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Summary: The two noVel diiron propanedithiolate model com-
pounds [Fe2(µ-CH2SMe)(µ-SCH2)(CO)6][Fe2(µ-SCH2)2CMe-
(CO)6] (3) and [Fe2(µ-CH2CHdCH2)(µ-SCH2)(CO)6][Fe2(µ-
SCH2)2CMe(CO)6] (4) haVe been unexpectedly obtained through
a “one-pot” route by reaction of the trithiol MeC(CH2SH)3 with
Fe3(CO)12 in the presence of Et3N, followed by treatment with
MeSCH2Cl and CH2dCHCH2Br, respectiVely. The structures
of 3 and 4 haVe been fully characterized, and the possible
pathway for formation of3 and4 is suggested. In addition, some
electrochemical properties of3 related to the H2 eVolution
function of Fe-only hydrogenases are also reported.

Fe-only hydrogenases are a naturally occurring class of
metalloenzymes, which catalyze hydrogen evolution or uptake
at rapid rates in a wide variety of microorganisms.1 Recent
studies on structures of two Fe-only hydrogenases isolated from
C. pasteurianumandD. desulfuricanshave revealed2 that the
active site (so-called H cluster) consists of a butterfly 2Fe2S
cluster core that bears three unusual ligands, CO, CN-, and the
cysteine-S-substituted cubic 4Fe4S cluster; in addition, a less
defined three-atom linker bridges between two S atoms of the
2Fe2S cluster core. This structural information has greatly
stimulated synthetic studies aimed at obtaining model com-
pounds which can perform catalytic activities similar to those
found in natural systems.3 So far, numerous models have been
synthesized, which can be classified into three major types
according to the three-atom linker: namely, diiron propanedithio-
late (PDT) complexes,4 diiron azadithiolate (ADT) complexes,5

and diiron oxadithiolate (ODT) complexes.6 Among the three

types of models, the diiron PDT type models are probably the
earliest and most extensively studied models. Recently, during
our investigation on the new trithiol reaction system MeC-
(CH2SH)3/Fe3(CO)12/Et3N/electrophiles, we obtained two novel
bridgehead-C-substituted diiron PDT type models. This is
completely unexpected, since the similar trithiol reaction sys-
tems N(CH2CH2SH)3/Fe3(CO)12/Et3N/electrophiles and 1,3,5-
(HSCH2)3C6H3/Fe3(CO)12/Et3N/electrophiles were known to
give starlike complexes containing three terminal butterfly Fe/S
cluster cores.7 Now, we report two such PDT-type model
complexes along with details of their syntheses, structures, and
electrochemical properties.

Treatment of the trithiol MeC(CH2SH)3 with Fe3(CO)12 and
Et3N in a 1:3:3 molar ratio in THF at room temperature fol-
lowed by addition of the organic halide MeSCH2Cl or
CH2dCHCH2Br resulted in the formation of the two PDT-
type model compounds [Fe2(µ-CH2SMe)(µ-SCH2)(CO)6][Fe2-
(µ-SCH2)2CMe(CO)6] (3) and [Fe2(µ-CH2CHdCH2)(µ-SCH2)-
(CO)6][Fe2(µ-SCH2)2CMe(CO)6] (4) in 45% and 35% yields,
respectively (Scheme 1). A possible pathway for the production
of 3 and4 is proposed in Scheme 2. First, the reaction of the
trithiol MeC(CH2SH)3 with Fe3(CO)12 and Et3N, similar to that
of N(CH2CH2SH)3 or 1,3,5-(HSCH2)3C6H3 with Fe3(CO)12 and
Et3N,7 gives the [Et3NH]+ salt of a trianion containing three
µ-CO groups,{[Fe2(µ-CO)(CO)6]3[(µ-SCH2)3CMe]}3- (1). Then,
trianion 1 converts to the thermodynamically more favored
monoanion containing oneµ-CO group,{[Fe2(µ-CO)(µ-SCH2)-
(CO)6][Fe2(µ-SCH2)2CMe(CO)6]}- (2), via formal intramolecu-
lar loss of its two [(µ-CO)Fe(CO)3] units followed by dimer-
ization of the remaining two [(µ-SCH2)Fe(CO)3] moieties.8

Finally, monoanion2 reacts further with the electrophile
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MeSCH2Cl or CH2dCHCH2Br (via nucleophilic attack of the
negatively charged Fe atom in2 at the methylene C atom of
MeSCH2Cl or at the saturated C atom of CH2dCHCH2Br
followed by displacement of theµ-CO ligand in2)9 to afford3
and4, respectively.

The proposed pathway described above is actually well-based
on the established chemistry of the butterflyµ-CO-containing
Fe/E (E) S, Se) clusters.7-9 Further experimental findings are
as follows: (i) the suggested intermediate1 was intercepted by
the P atom based electrophile Ph2PCl to give the starlike
complex [Fe2(µ-Ph2P)(CO)6]3[(µ-SCH2)3CMe] (5) (see the Sup-
porting Information); (ii) the suggested intermediate2 was
trapped by the C atom based electrophile MeSCH2Cl or
CH2dCHCH2Br to give products3 and4, which have been fully
characterized; (iii) the IR spectrum of the brown-red solution
before the C atom based electrophiles are added showed a
medium absorption band at 1745 cm-1. This band is typical of
the µ-CO ligands in 1 and 2, although they cannot be
distinguished (note that the differences between theµ-CO bands
of the analogous butterfly anions containing one and threeµ-CO
groups, usually 1738-1745 cm-1,7,9 are very small). In addition,
similar to the case for the reportedµ-CO-containing butterfly
anions, the suggested anions1 and2 are quite air-sensitive and
thermally unstable. For example, when the brown-red solution
containing these anions was exposed to air or refluxed in N2

for 45 min, the originalµ-CO band at 1745 cm-1 almost
completely disappeared. It should be noted that at present we
do not know the relative amounts of1 and 2. However, it is
believed that the relative amounts of the corresponding two
intermediates are most likely dependent upon the nature of the
trithiols and electrophiles utilized. In this case it might be that
the reaction rate of the C-based electrophiles used is much faster
with intermediate2 than with 1, which may induce further
conversion of1 to 2; thus, compounds3 and4 as major products
were obtained.

The molecular structures of3 and 4 have been character-
ized by spectroscopy10 and X-ray crystallography.11 The struc-
tural study (Figure 1) indicated that3 consists of a methyl-
substituted diiron PDT moiety that is connected through a
methylene group to the bridged S atom of an open butterfly

Fe2S2C cluster. In the diiron PDT moiety of3 the six-membered
ring C(14)C(13)S(1)Fe(1)S(2)C(15) exists as a chair conformer
and another six-membered ring, C(14)C(13)S(1)Fe(2)S(2)C(15),
exists as a boat conformer. This case is similar to that of the
two fused six-membered rings in (µ-PDT)Fe2(CO)6.12 The
methyl C(17) is axially bonded to C(14),4a whereas the meth-
ylene C(16) is equatorially bound to both C(14)4a and S(3).13

This molecule is actually the most favored conformational
isomer of3, since the bulky diiron PDT moiety and the bulky
open butterfly cluster both lie in equatorial positions.4a,13

The molecular structure of4 (Figure 2) is quite different from
that of 3, although they all contain a diiron PDT moiety and
an open butterfly cluster. First, the bidentateσ-coordinated
MeSCH2 ligand in3 has been replaced by a tridentateπ-coor-
dinated allyl ligand, in which the two terminal carbon atoms
are bound symmetrically across the two Fe atoms (Fe(3)-C(18)
) 2.096(5) Å; Fe(4)-C(20) ) 2.134(4) Å). This is consistent
with its 1H NMR spectrum, which displayed the CH2 proton
signals of the allyl group as two doublets at ca. 0.5 ppm (J ≈
13 Hz) and ca. 2 ppm (J ≈ 7 Hz), attributed respectively to the
anti and syn hydrogens.14 Furthermore, in contrast to3, the
methyl C(17) is equatorially attached to C(14),4a whereas the
methylene C(16) is axially bound to C(14)4a and equatorially
to S(3).13 This means that such a conformational isomer of4,
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Scheme 2

Figure 1. Molecular structure of3. Selected bond lengths (Å) and
angles (deg): Fe(1)-Fe(2)) 2.4949(14), Fe(3)-Fe(4)) 2.6045-
(16), Fe(1)-S(1) ) 2.2531(19), Fe(3)-S(3) ) 2.246(2), Fe(3)-
C(18) ) 2.11(3), S(4)-C(18) ) 1.785(17); S(1)-Fe(1)-Fe(2))
56.92(6), S(2)-Fe(1)-S(1)) 83.76(7), S(2)-Fe(2)-S(1)) 83.32-
(7), S(2)-Fe(2)-Fe(1) ) 56.32(5), S(1)-Fe(2)-Fe(1) ) 56.17-
(5), S(3)-Fe(3)-Fe(4)) 54.24(6), S(4)-C(18)-Fe(3)) 96.7(13).

Communications Organometallics, Vol. 25, No. 7, 20061545



though less stable than that with methylene C(16) equatorially
bonded to both C(14) and S(3), is still stable enough to exist,
presumably due to the reduced steric hindrance caused by the
open butterfly unit being equatorially but not axially bonded to
C(16).13 The Fe-Fe distance in the diiron PDT moiety of3
(2.4949(14) Å) is almost the same as that of4 (2.4923(10) Å);
these distances are only ca. 0.12 Å shorter than the correspond-
ing distances reported for the enzymesC. pasteurianum(2.62
Å)2a andD. desulfuricans(2.60 Å).2b

The cyclic voltammetric behavior of model3 was compared
with that of the parent compound (µ-PDT)Fe2(CO)6 and the new
complex (µ-t-BuS)(µ-MeSCH2S)Fe2(CO)6 (6)15 (Figure 3). Such
a comparison can facilitate the electrochemical assignment of
model3, since the last two complexes are structurally similar
to the corresponding two diiron portions in3. While 3 displays
four irreversible one-electron reductions (-1.52,-1.86,-2.21,
and-2.47 V), (µ-PDT)Fe2(CO)6 (-1.66 and-2.23 V) and6
(-1.71 and -2.37 V) exhibit two irreversible reductions,
respectively. Through comparison with the two reductions of
(µ-PDT)Fe2(CO)6, the first and third reductions of3 can be
attributed to the two Fe atoms in its diiron PDT moiety. In
addition, since the two reductions of3 are positively shifted
with respect to those of (µ-PDT)Fe2(CO)6, the open butterfly
unit in 3 should be an electron-withdrawing group, which causes

the diiron PDT moiety in3 to be reduced much more easily
than the parent PDT compound. On further comparison with
the two reductions of6, we can similarly ascribe the second
and fourth reductions of3 to the two Fe atoms in the electron-
withdrawing open butterfly unit.

Further electrochemical study demonstrated that model3 has
the catalytic ability to reduce the protons of acetic acid to give
hydrogen. As shown in Figure 4, when the first 2 mM portion
of HOAc is added, the heights of the first two reduction peaks
at -1.52 and-1.86 V slightly increase (with their potentials
slightly shifted toward less negative values), but they do not
grow further with sequential increments of the acid. However,
in contrast to this, when the first 2 mM portion of HOAc is
added, the height of the third reduction peak at-2.21 V
apparently increases and grows linearly (with its potentials
slightly shifted to more negative values) as the acetic acid
concentration increases sequentially. In fact, such observations
are in good agreement with catalytic proton reduction.16

Further evidence for the catalytic activity of3 was obtained
by bulk electrolysis of a CH3CN solution of HOAc (6.66 mM)
in the presence of3 (0.33 mM) at-2.20 V. A total of 7.4 F/mol
of 3 passed over the course of 0.5 h. This corresponds to 3.7
turnovers. In such a large-scale experiment, H2 evolution is
clearly seen. Gas chromatographic analysis showed that the
hydrogen yield was about 85%.

In summary, we have prepared and structurally characterized
the two novel H cluster models3 and 4, in which an open
butterfly cluster is connected to the bridgehead C atom of the
diiron PDT moiety. In addition, we have demonstrated that one
such model indeed possesses the catalytic function for proton
reduction to hydrogen under electrochemical conditions. The
suggested pathway for production of3 and 4 is believed to
involve the novel intermediate2. This intermediate should be
potentially very useful for synthesizing such H cluster models,
since it contains a very reactiveµ-CO functionality.9
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Figure 2. Molecular structure of4. Selected bond lengths (Å) and
angles (deg): Fe(1)-Fe(2)) 2.4923(10), Fe(3)-Fe(4)) 2.6625-
(11), Fe(1)-S(1)) 2.2671(12), Fe(3)-S(3)) 2.2466(13), Fe(3)-
C(18)) 2.096(5), Fe(4)-C(20)) 2.134(4), C18-C19) 1.406(6);
S(1)-Fe(1)-Fe(2) ) 56.49(3), S(2)-Fe(1)-S(1) ) 83.54(5),
S(3)-Fe(3)-Fe(4)) 54.13(4), Fe(2)-S(1)-Fe(1)) 66.78(4), Fe-
(2)-S(2)-Fe(1)) 66.88(4), C(18)-C(19)-C(20) ) 127.6(5).

Figure 3. Comparison of the cyclic voltammetric responses
recorded at a glassy-carbon electrode in MeCN-Bu4NPF6 (scan
rate 100 mV s-1): (a) 3; (b) 6; (c) (µ-PDT)Fe2(CO)6.

Figure 4. Cyclic voltammogram of3 (1 mM) with HOAc (0-10
mM) in CH3CN.
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