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This work introduces a bis(cysteine) ligand to build a small
peptidic model system of hydrogenase enzymes.
Fe(C5H4CO–Cys–OMe)2 (LH2) has been employed as a che-
late for an iron–carbonyl complex, which mimics two essen-
tial structural properties of the hydrogenase class of en-
zymes, namely the coordination of the iron–carbonyl core to
peptide ligands and the presence of an electrochemical relay
in spatial proximity. The treatment of LH2 with Fe3(CO)12

yields LFe2(CO)6 (3a), which is the first peptide-coordinated
iron hydrogenase active-site model complex. Compound 3a
was fully characterized spectroscopically (1H NMR, 13C
NMR, IR and Mössbauer spectroscopy, mass spectrometry
and elemental analysis). A single-crystal X-ray analysis con-

Introduction

Hydrogenase enzymes (H2ases) catalyze the reversible
splitting of dihydrogen into protons and electrons. This
interesting and highly efficient class of enzymes was discov-
ered 77 years ago.[1] In the vast majority of these enzymes,
catalytic dihydrogen conversion occurs at a bimetallic (NiFe
or FeFe) site, in which the Fe atoms are coordinated to
carbonyl (CO) and cyanide (CN–) ligands.[2–4] Electron
transfer to or from the active site is achieved through a
series of FeS clusters. H2ase enzymes have sparked con-
siderable research interest due to the pressing energy prob-
lems of today’s developed world.[5] In H2ase model chemis-
try small structural models are sought to achieve a better
understanding of the mechanistic details of H2 pro-
duction.[6] Besides, it is hoped that a functional model of
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firms the proposed structure and reveals a staggered confor-
mation of the Fe2(CO)6S2 core. Fourier transform infrared
(FTIR) spectroelectrochemistry reveals an electronic interac-
tion between the peptide backbone and the iron–carbonyl
cluster, but not with the ferrocene subsite. The introduction
of this peptidic cysteine-based ligand into hydrogenase
model chemistry helps to confirm the proposed cofactor bio-
synthesis and understand the electronic interplay between
the metal–carbonyl active site and the protein environment
in this important class of enzymes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

these enzymes may enable the development of electrocata-
lytic materials for the efficient synthetic production of H2.
Accordingly, there is an urge to develop small, well-defined,
easy-to-synthesize and active “free-standing” analogues of
H2ase enzymes.

Several groups have developed different approaches to
this challenging task[7–13] and structural models of the bi-
metallic Fe-only H2ase active site, in particular, have ma-
tured considerably in recent years.[14–16] Elucidation of the
catalytic mechanism, especially the identification and loca-
tion of hydride intermediates, has been a focus in recent
work.[17–21] To this end, diiron model compounds or even
ruthenium complexes (for which no natural precedent ex-
ists) with a variety of unnatural ligands such as phosphanes
and carbenes have been employed.[18,19,22,23] Other exam-
ples have reported attachment of the active-site cluster
models to electrochemical sensors such as porphyrins,[24] a
ruthenium-based photosentizer[25–27] or even models of the
natural [Fe4S4] cubane unit.[28] In the bimetallic [NiFe]
H2ase, the Ni atom is coordinated to four sulfur atoms from
cysteine amino acids, two of which bridge the Fe atom.
These four cysteines are the only proteinogenic ligands co-
ordinating the two metal centres. Given this fact, and the
multitude of model complexes highlighted above, it is as-
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tonishing how little attention has been devoted to mimick-
ing the peptide environment in H2ase model systems. Only
one example in the literature employs the naturally occur-
ring amino acid cysteine as a ligand for an iron–carbonyl
core.[29] In this particular case an unexpected rearrange-
ment of the cysteine carbon skeleton occurs, which is not
observed in the naturally occurring hydrogenases. This find-
ing is therefore somewhat at odds with the current model
of metal–carbonyl cofactor biosynthesis. Moreover, certain
interactions between the metal centres and the coordinating
amino acids may be crucial for spectroscopic features and
the striking activity of these enzymes. Evidently, such cru-
cial interactions will not be detected in model compounds
with the unnatural ligands described above.

In an effort towards more realistic, peptide-based H2ase
model compounds, we report herein the covalent attach-
ment of a diiron–hexacarbonyl core to two cysteine mole-
cules that are connected via peptide bonds to a ferrocene
(dicyclopentadienyl iron, Cp2Fe) moiety. This compound
mimics two key features of the H2ase active site, namely,
exclusive coordination to biologically occurring ligands
(Cys) and the close spatial proximity of an electrochemi-
cally active scaffold (ferrocene). It also allows us to scruti-
nize the electronic interactions between the iron–carbonyl
core and the peptide environment.

Results and Discussion

We have previously reported that the S-protected ferro-
cenoyl dicysteine, Fe[C5H4CO–Cys(Trt)–OMe]2 (1;
Scheme 1), may be prepared by standard peptide coupling
procedures.[30] The trityl (Trt) protecting group was sub-
sequently removed with TFA (trifluoroacetic acid) in the
presence of phenol, which suppresses the acid-catalyzed oxi-
dative degradation of ferrocene. The dithiol derivative
Fe[C5H4–CO–Cys(H)–OMe]2 (2) thus obtained reacts with
Fe3(CO)12 to give the dithiolato-bridged diiron–hexacar-
bonyl H2ase subsite mimic 3a (Scheme 1). A small amount
of the disulfide-bridged derivative 3b is obtained from this
reaction but is readily separated from 3a by column
chromatography. Compound 3b has previously been re-
ported by Kraatz et al. and was thus identified by compari-
son of its spectroscopic data.[31] All of the complexes 1, 2,
3a and 3b were characterized by standard spectroscopic
methods, including 1H NMR, 13C NMR, UV and IR spec-
troscopy, FAB-MS and elemental analysis. All analytical
data confirm the proposed structures. Compound 3a was
further characterized by electrochemistry, FTIR spectro-
electrochemistry, Mössbauer spectroscopy and single-crys-
tal X-ray crystallography.

The FAB-MS spectrum of 3a shows a peak envelope
centred at m/z = 786.9 with an isotope pattern that matches
the proposed structure, in particular the presence of three
iron atoms. However, the base peak is observed at m/z =
617.9 (100%), which corresponds to the loss of six CO li-
gands of the iron–carbonyl core of 3a. The presence of the
metal–carbonyl groups is corroborated by their 13C NMR
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signals around 208 ppm. Compound 3a is diamagnetic,
which is consistent with an FeII ferrocene centre and a low-
spin Fe(I)2(CO)6 core. This assignment is further supported
by the solid-state Mössbauer spectrum of 3a at 80 K, which
can readily be simulated as a linear combination of two
overlapping quadrupole-split doublets (see Figure 1). The
isomer shift (δ) and quadrupole splitting (∆EQ) parameters
(in mms–1) are consistent with two different iron sites in a
1:2 ratio, the first one being associated with the [Cp2Fe]
subsite (δ = 0.512, ∆EQ = 2.295)[32,33] and the second with
the [Fe2CO6] subsite (δ = 0.045, ∆EQ = 0.893). These latter
values are within the range of previous studies on the iron–
sulfur cluster-free hydrogenase from methanogenic archaea
(δ = 0.04, ∆EQ = 0.65).[34] The IR spectrum of 3a in dichlo-
romethane shows three metal–carbonyl stretching bands in
the metal–CO region at 2077, 2040 and 2000 cm–1 (Table 2),
which correlate well with the published values of Fe2(CO)6-
(thiolato)2 compounds,[10,24,35–37] and furthermore are sim-
ilar to the values obtained by Happe et al. on the H2ase
enzyme of Chromatium vinosum.[38]

The solid-state structure of 3a has been determined by
single-crystal X-ray diffraction and is shown in Figure 2.
The two sulfur atoms bridge both iron centres of the iron–
carbonyl core, creating an open butterfly Fe2S2 cluster. The
Fe(CO)3 subunits are in a staggered conformation. In-
clusion of the ferrocene moiety results in the formation of
a 14-membered macrocycle made up of two iron atoms, two
sulfur and two nitrogen atoms and eight carbon atoms. The
substitution pattern of the ferrocene is in a nearly perfect
1,2� conformation with M-helical chirality.[39] However, CD
spectroscopy in dichloromethane does not show a strong
negative band around 450 nm as is usually the case in 1,2�-
substituted ferrocenoyl peptides.[40,41] In contrast to earlier
studies, there is no intramolecular hydrogen bond to stabi-
lize the helical form of 3a. Consequently, the molecule is
more flexible in solution and the helical handedness is much
less pronounced in solution than in the hydrogen-bonded
structures of previous work.

As shown in Table 1, the metrical parameters of the iron–
carbonyl core of 3a are in good agreement with the param-
eters obtained from the crystal structures of Fe-only H2ases
from Desulfovibrio desulfuricans[3] and Clostridium pasteuri-
anum.[2] The structural similarity between 3a and the natu-
rally observed structures is reassuring although the bridging
dithiolate ligand used here is not of the propanedithiolate/
bis(methylthiol)amine type found in the Fe-only H2ase
active site, but rather related to the cysteinyl residues ob-
served in the [NiFe] H2ase active site.[42]

We have investigated the spectroscopic changes of dif-
ferent parts of 3a upon electrochemical oxidation and re-
duction in order to elucidate possible electron transfer be-
tween the iron–carbonyl and the ferrocene subsites.

The cyclic voltammogram of 3a shows two reversible
processes (Figure 3a). First, an uncomplicated redox pro-
cess (low peak separation and peak positions independent
of the scan rates) at E1/2 = 433 mV vs. Cp2Fe/Cp2Fe+ is
assigned to the reversible FeII/FeIII oxidation of the ferro-
cene moiety, which exhibits an undisturbed one-electron
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Scheme 1. Synthesis of Fe[C5H4–CO–Cys–OMe]2[Fe2(CO)6] (3a). Reagents and conditions: (i) TBTU, DIEA; (ii) TFA, phenol, TIS;
(iii) Fe3(CO)12. See Experimental Section for details.

Figure 1. Mössbauer spectrum of 3a, recorded at 80 K as a solid
sample.

transfer under almost all circumstances.[43] For the re-
duction process around ca –1.3 V vs. Cp2Fe/Cp2Fe+ the two
peaks of the wave are separated by almost 0.5 V, with higher
peak separations at higher scan rates. This behaviour is typ-
ical for sluggish heterogeneous electron-transfer kinetics,
that is, an electrochemically quasireversible reaction. How-
ever, the symmetry of reduction and subsequent reoxidation
seen in the cyclic voltammogram demonstrate the chemical
reversibility of the process. This is confirmed by the results
of spectroelectrochemical studies, vide infra. The peak areas
for this process are about twice that of the ferrocene-based
oxidation waves. This demonstrates that the reduction is a
two-electron process, that is, both iron atoms of the iron–
carbonyl subunit are reduced simultaneously. One irrevers-
ible reduction at Eac ≈ 0.85 V vs. Cp2Fe/Cp2Fe+ is also ob-
served and is assigned to the oxidative degradation of the
S2Fe2(CO)6 core. During the course of these cyclovoltam-
metric experiments the three-iron core of the molecule alter-
nates between four oxidation states of iron, which are for-
mally 0, I, II and III.
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Figure 2. ORTEP drawing of 3a with thermal ellipsoids at 50%
probability level. Hydrogen atoms are omitted for clarity except for
NH atoms. Selected bond lengths [Å], angles [°] and dihedral angles
[°]: Fe2–Fe3 2.5170(9), Fe2–C22 1.791(5), Fe2–C26 1.814(6), Fe2–
C23 1.820(5), Fe3–C21 1.775(6), Fe3–C24 1.791(5), Fe3–C25
1.827(5), Fe1–Cp(centroids) 1.646(4) and 1.637(4), Cp(centroid)–
Fe–Cp(centroid) 2.9, C25–Fe3–Fe2–C26 –8.4; Cp–CO dihedral
O4–C16–C8–C7 31.5. Further bond lengths and angles are given
in Table 1.[58]

Table 1. Selected geometrical data of 3a in comparison to experi-
mental structural data from natural enzyme active sites.

Fe–S–Fe S–Fe–S–Fe
Fe–Fe [Å] Fe–S [Å] S–Fe–S [°]

[°] [°]

3a 2.52 2.24 67.7 80.6 54.9
1HFE[a] 2.55 2.27 67.9 81.2 54.0
1FEH[b] 2.62 2.32 68.3 82.0 53.4

[a] Measured on the experimental crystallographic data of Desul-
fovibrio desulfuricans iron hydrogenase (RCSB reference 1HFE).[3]

[b] Measured on the experimental crystallographic data of Fe-only
hydrogenase from Clostridium pasteurianum (RCSB reference
1FEH).[2]
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Figure 3. (a) Cyclic voltammogram (100 mVs–1) of a solution of
complex 3a in CH3CN containing 0.1  (Bu)4NPF6 (potentials are
given vs. Cp2Fe/Cp2Fe+ used as external standard). Solution FTIR
spectra between 1500–2200 cm–1, observed during oxidation (b)
and reduction (c) of complex 3a. The spectra were measured while
recording a cyclic voltammogram in an optically transparent spec-
troelectrochemical thin-layer (OTTLE) cell at –25 °C at a scan rate
of 3 mVs–1. The potentials at which the (single scan) IR spectra
were measured are indicated with letters (Figure 3b) and numbers
(Figure 3c) on the cyclic voltammogram (Figure 3a). Unlike in Fig-
ure 3a, the current was reverted before decomposition of the mate-
rial at 0.8 V for the experiment described in Figure 3b, effectively
making points D and E equal (at 0.8 V).

Single-scan FTIR spectra were recorded between 2200
and 1500 cm–1 during the electrochemical experiment at a
low scan rate. All measurements were carried out at –25 °C
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to avoid decomposition of the material. For the same
reason the electrochemical scan was reversed at 0.8 V (see
caption for Figure 3). In this region six different IR bands
are observed, three relatively strong bands at 2077, 2040
and 2000 cm–1 assigned to the CO stretching vibrations of
the metal–carbonyl ligands of the iron–carbonyl core and
three weak bands at 1743, 1657 and 1516 cm–1, attributed
to the ester carbonyl stretching vibration, the amide car-
bonyl stretching vibration and the amide bending mode of
the peptide, respectively (Table 2).[44] The latter two are also
frequently referred to as amide I and amide II.

The IR spectra measured during the course of the elec-
trochemical oxidation and rereduction of the ferrocenoyl
moiety of complex 3a at 433 mV (spectra A–I) are shown
in Figure 3b. Clearly, ferrocene oxidation does not signifi-
cantly affect any CO bands with a maximum shift of ∆ν̃max

= 3 cm–1. There is no electron transfer between the ferro-
cene moiety and the Fe2(CO)6 core, which would result in
a shift of the carbonyl bands upon ferrocene oxidation.
Furthermore, the peptide bonds are unaffected by the posi-
tive charge of the ferrocenium moiety that is in close prox-
imity. This situation is dramatically different when the
Fe2(CO)6 core is reduced and reoxidized. Spectra recorded
at the start (spectrum 1, Figure 3c) and at the end (spec-
trum 7, Figure 3c) of the reduction and the reoxidation of
the Fe carbonyl core of 3a show a perfect overlap, thereby
confirming full reversibility of the two processes investi-
gated. From the low scan rate (3 mVs–1) one can estimate
that under our experimental conditions (degassed, O2-free
solution at –25 °C) the oxidized and reduced forms of 3a
persist in solution for at least 103 s.

It is surprising to note that all six carbonyl vibration and
bending bands are shifted upon reduction of 3a to 3a2–.
The carbonyl vibration bands of the iron–carbonyl core a,
b, and c are all shifted by more than 100 cm–1 to lower
values becoming a�, b� and c� (Table 2). These shifts are
expected, as an increase in electron density at the iron cen-
tre increases the M–C back-bonding, which results in a ba-
thochromic shift of the C–O vibrational frequency.[45] Un-
expectedly, however, a significant shift of the peptide back-
bone CO stretching and bending vibrations was also ob-
served as a result of the reduction of the iron–carbonyl core.
The CO bands of the peptide backbone (d, e and f of the
starting spectra) are displaced to d�, e�, e�� and f� with shifts
in the range of 10 to 25 cm–1 (Table 2). It seems that the
additional charge of 3a2– is partly transferred from the di-
iron–carbonyl core to the peptide backbone.

In the case of band e, corresponding to the amide bend-
ing mode, the band is split during the reduction process
(becoming e� and e��), which indicates that the interaction
of the reduced metal core with the peptide backbone is
asymmetric. A closer inspection of the structure of 3a in
Figure 2 may provide an explanation for this unexpected
apparent breaking of symmetry. Although the number of
bonds between the diiron core and the carbonyl groups of
the peptide backbone are the same for both amide carbon-
yls, the distances between the centre of mass of the diiron
core and the oxygen atom of the amide bond are different,
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Table 2. IR shifts measured during the course of the cyclic voltammogram performed on 3a.

CO[b]
amideI–1 CO[b]

amideI–2CO[a]
ligand1 [cm–1] CO[a]

ligand2 [cm–1] CO[a]
ligand3 [cm–1] CO[b]

amideII [cm–1][cm–1] [cm–1]

3a[c] 2077 2040 2000 1745 1658 1515
3a (oxidized)[d] 2077 2040 2000 1743 1655 1517
3a (reduced)[e] 1970 1914 1868 1733 1680/1640 1535

[a] Carbonyl ligand of the iron–carbonyl core. [b] Amide bands I and II of the peptide backbone. [c] Measured on the slopes B and 2.
[d] Measured on the slope G. [e] Measured on the slope 5. See Figure 3 for assignment of potentials to slopes B, G, 2 and 5.

being 4.9 Å for the one and 5.6 Å for the other. At the same
time, the distance between the iron atom of the ferrocene
moiety to the same carbonyl oxygen atoms is around 3.6 Å
in both cases. Taken together, we suggest a “through space”
electronic communication between the diiron–hexacarbonyl
core and the peptide backbone, in which the reduction of
the iron–carbonyl core has a more profound influence on
the amide carbonyl band, which is closer in space. However,
no electronic interaction is observed between the iron–car-
bonyl and the ferrocene cores. Clearly, this finding is unex-
pected and merits further investigations, as such a charge
delocalization on the peptide backbone may bear signifi-
cance for the hydrogenase mechanism.

Conclusions

We synthesized and characterized the first peptide-coor-
dinated iron hydrogenase active-site model complex. The
cysteine amino acids are covalently connected to a ferro-
cene unit, thereby forming a peptidic macrochelate. Reac-
tion with Fe3(CO)12 readily yields a H2ase model com-
pound with peptidic cysteine ligands in good yield. Al-
though this compound is not an atom-identical model of
the bimetallic Fe-only H2ase H cluster, the key structural
features of the iron–carbonyl–sulfur core resemble those of
the natural system remarkably well. Recent work suggests
an independent, chaperone-assisted biosynthesis of the
Fe(CO)x(CN)y cofactors, which are then inserted into the
apoenzyme.[46–48] Our work confirms that such a reaction is
indeed feasible for peptide-bound cysteine without the car-
bon skeleton rearrangement that has been reported for free
cysteine.[29]

On the basis of the structural similarities, this metallo-
cene–peptide conjugate enables us to study the electrochem-
ical interaction of the peptide surrounding the active-site
cluster. FTIR spectroelectrochemical experiments show a
delocalization of the charge of the two-electron redox pro-
cess located in the iron–carbonyl subsite through the pep-
tide backbone, whereas the reversible one-electron oxi-
dation of ferrocene has no influence at all. This is all the
more surprising because the iron atom of ferrocene is even
closer to the amide bond than the iron–carbonyl subsite. A
charge delocalization similar to the one observed here may
contribute to the remarkable, and mechanistically not yet
fully understood, activity of H2ase enzymes.
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The great majority of model compounds in bioinorganic
chemistry are coordination compounds with unnatural or-
ganic ligands.[49] Nature, in contrast, uses only a limited set
of naturally occurring amino acids to achieve a remarkable
diversity of functional properties in proteins.[50,51] It is sur-
prising that the natural amino acids, or small peptides de-
rived thereof, have rarely been used in synthetic metalloen-
zyme models.[52–54] Only a few synthetic oligopeptide as-
semblies were designed as artificial metalloenzymes to study
the spectroscopic features of the metal ion in a more realis-
tic “protein-like” environment.[53,55,56] However, detailed
studies of these systems are complicated by their size and
limited availability. In sharp contrast, very few small-mole-
cule enzyme model compounds have been studied that rely
only on amino acids as ligands for the metal centres. This
study shows that such model compounds are urgently
needed to elucidate all the details of the interaction of the
active-site metal centres with the protein environment,
which may go beyond the first coordination sphere. We in-
troduce ferrocene–peptide conjugates as suitable model
compounds in this work. Given the ease and diversity of
peptide synthesis, the system opens the ground for a host
of structural modifications and functional studies not only
in hydrogenase chemistry but metalloenzyme model systems
in general.

Experimental Section
General: All reactions were carried out under an inert atmosphere,
and solvents and reagents were dried and distilled under argon
prior to use. Elemental analyses were performed with a Foss
Heraeus Vario EL Elementar Analysator. Infrared spectra were re-
corded with a Perkin–Elmer 1600 series FTIR spectrophotometer.
NMR spectra were recorded with a Varian 300 Mercury plus spec-
trometer (1H NMR at 300 MHz). Electron impact (EI) and fast
atom bombardment (FAB) mass spectra were measured with a Mat
8200 mass spectrometer. UV/Vis spectra were measured with a Var-
ian CARY 100 spectrophotometer. Cyclic voltammograms were re-
corded in CH3CN solutions (ca. 10–3 molL–1) with 0.1  NBu4PF6

as supporting electrolytes with an EG & G M 273 A potentiostat
with M 270 software, using a Ag/AgNO3 (0.01 molL–1 in AgNO3)
reference electrode, a glass carbon disc working electrode with a 2-
mm-diameter thickness and a Pt wire counter electrode. Ferrocene
was added as an internal reference. Thin-layer FTIR spectroelectro-
chemical measurements were performed by using an OTTLE cell,
with an optical path length of 0.17 mm, consisting of a Pt grid
working electrode, a glassy carbon counter electrode and a Ag wire
as a “quasireference electrode”. 57Fe Mössbauer spectra were re-
corded with an Oxford Instruments Mössbauer spectrometer in the
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constant acceleration mode, by using 57Co/Rh as the radiation
source. H–Cys(Trt)–OMe was prepared according to a literature
procedure[57] in 98% yield. 1H NMR (CDCl3): δ = 8.58 (br. s, 2 H,
NH2), 7.45–7.10 (m, 15 H, CHar,Trt), 3.54 (s, 3 H, CH3,ester), 3.37
(m, 1 H, CHα), 2.92 (m, 2 H, CH2,β) ppm.

Fe[C5H4–CO–Cys(Trt)–OMe]2 (1): TBTU [o-(benzotriazol-1-yl)-
N,N,N�,N�-tetramethyluronium tetrafluoroborate, 2.1 mmol,
653.3 mg] and DIEA (diisopropylethylamine, 2 mmol, 772 µL)
were added to a stirred suspension of ferrocene 1,1�-dicarboxylic
acid (1 mmol, 274 mg) in freshly distilled CH2Cl2 (30 mL), re-
sulting in complete dissolution. The resulting solution was stirred
at ambient temperature for 30 min, followed by filtration to remove
the unreacted materials. In a separate flask, H–Cys(Trt)–OMe, HCl
(2 mmol, 825 mg) was suspended in distilled CH2Cl2 (20 mL), after
which DIEA (2 mmol, 772 µL) was added. The activated carboxylic
acid solution was subsequently transferred to the amino acid by a
stainless steel cannula at 0 °C mediated with an overpressure of
nitrogen. The resulting mixture was stirred overnight at room tem-
perature. The reaction mixture was subsequently diluted to 100 mL
with CH2Cl2 and washed consecutively with distilled water
(50 mL), HCl (0.1 , 50 mL), distilled water (50 mL), saturated
NaHCO3 (50 mL) and distilled water (50 mL). The organic phase
was dried with MgSO4, filtered and the solvent removed by rotary
evaporation. The residue was chromatographed on silica gel
(EtOAc/hexane, 1:4) to yield 1 as an orange solid (715 mg, 72%).
C58H52FeN2O6S2 (993.02): calcd. C 70.15, H 5.28, N 2.82; found
C 69.82, H 5.21, N 2.71. MS (EI): m/z = 993 [M]+, 750 [M – Trt]+.
FTIR (KBr): ν̃ = 3326 (br., νNH), 3056–2925 (νOH and νCH,Bzl),
1781 (s, νC=O,ester), 1740 (s, νamide stretch), 1653 (s,
νamide bending) cm–1. 1H NMR (CDCl3): δ = 7.47 (d, JHH = 8.3 Hz,
2 H, NH), 7.37–7.20 (m, 30 H, CHar,Trt), 4.83 (m, 2 H, CHCp,o),
4.73 (m, 4 H, CHα and CHCp,o), 4.50 (m, 2 H, CHCp,m), 4.34 (m,
2 H, CHCp,m), 3.55 (s, 6 H, CH3,ester), 2.73 (m, 2 H, CH2,β), 2.52
(m, 2 H, CH2,β) ppm. 13C NMR (CDCl3): δ = 173.4 (C=Oester),
170.3 (C=Oamide), 144.6 (Cq,ar), 129.7, 128.2, 127.0 (CHar,Trt), 76.0
(Cq,Cp), 72.2, 71.8, 70.8, 70.4 (CHCp), 67.3 (Cq,Trt), 53.1, 51.9 (CHα

and CH3,ester), 33.5 (CH2,β) ppm.

Fe[C5H4-CO-Cys(SH)-OMe]2 (2): Fe[C5H4-CO-Cys(Trt)-OMe]2 (1;
1.0 mmol) was dissolved in TFA (30 mL) in a round-bottomed
flask (100 mL), and a large excess of phenol (2.2 g) and TIS (triiso-
propylsilane, 1.0 mL) were added. The reaction mixture was sub-
sequently stirred at ambient temperature under an inert atmosphere
for 30 min. Solvents were removed by rotary evaporation, and the
residue was chromatographed on silica gel (CH2Cl2/MeOH, 99:1)
to yield 2 as an orange powder (325 mg, 64%). C20H24FeN2O6S2

(508.39): calcd. C 47.25, H 4.76, N 5.51; found C 46.25, H 4.86, N
5.97. MS (EI): m/z = 509 [M + H]+. UV/Vis (CH2Cl2): λ (ε,
–1 cm–1) = 442.1 (249) nm. E1/2 = 398 mV (vs. Fc/Fc+). FTIR
(KBr): ν̃ = 3294 (br. s, νNH), 3080, 2962, 2863 (br. s, νOH and
νCH,ar), 1752 (s, νC=O,ester), 1654, 1628 (s, νamide stretch), 1542 (s,
νamide bending) cm–1. 1H NMR (CDCl3): δ = 7.55 (d, JHH = 8.5 Hz,
2 H, NH), 5.14–5.06 (m, 2 H, CHα), 4.88 (m, 2 H, CHCp,o), 4.79
(m, 2 H, CHCp,o), 4.55 (m, 2 H, CHCp,m), 4.42 (m, 2 H, CHCp,m),
3.84 (s, 6 H, CH3,ester), 3.05–2.92 (m, 4 H, CH2,β) ppm (SH signals
are missing, as they are obscured by solvent exchange). 13C NMR
(CDCl3): δ = 171.4 (C=Oester), other quart. C atoms were not ob-
served, 71.0, 70.1, 68.7, 68.5 (CHCp), 53.0 and 51.9 (CHα and
CH3,ester), 41.3 (CH2,β) ppm.

Fe[C5H4–CO–Cys–OMe]2[Fe2(CO)6] (3a): A solution of Fe3(CO)12

(100.7 mg, 0.2 mmol) in freshly distilled dry CHCl3 (20 mL) was
added dropwise under argon to a stirred suspension of Fe[C5H4–
CO–Cys–OMe]2 (2; 208 mg, 0.6 mmol) in dry MeOH (20 mL). The
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mixture was heated under reflux for 90 min at 90 °C, which resulted
in the formation of a dark-red solution. All volatiles were removed
under reduced pressure, and the residue was triturated in cold
MeOH and subsequently filtered to yield a dark-red solid. Com-
pounds 3a and 3b were separated by column chromatography
[EtOAc/hexane, 2:1; Rf = 0.2 for 3a]. Yield = 245 mg (0.31 mmol,
52%). Single crystals of 3a suitable for X-ray analysis were ob-
tained from the slow evaporation of toluene from a toluene/heptane
mixture. C26H22Fe3N2O12S2 (786.13): calcd. C 40.39, H 3.00, N
3.62; found C 40.98, H 3.53, N 3.58. MS (FAB): m/z = 786.9 [M
+ H]+, 617.9 [M – 6�CO]+. UV/Vis (CH2Cl2): λmax (ε, –1 cm–1)
= 336 (9881), 450 (1638) nm. IR (KBr): ν̃ = 3327 (s, νNH), 2930
(br. s), 2077, 2040, 2000 (s, νFe–C=O), 1743 (s, νC=O,ester), 1659 (br.
s, νamide), 1512 (s, νamide) cm–1.1H NMR (CDCl3): δ = 7.04 (d, JHH

= 6.9 Hz, 1 H, NH), 6.46 (d, JHH = 7.2 Hz, 1 H, NH), 5.07 (m, 1
H, CαH), 4.85–4.77 (m, 3 H, CHα and CHCp,o), 4.59–4.34 (m, 6 H,
CHCp,o and CHCp,m), 3.94 (s, 3 H, CH3), 3.78 (s, 3 H, CH3), 3.21
(dd, JHH = 4.7, 13.7 Hz, 1 H, CβH2), 2.98 (dd, JHH = 3.0, 13.7 Hz,
1 H, CβH2), 2.80 (dd, JHH = 5.1, 13.3 Hz, 1 H, CβH2), 2.54 (dd,
JHH = 3.2, JHH = 13.3 Hz, 1 H, CβH2) ppm. 13C NMR (CDCl3): δ
= 207.7 (br., overlapping C=OFe–CO), 170.0, 169.8, 169.6 (C=Oester

and C=Oamide), 79.5q, (CCp), 72.0, 71.9, 71.8, 71.5, 71.4, 69.7, 68.8
(CHCp), 53.3, 53.0, 52.8 (CH3 and Cα), 41.3, 25.0 (Cβ) ppm.

Crystal data for 3a: The crystal data was collected with a Bruker
SMART-CCD diffractometer and the results were analyzed with
the programs SHELXL-97 and SHELXS-97. Mo-Kα radiation (λ
= 0.71073 Å). Flack parameter is 0.016(15), in agreement with the
absolute configuration () of the amino acids used. Additional
crystal and refinement data are summarized in Table 3.

Table 3. Crystal data and structure refinement for 3a.

3a

Chemical formula C26H22Fe3N2O12S2

Mr [gmol–1] 786.13
Crystal system Monoclinic
Space group P21 (No.4)
a [Å] 11.9081(8)
b [Å] 9.9174(5)
c [Å] 13.5225(9)
β [°] 108.213(2)
V [Å3] 1516.97(16)
Z 2
Dcalcd. [g cm–3] 1.721
Temperature [K] 153(2)
2θmax [°]/total no. of reflections 54.32/18086collected
µ [mm–1] 1.618
R1 [I�2σ(I)][a] 0.0454
wR2 (all data)[b] 0.0739
Data/restraints/parameters 6048/1/406
GoF on F2[c] 1.050
Min./Max. res. density [eÅ–3] 0.585/–0.484
Flack parameter 0.016(15)

[a] R1 = Σ||Fo| – |Fc|| / Σ|Fo|. [b] wR2 = Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]1/2,

where w = 1 / σ2(Fo
2) + (aP)2 + bP, P = (Fo

2 + 2Fc
2) / 3. [c] GoF

= {Σ[w(Fo
2 – Fc

2)n – p – p]}1/2 where n = no. of reflections and p =
no. of refined parameters.

CCDC-663308 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.



X. de Hatten, E. Bothe, K. Merz, I. Huc, N. Metzler-NolteFULL PAPER
Fe[C5H4CO-Cys(OMe)–S–S–Cys(OMe)–CO–C5H4] (3b): Yield =
63 mg (0.13 mmol, 21%). C20H22FeN2O6S2 (506.37): calcd. C
47.44, H 4.38, N 5.53; found C 47.54, H 5.06, N 5.08. MS (FAB):
m/z = 506 [M]+. UV/Vis (CH2Cl2): λmax (ε, –1 cm–1) = 446
(259) nm. E1/2 = 378 mV (vs. Fc/Fc+). FTIR (KBr): ν̃ = 3390, 3265
(s, νNH), 2951 (s, νCH,ar), 1749 (s, νC=O,ester), 1663, 1644 (s,
νamide stretch), 1543 (s, νamide bending) cm–1. 1H NMR (CDCl3): δ =
7.34 (d, JHH = 7.0 Hz, 2 H, NH), 5.12 (dt, JHH = 4.7, 7.1 Hz, 2 H,
CHα), 4.84 (m, 2 H, CHCp,o), 4.60–4.54 (m, 4 H, CHCp,o and
CHCp,m), 4.44 (m, 2 H, CHCp,m), 3.80 (s, 6 H, CH3,ester), 3.49–3.34
(dd, JHH = 4.0, 10.1 Hz, 4 H, CH2,β) ppm. 13C NMR (CD3OD): δ
= 175.8 (C=Oester), 174.9 (C=Oamide), 80.9 (Cq,Cp), 78.5, 74.7, 73.9,
70.8 (CHCp), 55.0, 54.2 (CHα and CH3,ester), 48.3 (CH2-β) ppm.
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