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New dinitrosyl iron complexes of binuclear structure [Fe2(l-SCHMe2)2(NO)4] and [Fe2(l-SCHPh2)2(NO)4]
were first synthesized employing new method from Fe(CO)5, corresponding thiol, and EtONO. Complexes
structures were determined by XRD technique. DFT calculations were performed to probe the cis-
conformer structures in gas and solution phases. NO donor ability of the complex with isopropyl thiolate
ligand was studied.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The interest to iron–thiolate coordination compounds is mainly
due to their abundance in nature in the form iron–sulfur clusters
(FexSy) responsible for cellular redox status [1]. Today the redox
modulation with metal complexes is suggested to be next-
generation therapy in cancer [2].

Endogenously treatment of FexSy clusters with NO can trans-
form these clusters into dinitrosyl iron complexes (DNIC) [3,4]. In
turn DNICs can affect the redox state of the cell via the reactions
with free cysteine residues, leading to the formation of unstable
S-nitrosocysteine derivatives that decompose to form disulfides
[5,6]. DNICs (as well as S-nitroso thiols) considered to be the depot
of NO in living cells [7,8]. Binuclear DNICs [Fe2(l-SR)2(NO)4]
(called Roussin’s red salt esters – RRSE) are naturally occurring
complexes that are formed in vivo by the nitrosylation of
[4Fe–4S] iron–sulfur clusters [9]. Synthetically obtained complexes
can serve as NO source after dissolution in aqueous media [10] or
after photo-activation [11]. Today synthetic DNICs are suggested
for use in medicine as NO donor pro-drugs [12].
Different synthetic ways are described for the dinuclear RRSE
preparations: nitrosylation of Fe(II) and thiolate mixed solution
with NOg [13]; S-alkylation of Roussin’s red salt Na2[Fe2(l-S)2

(NO)4] [14]; substitution reactions of DNICs thiosulfate bridging
ligands Na2[Fe2(l-SSO3)2(NO)4] with other thiolates [15]; reaction
of Fe(NO)2(CO)2 with thiols [12]; S-oxidation of the mononuclear
species [Fe(SR)2(NO)2]� [16].

Today structural data for binuclear RRSEs [Fe2(l-SR)2(NO)4]
are available with aliphatic [3,17], aromatic [18,19], peptide
bound [20], and inorganic [21,22] substituents. Different
‘‘aliphatic’’ DNICs with primary [23,24] and tertiary [25,26] thio-
late ligands are known, yet binuclear DNICs with secondary thiols
(R2CH-SH) were not earlier structurally characterized by X-ray
diffraction analysis. The n-propyl DNIC [Fe2(l-S-nPr)2(NO)4] was
synthesized and its structure was determined by XRD crystallog-
raphy to be centrosymmetric by Ref. [23]. A complex with
benzyl substituent at the sulfur bridging atom was described by
Lippard and co-workers [19] and with the ethyl substituent, by
Lu et al. [27].

The structure and dynamic properties of these compounds
should be understood as they are suggested as prodrugs for the
delivery of nitric oxide [12]. Herein we describe the crystal
structure, DFT calculations of [Fe2(l-SCHMe2)2(NO)4] (I) and
[Fe2(l-SCHPh2)2(NO)4] (II) complexes and NO donor ability of
complex I.
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Table 1
Crystallographic data for I and II.

Compound I II

Formula C6H14Fe2N4O4S2 C26H22Fe2N4O4S2

Crystal system monoclinic triclinic
a (Å) 11.757(12) 6.4177(4)
b (Å) 13.238(12) 8.7438(6)
c (Å) 5.001(5) 12.6952(9)
a (�) 90 78.329(2)
b (�) 103.934(18) 81.846(2)
c (�) 90 83.084(2)
V (Å3) 755.4(13) 687.51(8)
Space group C2/m P�1
l (mm�1) 2.205 1.246
Z 2 1
Dcalc (g cm�3) 1.679 1.522
Crystal size (mm) 0.11 � 0.05 � 0.01 0.20 � 0.18 � 0.05
Total reflections 3223 7304
Unique reflections 887 3705
Angle range 2h (�) 7.14–60.00 8.98–60.00
Reflections with |Fo| P 4rF 700 3215
Rint 0.2080 0.0917
Rr 0.1253 0.0691
R1 (|Fo| P 4rF) 0.0591 0.0471
wR2 (|Fo| P 4rF) 0.1101 0.1201
R1 (all data) 0.0750 0.0520
wR2 (all data) 0.1157 0.1231
S 0.991 1.067
qmin, qmax (e Å�3) �1.368, 0.769 �1.111, 1.265

R1 = R||Fo| � |Fc||/R|Fo|; wR2 = {R[w(Fo
2 � Fc

2)2]/R[w(Fo
2)2]}1/2; w = 1/[r2(Fo

2) +
(aP)2 + bP], where P = (Fo

2 + 2Fc
2)/3; s = {R[w(Fo

2 � Fc
2)]/(n � p)}1/2 where n is the

number of reflections and p is the number of refinement parameters.
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2. Experimental

2.1. Instrumental methods

2.1.1. X-ray diffraction experiments1

Crystal structures of I and II were determined by the means of
single crystal X-ray diffraction analysis. Crystals were fixed on a
micro mounts, placed on a Bruker Kappa Apex II Duo diffractome-
ter and measured at a temperature of 100 K using microfocused
monochromated Mo Ka radiation. Data were integrated and cor-
rected for background, Lorentz, and polarization effects using an
empirical spherical model by means of the Bruker programs APEX2

and XPREP. Extinction correction was applied using the SADABS pro-
gram [28].

The unit cell parameters and refinement characteristics for the
crystal structures of I and II are given in Table 1. The unit cell para-
meters of I were determined and refined by the least-squares tech-
niques on the basis of 3223 reflections with 2h in the range of
7.14–60.00�. From the systematic absences and statistics of reflec-
tion distribution, the space group C2/m was determined. The struc-
ture was solved by the direct method and refined to R1 = 0.059
(wR2 = 0.110) for 700 reflections with |Fo| P 4rF using the SHELXL-

97 [29] incorporated in the OLEX2 program package [30]. The unit cell
parameters of II were determined and refined by the least-squares
techniques on the basis of 7304 reflections with 2h in the range of
8.98–60.00�. From the systematic absences and statistics of reflec-
tion distribution, the space group P�1 was determined. The struc-
ture was solved by the direct method and refined to R1 = 0.047
(wR2 = 0.120) for 3215 reflections with |Fo| P 4rF using the

SHELXL-97 program [29] incorporated in the OLEX2 program package
[30]. The final models included coordinates and anisotropic dis-
placement parameters for all non-hydrogen atoms. The carbon-
bound H atoms were placed in calculated positions and were
included in the refinement in the ‘rider’ model approximation,
with Uiso(H) set to 1.5Ueq(C) and C–H 0.96 Å for the CH3 groups,
Uiso(H) set to 1.2Ueq(C) and C–H 0.98 Å for the tertiary CH groups,
and Uiso(H) set to 1.2Ueq(C) and C–H 0.93 Å for the CH groups in
phenyl fragments. High values of the refinement parameters and
rather low bonds precision in the structural model of I are due to
the small size of the crystals.

X-ray photoelectron (XP) parameters for complex I were
recorded with a Kratos Axis Ultra electron spectrometer, a
monochromated Al Ka source operated at 150 W and a charge neu-
tralizer was used for the measurements. The binding energy (BE)
scale was referenced to the aliphatic carbon C 1s line at 285.0 eV.

2.1.2. Spectroscopic measurements
1H NMR spectrum was recorded on the Bruker Avance III

spectrometer at 400.13 MHz in chloroform-d1. The FT-IR spectra
were recorded using pellets with KBr in the range 4000–
400 cm�1 on a Shimadzu IR-Affinity-1 spectrometer at room tem-
perature. Elemental analysis of II was performed on Perkin Elmer
2400 Series II CHNS/O analyzer. UV–Vis spectrum was recorded
at room temperature in 1 cm quartz cell on Shimadzu UV-1800
spectrophotometer at 1 nm resolution in the range from 190 to
1100 nm in methanol.

2.1.3. NO-donor ability
For the quantification of the NO amount generated in the

solution by DNIC I it was registered by the sensor electrode
‘‘amiNO-700’’ of the Innovative Instruments system ‘‘inNO Nitric
Oxide Measuring System’’. The NO concentration was measured
1 It should be mentioned that the quality of obtained data suffers from the
complexes instability under the X-ray irradiation.
for 500 s with the 0.2 s time step in 1% DMSO water solution with
the 4 lM concentration of NO donor (complexes were pre-
dissolved in DSMO). For the calibration of electrochemical sensor
the 100 lM NaNO2 water solution was added to the 18 mL mixed
water solution of 0.12 M KI and 2 mL 1 M H2SO4. The experiment
was carried out under aerobic and anaerobic conditions at 25 �C
and pH values 6.5, 7.0 (physiological values) and 9.0 (for the
evaluation of the pH effect). The pH was measured by HANNA
instruments membrane pH-meter ‘‘HI 8314’’. Commercial buffer
‘‘Hydrion’’ was used for appropriate pH estimation.

2.2. DFT calculations

DFT calculations were performed with the PBEhVP86 functional
and Dunning’s triple-zeta cc-PVTZ basis set [31] (aug-cc-PVTZ for
topological analysis) level of theory using GAUSSIAN 09 [32] software
package. The QM approach was validated by comparison the calcu-
lated and experimental geometrical parameters for complexes; the
calculated parameters matched accurately with X-ray data
(Table S3). The solvent effects were accounted for in PCM model
[33]. The stacking interactions were accounted for with the
M062X functional [34].

2.3. Synthesis

All reagents were purchased from commercial sources and used
without further purifications. Ethyl nitrite was prepared by the
esterification reaction from ethanol and sodium nitrite. The
syntheses were carried out under inert atmosphere.

2.3.1. trans-Bis(mercapto-i-propyl-j2S:S)bis[dinitrosyl-iron](Fe–Fe) (I)
2 mL of Fe(CO)5 (14.8 mmol) and 1.4 mL (15 mmol)

2-propanethiol were mixed in 5 mL of deaerated ethanol and left
for several hours at 4 �C for system equilibration. No reaction
was observed. After the solution was cooled to �40 �C 2 mL
(21 mmol) of ethyl nitrite was added during next 10 min. During
the reaction a microcrystalline precipitate was formed. After 3 h
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the precipitate was collected, washed twice with 7% HCl (to
remove the traces of the iron oxides formed on the crystals surface)
and water. The product was crystallized from n-hexane at ambient
temperature until the plate burgundy-colored crystals suitable for
X-ray analysis were formed. Product yield �55%.

Anal. Calc. for C6H14Fe2N4O4S2: C, 18.9; Fe, 29.2; N, 14.7; S, 16.8.
Found: C, 19.4; Fe, 29.5; N, 13.4; S, 17.2%.

IR (KBr) m, cm�1: 442, 557, 613, 1047, 1142, 1234, 1369, 1381,
1439, 1458, 1717 (mNO), 1790 (mNO), 2857, 2920, 2955 and 2984.

UV–Vis, kmax (cm�1�M�1), nm: 240, 310 (10820), 360 (10000)
and 435.

1H NMR, d, ppm: 1.56 (s, 1H, CH), 3.01 (s, 6H, CH3).
XPS, EBE, eV: C 1s 285.0 (–CH2–), S 2p3/2 162.9 (l-SR), N 1s 401.3

(N@O), O 1s 533.3 (N@O),2 Fe 2p3/2 709.4.
2.3.2. trans-Bis(mercapto-diphenylmethyl-j2S:S)bis[dinitrosyliron]
(Fe–Fe) (II)

Complex II was prepared similarly to compound I. Product yield
�60%. The diphenylmethyl thiol bridging ligand was prepared
from the diphenylmethanol and Lawesson’s reagent according to
[36,37] and purified by the fractional distillation (�150 �C,
10 Torr).

Anal. Calc. for C26H12Fe2N4O4S2: C, 49.6; Fe, 17.7; N, 8.9; S, 10.2.
Found: C, 50.0; Fe, 18.1; N, 8.3; S, 11.5%.

IR (KBr) m, cm�1: 625, 697, 748, 1449, 1728 (mNO) b 1775 (mNO).
3. Results and discussion

Here we describe the ‘‘one-pot’’ synthesis and crystal structure
of DNIC with iso-propyl and benzhydryl substituents at bridging
thiolate ligand (l-SR) (Fig. 1). The compounds were obtained by
treatment of the mixture of iron pentacarbonyl with the corre-
sponding thiol followed by addition of ethyl nitrite under inert
atmosphere.3 The formation of Roussin’s red salt ester probably
occurs via the stage of intermediate iron dinitrosyldicarbonyl
Fe(NO)2(CO)2 generation; this nitrosylated precursor is known to
give DNICs when reacted with thiols [12,26] or with nitrogen con-
taining bidentate aromatic ligands [38,39]. The advantage of ethyl
nitrite consists in the mild conditions (4 �C) of the nitrosylation reac-
tion and the easy control of the amount of NO-source.

The Fe� � �Fe distance 2.711 Å in [Fe2(l-SiPr)2(NO)4] complex is
longer than in DNICs with methyl and ethyl thiolate ligands
(2.686 and 2.708 Å) (Table S2), but matches the value for complex
with tertiary l-StBu bridging ligand. In the second [0Fe2(l-
0SCHPh2)2(0N0O)4] complex the Fe0 � � �Fe0 distance is extended up to
2.730 Å, compared to reported DNIC with benzylthiolate bridging
ligand 2.712 Å [19].4 We have analyzed the Mulliken charge distri-
bution for RRSE with different substituents on thiolate sulfur
(Table S1). Replacing hydrogens in [Fe2(l-SCH3)2(NO)4] with Me
groups up to iPr leads to the increase in the negative charge on sulfur
and decrease in the positive charge on Fe atoms. In case of tBu the
negative charge on sulfur increases, but iron gets more positive value
compared even with l-SCH3. The hydrogen substitution with aro-
matic phenyl rings results in stronger charge changes on the Fe
and S core atoms, but with the same tendency. The complex with tri-
tyl substituent [Fe2(l-SPh3)2(NO)4] has the highest bond polarity
compared to other complexes in Table S2.
2 That value is close to the iron in [Fe2(l-SR)2(NO)4] complex studied by Brant
709.2 eV [35].

3 We have also prepared the complex with benzylthiolate ligand [Fe2(l-SBn)2

(NO)4] applying the same reaction conditions. The complex crystallized with the same
cell parameters as in earlier published paper [19], but with 0.39% smaller R-factor
(crystallographic data are presented in Table S4).

4 The comparison of geometrical parameters with previously synthesized com-
plexes can be founds it Table S1 of Supporting information.
Since DNICs can be formed in living cells and then serve as
nitric oxide depot, the NO donor ability was studied for the
[Fe2(l-SiPr)2(NO)4] complex (DNIC with (l-SCHPh2) bridging
ligand was not studied due to its extremely low solubility). DNIC
I generates NO in protic media without photo or thermal activa-
tion. It is shown that with the pH rise from 6.5 to 9.0 the amount
of evolved NO decreases almost twice. As it can be seen from
experimental curve of equilibrated amount of NO versus time after
compound I dissolution (Fig. 2) the maximal NO donation was
achieved at anaerobic conditions with pH 6.5 value after 500 s.

In aerobic conditions, the NO amount and kinetic relationships
are close to those in anaerobic solutions. The complex for a long
time donates NO in water solution, presumably, because of the for-
mation of relatively stable intermediates. With the rise of pH to 7.0
the character of the kinetic curves changes. For the first 50 s the
complex evolves NO in smaller amounts (�0.5 nM), then more
extensive nitric oxide generation begins and after 100 s the
amount of NO (�4.0 nM) is close to the value at pH 6.5
(�6.0 nM); but then the curve reaches the plateau compared to
the experiment at pH 6.5, where the NO prolonged generation
takes place [40].

In comparison with water-soluble DNICs with cysteamine
bridging ligand [Fe2(l-SCH2CH2NH3)2(NO)4]SO4 [41] or mononu-
clear DNICs with thiourea [Fe(SC(NH2)2)2(NO)2]Cl [10] complex I
evolves NO less actively; that could originate from the solvation
effects.
Theoretical studies

The initial geometry for calculations was taken directly from
the resolved crystal structures; normal mode vibration analysis
was performed to prove that the optimized structures are in the
local minima.

DNIC with iPr bridging thiolate ligand was earlier studied by
solution 15N and 13C NMR [42]. NMR data showed that
[Fe2(l-SCHMe2)2(NO)4] exist in solution in two equimolar isomeric
forms: cis-conformer (C2v symmetry) and trans-conformer (C2h

symmetry).
We have tested the cis-conformers of the complexes under the

current study. The calculated energy differences between two
isomeric forms in gas state: the gasDE = Etrans � Ecis for complex I
is 0.3 kJ/mol and 0.8 kJ/mol for II. The values indicate very small
preference of the trans-isomeric form. The difference in aqueous
medium (accounted for by means of the PCM model) waterDE has
an opposite character �0.4 and �1.6 kJ/mol, the reason of that dif-
ference is that C2v molecules have larger value of solvation energy
compared to C2h symmetry conformers. The larger solvation value
can lead to more effective NO release from C2v complex (substitu-
tion of nitrosyl ligand by water molecule). Nevertheless, this
assumption should be examined in further experimental studies.

The diamagnetism (supported by NMR data) of [Fe2(l-CHMe2)2

(NO)4] and [Fe2(l-SCHPh2)2(NO)4] indicates that the complexes
exist in a singlet magnetic state. The [Fe2(l-SR)2(NO)4] can be
represented as the combination of two {Fe(NO)2}9–{Fe(NO)2}9

units according to the Enemark–Feltham notation [43], the spin–
spin coupling proceeds via thiolate (l-SR) bridges.

In complex II crystal structure conformation is stabilized by
stacking interactions between two pare of phenyl rings in the
½10�1� direction (r = 3.510 Å). The intermolecular p-stacking interac-
tion energy was accounted as the difference of the total energies of
the two-molecule complex and a single one and was found to be
�19.2 kJ/mol. The calculated energy is close to the experimental
values [44]. Furthermore, the conformation of II can be stabilized
by the phenyl ring hydrogen and nitrosyl ligand oxygen short con-
tacts (see Fig. S5).



Fig. 1. Molecular structure of (a) [Fe2(l-SiPr)2(NO)4] (I) and (b) [0Fe2(l-0SCHPh2)2(0N0O)4] (II). Atoms are represented as ellipsoids of thermal displacements with 50%
probability. Selected bond lengths (Å) and angles (�): Fe� � �Fe = 2.711; Fe0 � � �Fe0 = 2.730; Fe–S = 2.270; Fe0–S0 = 2.268; Fe–N = 1.674; Fe0–N0 = 1.680; N–O = 1.185; N0–O0 = 1.173;
�Fe–N–O = 169.44; �Fe0–N0–O0 = 170.90.

Fig. 2. The amount of NO generated by [Fe2(l-SCHMe2)2(NO)4] vs. time at different pH values and 100 nM concentration: (a) deoxygenated solution and (b) oxygenated
solution.
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Accumulation of information on the synthetic method and
structure of RRSE with different substituents in thiolate bridges
is important for understanding the structure–property relationship
in RRSE, as the complexes are suggested as promising prodrugs.
Further findings could bring the contribution to the understanding
of the RRSE structure–property relationships.
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CCDC 991969 and 991970 contains the supplementary crystal-
lographic data for complex I and II. These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
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