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The reaction of CpFe(dppe)I (Cp, cyclopenta-
dienyl; dppe, Ph2P(CH2)2PPh2) with biologically
active RSH molecules (L-cysteine hydrochloride,
dithiothereitol and 2-mercaptoethanol) in the
presence of NH4PF6 and in methanol as solvent
afforded the new iron(III) thiolate complexes
[CpFe(dppe)SR]PF6. The blue–black paramag-
netic complexes were characterized by element-
al analysis and IR, EPR and UV–visible spectro-
scopy. The selective S–H bond cleavage in the
thiols suggests a possible utilization of the
organometallic iron(II) complexes as inhibitors
in some cysteine proteases. The spectroscopic
properties of the new complexes have been com-
pared with those of other Fe–S models as well
as with Fe–S proteins. Copyright# 2000 John
Wiley & Sons, Ltd.
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INTRODUCTION

Biorganometallics is an emergent research field,
which can be defined as the synthesis, reactions and
applications of organometallic complexes with
biogenic ligands.1 Among the metal complexes
with biologically important ligands are the metal–
sulfur compounds, where the sulfur arises from
compounds of biological interest.2 Of these, the
iron–sulfur metalloproteins are the most important
and widely studied. These proteins contain active
sites comprising tetrahedrally coordinated iron(II)

and/or iron(III) ions with sulfido and S-bound
cysteinato ligands. We have reported recently on
oxidative additions of simple aliphatic and aromatic
thiol and dithio ethers to the organometallic
fragment CpFe(dppe)� (Eqn [1]).3 (Cp, cyclopenta-
dienyl; dppe, Ph2P(CH2)2PPh2).

Now we present the similar behaviour of thiols
of biological interest: L-cysteine hydrochloride
(1), dithiothreitol (2) and 2-mercaptoethanol (3)
(Fig. 1).
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2 three-1,4-Dimercapto-2,3-butanediol
(dithiothreitol)
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3 2-Mercaptoethanol

Figure 1 The molecules of biological interest used in the
formation of complexes.
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RESULTS AND DISCUSSION

Thiols 1, 2 and 3 react with CpFe(dppe)I in
methanolassolventin the presenceof NH4PF6 as
halide abstractor, to give the iron(III) thiolate
complexes4, 5 and6 respectively(Eqn [2]).

CpFe(dppe)I�HSR

NH4PF6

ÿÿÿÿÿ!
CH3OH

[CpFe(dppe)SR]PF6 �2�

1ÿ3 4ÿ6

The complexeswerecharacterizedby elemental
analysisandIR, UV–visibleandEPRspectroscopic
methods.TheIR spectra(Table1) showthetypical
bandsof thePF6 anion,n(PF6)� 840cmÿ1,4 andof
the CpFe(dppe)fragment,5 d(C5H5) � 1100cmÿ1;
d (out-of-planeC6H5) � 690cmÿ1. Characteristic
bandsof the ligandswerealsoobserved:n(NH2) at
3425cmÿ1 and3269cmÿ1, n(OH) at� 3400cmÿ1

andd(NH2) at 1591cmÿ1. As expected,the n(SH)
band3b,6 was not observedfor complexes4 and 6
but for 5 this vibrationwasobservedat 2338cmÿ1

dueto thependantuncoordinatedS–Hgroupof the
ligand.

As expectedfor d5 low-spin iron(III) complexes
the compoundsare paramagnetic;EPR spectraat
room temperaturein CH2Cl2 exhibit one symme-
trical singletpeak(Fig. 2). The g values(Table2)
aresomewhathigherthanthefreeelectronvalue,as
is usually observedfor 17-electroniron(III) com-
poundshaving a single occupiedHOMO with a
predominantlymetallic character.7 Lacking hyper-
fine splitting, the spectra of these compounds
cannotdelineatetheprecisemake-upof thesimply
occupiedmoleculesorbital (SOMO), but they do
indicate that the radical retains approximately
octahedralsymmetry,sincelower symmetrywould
leadto a splitting of theg tensor.Thustheg values
for complexes4–6 are similar to those recently
reportedfor iron(III) thiophenolatemodelcomplex-
es.2

The UV–visible spectra of complexes 4–6
exhibit the absorptionpatternat ca 580 character-
istic of compounds containing the Fe(III)-SR
chromophore.3 The spectrumfor 6 is shown in
Fig. 3.

It is interestingto notethehigh selectivityof the
CpFe(dppe)IcomplextowardsS–Hbondcleavage,
aswell astowardsS thiolatecoordination,despite
theotherO–H, N–H andS–Hbondsaswell asthe

Table 1 IRa spectra(cmÿ1) of complexes4–6

CpFe(dppe) Ligand PF6

Complex Cp dppe n(C=O) n(OH) n(NH2) n(SH) n(PF6)

4 1105 695 1612 3430 3269;3269 — 841
5 1105 695 — 3428 2338 842
6 1103 695 — 3381 — 840

a In solid KBr.

Figure 2 EPR spectrumof complex 6 in dichloromethane
solutionat roomtemperature.

Table 2 ESRa andUV–visibleb datafor complexes4–6

>lmax(")

Complex g (iso) l1 l2

4 2.076 441(205) 553(820)
5 2.069 446(196) 573(790)
6 2.066 441(175) 583(700)

a In CH2Cl2.
b In CH2Cl2, l in nm, e in (mol lÿ1)ÿ1.
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other coordinationsites presentin the molecules
(thelatterselectivitybeingdueto thelow lability of
the Fe–C5H5 and Fe–Pbondsin the CpFe(dppe)
fragmentwhich precludethe generationof other
coordination sites). Several examples of S–H
activation of moleculesof biological interest by
metal complexesinvolve coordinationof the NH2
or C=O pendantgroup.8 On the other hand, as
noted previously,8b complexeswith ligands like
cysteine or other sulfur-containing moleculesof
biologicalinterestarenotverycommon;thosewith
organometallicfragmentsarestill very scarce.1

COMPARISON WITH OTHER
IRON±SULFUR MODELS

It is interestingto comparethe resultsobtainedfor
the complexes4–6 with thoseobtainedfor other
iron–sulfur models. The active sites of proteins
usuallyinvolveiron(II) or iron(III) ionscoordinated
to S-cysteinate and/or N-macrocyclic ligands,
wherethe iron atomscan be in low- or high-spin
configuration.1,2 The EPR parametervalues ob-
tained for the complexes4–6 comparewell with
g values for other iron–sulfur models ([LFeIII

MFeIII L]n� (L = 1,4,7-Tris(4-t-butyl-2-mercapto-
benzyl)-1,4,7-triazacyclononane;M = Cr, Co, Fe,
Ni, Sn), g = 2.1,9a and Fe(III)–N4 macrocyclic
complexes,g = 2.0610a) but they are somewhat
lower than those obtained for some iron–sulfur
proteins; g valuesof ca2.2havebeenmeasuredfor

the proteins CoA(Rhodospirillum rubrum)11 and
P450CAM(Pseudomonasputida).11

Most interestingly the UV–visible absorption
patternsof the complexes4–6 are close to that
reportedfor the[LFeIII ] model9aandfor someiron–
sulfur proteins.10a The band around 570nm has
previously been assignedtentatively to a d–d
transition in [CpFe(dppe)SR]PF6 complexes.3

However, in someiron–sulfur model9b,10b and in
iron–sulfur proteins2,10a a band around 770 and
819nm, respectively,has beenassociatedwith a
thiolateS–ironcharge-transfertransition.

POSSIBLE BIOCHEMICAL
APPLICATIONS

Cysteine proteasesare an important class of
enzymesin which the reactivegroupat the active
site involved in catalysis is the thiol group.12,13

Theyareubiquitousin Natureandplayvital rolesin
numerousphysiological processes,including ar-
thritis, osteoporosis, Alzheimer’s disease and
cancercell invasion.13 Although severalorganic
compoundshavebeenusedasinhibitorsof cysteine
proteases,13 to our knowledge organometallic
complexeshavenot beenused.The aboveresults
show that the S–H bond is cleavedselectivelyin
moleculesof biological interestby the organomet-
allic reagentCpFe(dppe)Ileaving unaltered the
othercoordinatinggroupsof the sulfur-containing
compounds1–3, namelyOH, NH2 andC=O. The
useof Reaction[2] determinethe inhibitor activity
of somecysteineproteasesis underinvestigation.

EXPERIMENTAL

InfraredspectrawererecordedonanFT-IR Perkin-
Elmer 2000spectrophotometer.Visible absorption
spectra were measuredon a Varian DMS-90
spectrophotometerin cuvettes 1 cm long. EPR
spectrawere run on a Brucker ECS 106 spectro-
meterusinga rectangularmodecavity with 50Hz
field modulation. The measurementswere made
with the microwave band X (9.79GHz) using
dichloromethaneas solvent. Elemental analyses
were performedwith a Perkin-Elmer240 micro-
analyser.

All reactionswerecarriedout undernitrogenby
standardSchlenktechniques.Solventswere puri-
fied by standard procedures.CpFe(dppe)I was

Figure 3 UV–visible spectrumof complex 6 in dichloro-
methanesolutionat roomtemperature.
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prepared by previously reported methods.14 L-
Cysteine(Riedel–deHaenag)dithiothreitol(Sigma)
and 2-mercaptoethanol(Sigma) were used as
received.

General procedures for synthesis of
the complexes

CpFe(dppe)I [0.14g (0.22mmol), 0.15g (0.23
mmol) or 0.13g (0.2mmol) respectively] was
stirred with the corresponding stoichiometric
amount of RSH: 1, 0.038g (0.21mmol); 2,
0.026g (0.172mmol); 3, 0.0158g (0.2mmol) in
the presenceof NH4PF6 (0.08g (0.56mmol) in
methanol(30ml) for 24h at roomtemperature.The
solventwasevaporatedundervacuum,the black–
blue solid residue was extractedwith dichloro-
methane(15ml) andfilteredthroughCelite,andthe
filtrate was concentratedunder reducedpressure
to a volume of ca 10ml. Upon addition of an
n-hexane–diethylether (1:1) mixture, blue–black
microcrystalswere precipitatedand were washed
severaltimeswith diethyl etherandwith n-hexane
anddried underreducedpressure.

Yields andmicroanalysiswereasfollows.

Complex 4
Yield 0.0979g (53.8%).Analysis:Found.C, 51.85;
H, 4.35; S, 1.6. Calcd for C34H36F6O2NSP3Fe:C,
50.88;H, 4.48;S 1.7%.

Complex 5
Yield 0.1172g (66.21%). Analysis: Found: C,
50.59; H, 4.49; S, 5.43. Calcd for C35H39F6O2
S2P3Fe:C, 51.34;H, 4.64;S 5.5%.

Complex 6
Yield 0.098g (57.65%).Analysis:Found:C,51.66;
H, 4.75; S, 5.91. Calcd for C33H35F6OSP3Fe: C,
51.25;H, 4.01;S 5.87%.
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