron atom in complex 1 remains intact when complex 1 is oxidized to complex 2.
Magnetic measurements and EPR results show that there is only one unpaired electron in complex 1 (Stotal =
1/2) and no unpaired electron (Stotal = 0) in complex 2. The detailed geometric comparison between the
neutral 1 and cationic species 2 provides the understanding of the role that the unpaired electron plays in
the chemical bonding of the complex. Significant shortening of the Fe-Fe, Fe-N and Fe-S distances around
Fe(1) is observed from complex 1 to complex 2. This result implicates that the removal of the unpaired
electron does induce the strengthening of the Fe-Fe, Fe-N and Fe-S bonds in Fe(1) fragment. A significant
shift of the νNO stretching frequency from 1751 cm-1 (1) to 1821, 1857 cm-1 (2) (KBr) also indicates the
strengthening of the N-O bonds in complex 2. The EPR, X-ray absorption, magnetic measurements and
molecular orbital calculations lead to the conclusion that the unpaired electron in complex 1 is mainly
allocated in Fe(1) fragment and was best described as {Fe(1)NO}7, so that the unpaired electron is
delocalized between Fe and NO via d-π* orbital interaction; some contributions from [Fe(2)NO] and
[Fe(3)NO] as well as the thiolates associated with Fe (1) are also realized. According to MO calculation, the
spin density of complex 1 is predominately located at Fe atoms with 0.60, -0.15 and 0.25 at Fe(1), Fe(2) and
Fe(3), respectively.
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Iron-sulfur-nitrosyl complexes have attracted considerable
experimental and theoretical interests stimulated by many
biological related functions. Due to the existence of the potential
electron-transfer series of 1,2-benzenedithiolate, and the "non-
innocent" character of NO acting as NO+, NO- and the paramag-
netic neutral NO · radical, determination of the formal oxidation
state of transition metal and NO in the 1,2-benzenedithiolate-
metal nitrosyl complexes becomes rather complicated. Thus, the
metal-NO unit is generally designated as {M(NO)x}n (M =
transition metal), the Enemark-Feltham notation, which stresses
the well-known covalency and delocalization in the M(NO)x unit
without being committed a certain formal oxidation state on
either M or NO. Here we report the application of X-ray diffrac-
tion, X-ray absorption spectroscopy to characterize the geomet-
rical and electronic structure of two new synthesized trinuclear
iron-NO complexes surrounded by thiolate ligands. The neutral,
paramagnetic trinuclear iron-thiolate nitrosyl complex, [(ON)Fe
(μ-S,S-C6H4)]3 (1), was produced upon the protonation of the
mononuclear iron-thiolate nitrosyl [PPN][(NO)Fe(S,S-C6H4)2] by
HBF4 in THF. Oxidation of complex 1 in CH2Cl2 yields the diamag-
netic trinuclear cationic species [(ON)Fe(μ-S,S-C6H4)]3[PF6] (2).
All results will comparison with other characterization methods,
such as EPR, IR, UV-vis., and theoretical calculations. 

The molecular structures of complexes 1 and 2 were deter-
mined by single crystal X-ray diffraction. As shown in Figures 1
and 2, complex 1 and 2 give a high degree of congruency.  Both
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complexes consist of a triangular planar Fe3 core linked by
three doubly-bridged [S,S-C6H4]2- ligands, affording a core
composition of Fe3S6. Each iron atom is five-coordinated
(FeS4N) and adopts a distorted square pyramidal geome-
try with a terminal NO ligand at the axial position. Each
dithoiolate ligand, [S,S-C6H4], is coordinated to two iron
atoms through sulfur atoms. For the convenience of dis-
cussion, we designate each Fe core (FeS4N) as fragment 1,
2 and 3, respectively, for Fe(1), Fe(2) and Fe(3). There is a
crystallographic mirror symmetry passing through Fe(1)
and the midpoint of the other two Fe atoms for complex
2, but a pseudo one in complex 1. Bond distances around
Fe atoms for both complexes 1 and 2 are listed in Table 1.
The apparently shorter Fe(2)-Fe(3) distance of 2.5779(5)Å,
compared to Fe(1)-Fe(2) and Fe(1)-Fe(3) distance of
2.7820(5) and 2.7544(5)Å, respectively, indicates a greater
extent of Fe(2)-Fe(3) bonding interaction in complex 1.
Similar observation but in less extent is also found in the

cationic complex 2 with the Fe(2)-Fe(2A) distance of
2.569(2)Å, which is shorter than that of Fe(1)-Fe(2) dis-
tance of 2.672(1) Å. Variations in Fe-S and Fe-N distances
within the complex are not so noticeable. 

The Fe K-edge absorption spectra together with some
reference compounds are depicted in Fig. 3. The apparent
pre-edge absorption is due to the symmetry allowed 1s to
3d transition in distorted square pyramidal local environ-
ment of Fe center with the d-p mixing between Fe and
ligand atoms. The edge absorption is assigned to be the
dipole transition from 1s to 4p orbitals of Fe. Based on the
Fe K-edge absorption spectra shown in Figure 3, the
formal oxidation state of Fe in complex 1 is definitely
higher than that of Fe-foil but lower than those of FeO
and Fe2O3. It indicates that the average oxidation state of
Fe in complex 1 is the same as that of (NO)Fe(S2CNEt2)2,
which is generally known as a nitrosyl ligand (NO+) bond-
ed to a low spin d7 Fe(I), thus the complex 1 is best
assigned with the average formal oxidation state of Fe(I).
Take a closer look at the differences between complex 1
and 2 in Figure 3, the edge absorption energy of complex
2 is shifted only slightly to higher energy than that of
complex 1. Take the maximum value of the first derivative
of each spectrum as the edge absorption energy, it is
7119.8 eV and 7120.4 eV for complex 1 and 2 respectively.
This may indicate that the one-electron oxidation from
complex 1 to complex 2 does have effect on the Fe atoms.

The N K-edge absorption spectra of complex 1 and 2
are displayed in Figure 4. Roughly, the peaks around
400~401 eV and 415 eV are assigned to the transition of
1s→π* and the 1s→σ*, respectively. A single peak at
400.6 eV with FWHM = 0.96 eV, and at 401.1 eV with
FWHM = 0.88 eV for complex 1 and complex 2, respective-
ly, is assigned to be the 1s→π* transition. The single

Fig. 1 Fig. 2

Fig. 3:  Fe K-edge spectra of the complex 1, 2 and some refer-
ence compounds. The solid ( - ) and dash (--) lines are the
complex 1 and 2, respectively. The solid circle (‧) Fe foil; solid
triangle (▲) Fe2O3; open triangle (∆) FeO; open circle (o)
(NO)Fe(S2NCet2)2.

Tab. 1:  Comparison of Bond Distances (Å) around Fe Atoms in
Complexes 1 and 2

aΔ: The differences between 1 and 2 for the corresponding bond
distance. bΔ/σ: The ratio of the differences divided by the standard
deviation. The standard deviation is calculated according to the error
propagation

complex 1

Fe(1)-Fe(2)

Fe(1)-Fe(3)

Fe(2)-Fe(3)

Fe(1)-N(1)

Fe(2)-N(2)

Fe(3)-N(3)

Fe(1)-S(1)

Fe(1)-S(2)

Fe(1)-S(3)

Fe(1)-S(4)

Fe(2)-S(2)

Fe(2)-S(3)

Fe(2)-S(5)

Fe(2)-S(6)

Fe(3)-S(1)

Fe(3)-S(4)

Fe(3)-S(5)

Fe(3)-S(6)

complex 2

Fe(1)-Fe(2)

Fe(1)-Fe(3)

Fe(2)-Fe(3)

Fe(1)-N(1)

Fe(2)-N(2)

Fe(2A)-N(2A)

Fe(1)-S(2)

Fe(1)-S(1)

Fe(2)-S(2)

Fe(2)-S(1)

Fe(2)-S(3)

Fe(2)-S(4)

Fe(2A)-S(2A)

Fe(2A)-S(1A)

Fe(2A)-S(3)

Fe(2A)-S(4)

A

2.7820(5)

2.7544(5)

2.5779(5)

1.681(2)

1.661(2)

1.680(2)

2.2536(7)

2.2349(7)

2.2614(7)

2.2632(7)

2.3223(7)

2.3186(7)

2.2660(7)

2.2559(7)

2.3335(7)

2.3150(7)

2.2562(6)

2.2713(7)

A

2.6724(14)

2.6724(14)

2.5694(19)

1.646(8)

1.648(6)

1.648(6)

2.2236(18)

2.2361(18)

2.2781(17)

2.3113(18)

2.260(2)

2.2661(19)

2.2781(17)

2.3113(18)

2.260(2)

2.2661(19)

Δ/σ2
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53
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peak is an indication of NO+ group because the NO ·
radical will generally give two peaks to allow the transi-
tions of two spin states. However, one cannot completely
exclude the possibility of having small portion of NO
radical, where the unpaired electron is delocalized
between Fe and NO. The slightly higher 1s→π* transition
energy of complex 2 seems to indicate that the one-
electron oxidation does have effect on the N atom of
complex 2. Shifting to a higher energy of the 1s→π*
transition position in complex 2 could be rationalized by
the stronger bond between Fe and N of nitrosyl group
due to the more positively charged Fe in complex 2.

The S K-edge absorption spectra of complex 1 and 2
are displayed in Figure 5. According to previous reports,
the peak around 2474 eV is assigned to be the transition
of 1s(S)→π*C-S, and the peak around 2471 eV is assigned
to be the transition of 1s(S) to 3p(S) mixing with 3d orbital
of Fe.  In comparison with the 1s→3p transition of both
complexes; one peak at 2471.2 eV is observed for
complex 1, but an additional shoulder peak at 2471.7 eV
is found for complex 2. However, the transition energy of
1s(S)→π*(C-S bond) in complex 2 is only 0.2 eV higher
than that of complex 1. This seems to indicate that the
one-electron oxidation does affect the Fe-S bond more
than the C-S bond. This is consistent with the changes in
corresponding distances of Fe-S and S-C bond.

According to the X-ray absorption spectra, each Fe
and NO group in complex 1 is likely to be in the form of
Fe(I) and NO+ with the Enemark-Feltham notation of
{Fe(NO)}7. However, according to the magnetic measure-
ment, there is only one unpaired electron in complex 1
(Stotal = 1/2) and no unpaired electron (Stotal = 0) in
complex 2. It seems logic to assume that the oxidation
takes place when this unpaired electron of complex 1 is
removed from singly occupied molecular orbital (SOMO).
X-ray absorption spectra indicate that such oxidation
process causes absorption edges of Fe, N, S to be shifted
slightly to higher energies. Thus one predicts that the
SOMO in complex 1 would be the combination of valence
orbitals from Fe, N and S atoms

Both unrestricted and restricted open shell MO cal-
culations of complex 1 have been performed. The overall
results are roughly the same. The unrestricted one yields
the expectation value of total spin quantum number,
<S2>, of 0.78, which is close t o the ideal eigenvalue of 0.75
with S = 1/2. The atomic charge analysis gives about the
same charge on each iron atom of complex 1, no matter
what types of atomic partition is taken into account. The
calculated principal g-values, g1 = 2.011, g2 = 1.993, and
g3 = 1.983, at ground state are in good agreement with
the ones derived from EPR (g1 = 2.011, g2 = 1.999, and g3

= 1.981). The SOMO of complex 1 is depicted in Figure 6,
where the major contribution is obviously from the
fragment 1 with Fe(1) and its associated ligands, some
contributions from Fe-(NO) of fragment 2 and 3. Thus the
unpaired electron of complex 1 is mainly located on the
fragment 1, {(NO)Fe(1)(S2C6H4)}, but only partially delo-
calized to the other two Fe(NO) parts. On the contrary, the
highest occupied molecular orbital (HOMO) of complex 2
is principally contributed from d-orbitals of Fe2 and Fe3
and slightly from the fragment 1 as shown in Figure 7. In
fact, it is quite similar to the orbital next (lower energy) to
the SOMO in complex 1. Detailed analysis of the coeffi-
cients of SOMO reveals that the orbital is predominately
contributed from fragment 1 including Fe(1)-N(1)-O(1)

Fig. 5:  S K-edge spectra of the complex 1 (solid line) and 1 (dash
line).

Fig. 4:  N K-edge spectra of the complex 1 (top) and 2 (bottom).

Fig. 6:  Wave function of SOMO of complex 1, (a) view along the
pseudo mirror; (b) perpendicular to (a).



and the sulfur atoms of two thiolates; roughly 30%, 12%
and 21% for Fe, NO and S, respectively. The other impor-
tant contribution comes from Fe(3)-N(3)-O(3) where 13%
and 8% from Fe(3) and N(3)O(3), respectively. The large
coefficients are all from d-orbitals of Fe and π* orbitals of
NO, this means the unpaired electron is delocalized
among Fe atoms and NO ligand through d-d and d-π*
interactions. Analysis of MO coefficients indicates that the
d-p π* character between Fe(1) and N(1) are in antibond-
ing character with both dyz and dxz of Fe. In addition, all
the NO bonds are also in antibonding character. More
importantly, the biggest coefficient in SOMO is on the dz2

of Fe(1) which amounts to 23% of contribution.  The
removal of one electron from such orbital yields the
shortening and strengthening of the NO bond with much
higher νNO stretching frequency in complex 2. It also
yields the shortening of Fe-N bond. However the shorten-
ing of Fe-Fe distances is not so straightforward due to
many d-d interactions, some are bonding, the other are
antibonding. The coefficients are, in general, very large
indicating that the unpaired electron does locate
predominately on the Fe atoms, especially Fe(1), which
gives the confirmation of having low spin d7 Fe(I)
observed from XAS. The three possible different forms of
NO deduced from the hyperfine splittings of EPR spectra
is realized to be corresponding to NO radical, NO+ or a
resonance hybrid. The π*NO is always overlapped with Fe
d-orbitals. Thus, the symbol of {Fe(NO)}7 speaks well of
such spin delocalization character in this complex.
However, the calculated spin density at Fe(1), Fe(2) and
Fe(3) is 0.60, -0.15 and 0.25 respectively; whereas at N(1),
N(2) and N(3) is only 0.04, 0.02, and 0.05.

Conclusion. The neutral trinuclear Fe-thiolate nitrosyl
complex 1 was obtained from the protonation of complex
[PPN][(NO)Fe(S,S-C6H4)2], and the cationic trinuclear iron-
thiolate nitrosyl complex 2 was subsequently obtained by
the oxidation of complex 1. The coordination environ-
ment of [FeS4(NO)] units remains intact when complex 1
was oxidized to yield complex 2, however, all of the Fe-Fe,

Fe-N and Fe-S distances are shortened significantly,
especially around Fe(1). Taking the results from X-ray
diffraction, X-ray absorption, magnetic measurement, EPR
measurement and the MO calculation, each [Fe(NO)]
moiety of complex 1 is best described as {Fe(NO)}7, i.e. an
unpaired electron delocalized between Fe and NO via d-
π* interaction. No evidence of any possibility of S = 3/2
existed based on magnetic and EPR measurements; each
iron is mainly in a low-spin d7 FeI, but Fe(2) and Fe(3) are
antiferromagnetically coupled with each other. Due to the
change of geometry upon one-electron oxidation of
complex 1 (complex 2 versus 1), and based on the wave-
function of the SOMO of complex 1, the unpaired elec-
tron in 1 is, presumably, delocalized among three [Fe(NO)]
moieties together with the two bidentate dithiolates of
Fe(1), but with the majority of contribution coming from
Fe(1) fragment. The SOMO is mainly contributed from the
d-p π* overlap between Fe and N or S. However, the d-d
interactions between the Fe atoms gives a net antibond-
ing character between Fe(1) and Fe(2) or Fe(1) and Fe(3).
Indeed, the geometry around the Fe(1) changes the most
when the removal of the unpaired electron is exercised
from complex 1 to 2. The spin density is indeed allocated
predominately on Fe atoms.
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Fig. 7:  Wave function of HOMO of complex 2, (a) view along the

mirror; (b) perpendicular to (a).


