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ABSTRACT: The effect of the nature of the dithiolato ligand on
the physical and electrochemical properties of synthetic H-cluster
mimics of the [FeFe]-hydrogenase is still of significant concern. In
this report we describe the cyclization of various alkanedithiols to
afford cyclic disulfide, tetrasulfide, and hexasulfide compounds. The
latter compounds were used as proligands for the synthesis of a
series of [FeFe]-hydrogenase H-cluster mimics having the general
formulas [Fe,(CO)e{u-S(CH,),S}] (n = 4-8), [Fe,(CO)q{u-
S(CH,),S}], (n = 6-8), and [Fe,(CO)s{(4-S(CH,),S),}] (n = 6=
8). The resulting complexes were characterized by 'H and *C{'H}
NMR and IR spectroscopic techniques, mass spectrometry, and
elemental analysis as well as X-ray analysis. The purpose of this
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research was to study the influence of the systematic increase of n from 2 to 7 on the redox potentials of the models and the
catalytic ability in the presence of acetic acid (AcOH) by applying cyclic voltammetry.

B INTRODUCTION

In step with population growth, the increased consumption of
fossil fuels has led to the greenhouse effect and global
warming.1 Therefore, finding alternative energy sources is
essential to meet the inexorable rise of the energy demand.
Hydrogen is a zero-emission fuel when burned, and it is
characterized by high energy density.” In addition, hydrogen is
essential for the fertilizer economy (e.g, nitrate of potash
(NOP) production), where ammonia is produced via the
Haber—Bosch process.”” The cleanest way to produce
hydrogen is via water electrolysis using platinum catalysts,”
which limits the wide spread of the hydrogen economy.
Accordingly, the challenge is to develop a cheap, efficient, and
robust electrocatalyst as an alternative to platinum. In biological
processes, hydrogen production or consumptlon are catalyzed
by enzymes known as [FeFe]- hydrogenases © The active site
of these enzymes contains an organometallic Fe/S cluster, the
so-called H-cluster (Figure la), that is responsible for the
catalytic process.”

Over the past few decades, several diiron dithiolato
complexes that mimic the butterfly [Fe,S,] subcluster of the
H-cluster have been synthesized by altering the bridge in
[Fe,(CO)4{u-S(bridge)S}] (Figure 1b) and tested as electro-
catalysts.” ™' Moreover, these complexes have been modified to
contain heavier chalcogen atoms such as selenium or tellurium
instead of sulfur.'” In addition, substitution of the CO ligands
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in [Fey(CO)({u-S(CH,YCH,)S}] (Y = CH,, NR, O, SiR,,
PhP=0) by cyanide,'® phosphanes,'*""**'* phosphi-
tes, 26131961 1213419620 g0 21 18b,22
to produce mono-, di-, tri-, and tetrasubstituted complexes has
been extensively studied.'”™'*~>* Furthermore, other efforts
have focused on synthesizing macrocyclic complexes that
contain two [Fe,S,] clusters connected by different linkers,
which provide two catalytic active centers. The first example of
such macrocycles that have nonsymmetric linkers was reported
by Song and co-workers in 2002.>** Later, Song also described
the synthesis of a complex containing two [Fe,S,] clusters
connected by two equivalent butyl chains, forming a 16-

carbenes, or sulfides

membered macrocycle.”** However, such unique architectures
are rare, and only few examples are known.'**** It is worth
pointing out that diiron complexes with the general formula
[Fe,(CO)4{u-(SR),}] may adopt three possible stereoisomers
based on the orientation of the R substituents: axial—axial (aa),
axial—equatorial (a¢), and equatorial—equatorial (e¢), as
illustrated in Figure 1c.” Whereas chelating dithiolate organic
substituents, such as 1,2-ethanedithiolate (edt) and 1,2-
propanedithiolate (pdt), always form the aa isomer, non-
chelating ones like methyl (Me) and ethyl (Et) groups give
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Figure 1. (a) Structure of the H-cluster. (b) Synthetic models of the active site of [FeFe]-hydrogenase. (c) Three isomers of diiron dithiolato

Y,=CR;, NR, O, S, Se, SiR,,
GeMe;, SRy, PhP=0

only a mixture of the ae and ee isomers in different ratios based
on the nature of the R substituents.®

In the total picture, a basic aim of the synthetic chemistry is
to mimic the electronic and structural characteristics of the
[Fe,S,] core of the H-cluster and to provide a good
understanding of the factors stabilizing its rotated state. In
fact, within the numerous complexes for the reduced state of
the H-cluster (H,.q), in which the two iron units are in a fully or
distorted eclipsed conformation, only two [Fe'Fe'] complexes
featuring the rotated structure have been reported,”**" and one
complex exhibits a semirotated state.”** Remarkably, the steric
bulk of the dithiolato linker and asymmetrical coordination at
the two Fe atoms play a crucial role in stabilizing the rotated/
semirotated states of these complexes. On the other hand, the
reduction of [Fe'Fe'] hexacarbonyl complexes, e.g.,
[Fez(CO)é{ﬂ—S(C6H4)S}],1lb may trigger inversion of one of
the Fe(CO); units to locate one CO ligand in a semibridging
position for stabilization of the negative charge.””!'»<~*&172>
One focus of our group is to investigate the effect of the nature
of the dithiolato ligand on the physical and electrochemical
properties of the diiron dithiolato complexes. In this respect, we
have published several studies in which we systematically
altered the structure of the ligand [-XCH,YCH,X—] as
follows: (1) X = S is replaced by X = Se or Te, which results in
an increase in the electron-richness at the diiron core in going
from S to Se to Te, accompanied by a decrease in the reduction
potential of the model system.'”* (2) The presence of Y = S or
Se instead of O leads to an ECE reduction mechanism (E =
electron transfer, C = chemical process) due to a facile core
reorganization accompanying the electron transfer.'”* (3)
Increasing the steric bulkiness of Y (CH,, CHMe, CMe,)
lowers the barrier for Fe(CO), rotation and results in an ECE
reduction mechanism only in the case of Y = CMe,.'”® (4) The
introduction of heavier group 14 atoms at the bridgehead
position (Y) stabilizes the —SCYCS— moiety in a nearly planar
state for Y = GeMe, or SnMe,."** We have also confirmed that
the electron density of the u-S atoms (and hence that of Fe—Fe
bond)'** increase in going from CMe, to SiMe, to GeMe, to
SnMe, and that protonation of the Fe—Fe bond using the
moderately strong acid CF;CO,H can be accomplished in the
case of Y = SnMe, and X = Se.'”®

Herein we report the cyclization of different alkanedithiols by
means of the high-dilution technique to afford cyclic disulfides,
tetrasulfides, and hexasulfides (6a—10a, 8b—10b, and 9c,
respectively; Table 1). The resulting compounds were fully
characterized by a variety of analytical techniques (NMR
spectroscopy, elemental analysis, mass spectrometry, and X-ray
structure determination of compounds 8b—10b and 9c).
Subsequently, these compounds were used as proligands to
synthesize a series of complexes of the type [Fe,(CO){u-
S(CH,),S}] (n = 4=8) (13—17), [Fe,(CO)s{p-S(CH,),S}],
(n = 6-8) (18—20), and [Fe,(CO){(4-S(CH,),8),}] (n = 6—
8) (21—23). The molecular structures of complexes 13—20 and
22 were determined using single-crystal X-ray diffraction
analysis. In addition, we also resynthesized the known
complexes [Fe,(CO)¢{u-S(CH,),S}] (11)*°* and
[Fe,(CO)g{u-S(CH,);S}] (12)* to study how the physical,
electrochemical, and electrocatalytic features are influenced by
the systematic increase of n from 2 to 8 in complexes 11—17.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Cyclic Di-, Tetra-,
and Hexasulfides. The synthetic procedures and character-
izations of the precursors 1—S$ required for the preparation of
compounds 6a—10a, 8b—10b, and 9c are described in detail in
the Supporting Information. The syntheses of the cyclic
disulfides (6a—10a), tetrasulfides (8b—10b), and hexasulfide
(9¢) were carried out by following the high-dilution technique
previously described in the literature (Table 1).”” Simultaneous
addition of solutions of the dithiols and excess I, in CHC to a
vigorously stirred solution of Et;N in CHCI; followed by
column chromatography afforded the disulfides with n = 4 and
5 (6a and 7a), while for n = 6—9 the same mixture had two
products, the disulfides (8a—10a) and the tetrasulfides (8b—
10b) (Table 1). In the case of n = 7, trace amounts of the
hexasulfide (9c) were obtained. To the best of our knowledge,
compounds 9b and 9c are reported for the first time in this
paper, and the yields of compounds 6a—10a, 8b, and 10b
obtained by this method are higher than those reported in the
literature.” Single crystals of compounds 8b—10b and 9¢ were
obtained from saturated solutions of hexane at —20 °C for X-
ray diffraction studies. The molecular structures of these
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Table 1. Synthetic Pathway for Compounds 6a—10a, 8b—10b, and 9c

Hs/\égﬁ\SH Crcls <HZC<T + T T ¥ g "%
2 EtN, I g s%\ )fs a9 ;/H\Zo
n=48 fn 5 s—s <
1-5 6a-10a 8b-10b 9c
Product
Entry Cyclic Isolated Dimeric Isolated Trimeric Isolated
disulfide  yield (%) disulfide yield (%) disulfide yield (%)
HS(C(Iil)z)4SH 5-¢ 95% . - - -
6a
HS(C(;I)Z)5SH @ 90% _ _ _ _
7a
()
HS(C(I:;I)Z)asH s-s 65% qS} 25% - -
»
8a 8Sh
S,S H/v\s,s
HS(C(E)Z”SH Q 65% { j; 15% i 15%
92 S/S Ws/s
9b 9¢
s
() M
HS(C(}SI)Z)SSH s-s 75% [\\/5 20% - ;
10a

10b

compounds (Figure 2) show cyclic molecules consisting of
methylene chains in a zigzag conformation linked by disulfide
bonds. The average C—C—C bond angles of 8b—10b and 9¢
are around 113.4° indicating an sp® hybridized C atoms, while
the average C—C bond distance of these comEounds is ~1.524
A, a typical value for cyclic hydrocarbons.zga’ In addition, the
average S—S bond distance is 2.0394 A which is in agreement
with the corresponding bond in a—Sg (2.05 A)** and the
average dihedral angles between the planes through the two
sets of C—S—S and S—S—C atoms are 82.02° for the
compounds 8b-10b and 9c.

Synthesis and Characterization of Dinuclear and
Tetranuclear Complexes 13—23. The dinuclear complexes
13—17 were synthesized as shown in Scheme 1. Unexpectedly,
neither the reaction of in situ-generated (u-LiS),Fe,(CO)4 with
1 equiv of alkyl dibromide [Br(CH,),Br] (n = 4—8) (Scheme
1A) nor the reaction of alkyldithiol [SH(CH,),SH] (n = 4-8)
with Fe;(CO)y, in boiling THE (Scheme 1B) afforded the

dinuclear complexes 13°'—17. In contrast, the reactions of
compounds 6a—10a with equimolar amounts of Fe;(CO);, in
boiling THF for 1 h followed by column chromatography
afforded the dinuclear complexes 13—17, as illustrated in
Scheme 1C. Complexes 13—17 could be formed by the general
route proposed by Nametkin and co-workers,”’ in which
thermal decomposition of Fe;(CO);, takes place initially to
afford the unsaturated 16-electron species Fe(CO),, which
subsequently reacts with the disulfide sulfur atoms to generate
[(OC),FeSRSFe(CO),] as an intermediate. The latter then
releases two CO ligands to afford complexes 13—17.
Otherwise, the reaction of 2 equiv of Fe;(CO);, with 1 equiv
of 8b—10b in boiling THF for 2 h afforded the tetranuclear
complexes 18—20, whereas the reaction of Fe;(CO),, with
compounds 8b—10b in a 1:1 molar ratio under the same
conditions with the same separation procedure afforded
complexes 21—23 containing one [Fe,S,] subcluster as well
as traces of the tetranuclear complexes 18—20 (Scheme 2). The
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Figure 2. Molecular structures (50% probability) of compounds 8b—10b and 9c. Hydrogen atoms have been omitted for clarity.

Scheme 1. Attempts To Prepare the Dinuclear Complexes 13—17

@ Fe,S,(CO)g
THF, -78 °C
LiEt;BH
X=Br
© A
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X—(CHg),—X (HzC)n/ ‘ % S S
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(OC)sFe’ Fe(CO)3
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X = SH
Fe3(CO)12
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S
-
\
OC)3Fe//\Fe CO)s (OC)3Fe// \Fe(CO)g
16 (48%) 17 (48%)

resulting complexes 13—23 were characterized by spectroscopic
techniques (‘H NMR, *C{'H} NMR (except for complexes

21-23), and IR), mass spectrometry, and elemental analysis as
well as X-ray crystallography for complexes 13—20 and 22.
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Scheme 2. Synthetic Pathways for Complexes 18—23
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The IR spectra of complexes 13—17 and those of complexes
18—23 in CH,CI, are nearly identical to each other in terms of
the number of peaks and frequencies (Table S1 in the
Supporting Information). It is evident from Table S1 that the
average (CO) wavenumbers shift to slightly smaller values in
going from 11 to 17, which indicates that increasing the length
of the dithiolato bridge does not harshly change the electron-
donating ability of the dithiolato bridge. The 'H NMR spectra
of the dinuclear complexes 13—16 show signals at 2.59, 2.61,
249, and 2.30 ppm for protons in the methylene groups
attached directly to p-S and another set of signals at 1.66, 1.75,
1.64, and 1.60 ppm for the SCH,CH, moieties. Furthermore,
the signals of the protons in the rest of the methylene groups of
the chain linkers appear at 1.56 ppm for complex 14 and 1.53
ppm for complex 15, while those of complex 16 appear at 1.48
and 1.38 ppm.

On the other hand, the "H—"H COSY analysis of 17 allowed
the assignment of the 'H NMR resonances of the two singlets
with an equal intensity at 2.45 and 2.18 ppm to the protons in
the SCH, moieties located at the equatorial (¢) and axial (a)
positions, respectively. Thus, the two signals at 1.87 and 1.54
ppm were assigned to the protons of the e and a CH, groups in
SCH,CH, moieties, while the three signals at 1.63, 1.44, and
1.34 ppm were assigned to the remaining protons in the chain

linker. The “C{'H} NMR spectra display one signal for the
carbonyl carbon atoms at 207.9 ppm for complex 13 and at
207.7 ppm for complexes 14—16, whereas for complex 17 the
signal appears at 209.4 ppm. The signals for the methylene
carbons in the chain linkers were also detected in the range of
23.4—37.4 ppm for complexes 13—17 (see the Experimental
Section). In the case of the tetranuclear complexes 18—20, the
"H NMR spectra exhibit two signals in the range of 2.08—2.47
ppm for the methylene protons connected to the u-S atoms
and located at the e and a positions. Another set of signals was
detected in the range of 1.59—1.75 ppm for the protons in the
SCH,CH, moieties, as was a multiplet in the range of 1.26—
1.52 ppm for protons in the remaining CH, groups. Similar to
the dinuclear complexes, the *C{'H} NMR spectra of
complexes 18—20 showed one singlet for the carbonyl carbon
atoms, at 208.9 ppm for complexes 18 and 19 and at 209.1 ppm
for complex 20. Besides, the signals of the methylene carbon
atoms of the chain linker were detected in the range of 23.84—
39.37 ppm (see the Experimental Section). Moreover, the 'H
NMR spectra of complexes 21—23 show broad signals at 2.71,
2.75, and 2.72 ppm, respectively, for the methylene protons
connected to the S—S bond. Another two singlets with the
same intensity for complexes 21 (2.51 and 2.14 ppm), 22 (2.50
and 2.11 ppm), and 23 (2.52 and 2.15 ppm) were assigned to
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Figure 4. Molecular structures (50% probability) of complexes 18—20 and 22. Hydrogen atoms have been omitted for clarity.

the methylene protons attached to the single [Fe,S,]
subcluster. This implies that these CH, moieties are oriented
in the a and e positions. The mass spectra of complexes 13—23
showed the molecular ion peaks and the peaks resulting from
dissociation of the CO ligands sequentially.

Molecular Structures. Single crystals suitable for X-ray
diffraction studies were obtained from pentane-saturated
solutions of complexes 13—17 at —20 °C, while those for
18—20 and 22 were obtained by diffusion of hexane into
CH,CI, solutions also at —20 °C. The molecular structures of
complexes 13—20 and 22 are shown in Figures 3 and 4, and
selected bond lengths and angles for complexes 13—17 are
given in Table 2. Three crystallographically independent

molecules in the unit cell of complex 15 were determined;
only one of them is shown in Figure 3.

It is evident from Figure 3 that each complex has a butterfly
[Fe,S,]-cluster core that contains a bridging alkyldithiolato
linker [u-S(CH,),S-¢] (n = 4—8) and that each iron atom is
bonded to three carbonyl ligands, similar to the corresponding
complexes 11 and 12 reported in the literature.”® The two S—C
bonds are in axial positions with exception of complex 17, in
which one S—C is axial and the other one is equatorial. Such
orientation was also observed by Song and co-workers for
[Fe,(CO)¢{u-SCH,(CH,OCH,),CH,S-u}] (n = 3, 4).*" The
Fe—Fe bond lengths of complexes 13—17 are very close to
those in the corresponding complexes 11 and 12 (Table 2), as
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Table 2. Structural Comparison of Complexes 13—17

-

b s1 s2 )
c10 /—\ Z \ “s

%

e 04: W

Complex Fe2-Fel (A) S1...82 (&)
11%% 2.505(1) 2.892(2)
1226 2.5105(9) 3.050

13 2.5179(3) 3.0930(4)
14 2.5178(3) 3.1403(5)
154 2.5188(14) 3.1737(4)
16 2.5074(2) 3.2135(4)
17 2.4997(4) 2.8434(6)

¥ | v
C10-Fe2-Fel-C5, (1)
©)?

6.3(6)
0.0(3)
6.6(1)
8.2(2)
6.83(7)
12.6(1)
2.0(2)

Fe-Fe-C10, C5 (°)

149.7(2), 149.0(2)
148.32(9), 148.32(9)
144.93(5), 151.25(5)
152.82(6), 144.92(6)
155.07(2), 144.84(3)
151.79(4), 145.26(4)
149.40(6), 154.48(6)

“Average of three independent molecules. bTorsion angle formed from the intersection between the apical carbonyl carbon atoms across the Fe—Fe

bond.

is the average Fe—CO bond length (1.801 A). Furthermore, the
distance between the two sulfur atoms is slightly increased in
going from 13 to 16 compared with complexes 11 and 12,
while in the case of complex 17 it becomes shorter than those
of 11 and 12 (see Table 2). In addition, it is clear from the
torsion angle (7), formed from the intersection between
(O)C—Fe—Fe—C(0), together with the Fe—Fe—C(O) angles
(Table 2) that the steric characteristics of the chain linkers
distort the symmetry of the Fe(CO); portion of the molecule.
In the case of the tetranuclear complexes 18—20 and complex
22, Figure 4 confirms that complexes 18—20 are composed of
two butterfly [Fe,S,]-cluster cores that are linked together by
alkyl chains [—(CH,),—] (n = 6—8) to form 20-, 22-, and 24-
membered macrocyclic complexes, respectively. Complex 22
contains only one butterfly [Fe,S,]-cluster core bridged by the
linker [—(CH,),SS(CH,),—] to form a 20-membered macro-
cyclic complex. All of the S—C bonds are in e and a positions,
and their average bond lengths (e, 1.826 A; a, 1.836 A) are in
agreement with those in the corresponding reported com-
plexes.”® Moreover, the average Fe—Fe bond length (2.513 A)
is in agreement with that in complex 12, which emphasizes that
the formation of the macrocycle has no influence on the Fe—Fe
distance.

Electrochemical Investigation. Table 3 summarizes the
redox potentials of complexes 11—-16 in CH,ClL,/[n-Bu,N]-
[BF,] obtained by cyclic voltammetry. The cyclic voltammo-
grams of the complexes, measured at 0.2 V s™', are shown in
Figure S. In the series from 11 to 15 (Table 3), the reduction
potential of the diiron core becomes less negative with an
overall anodic shift (AE,,,) of 330 mV. While increasing the
number of carbon atoms in this series makes the reduction
easier, the oxidation also becomes easier, with an overall
cathodic shift (AE,,) of 170 mV. The cathodic shift of the
oxidation potential would suggest that the electron density at
the diiron core has increased, but if this were the case, the
reduction would become more difficult in this series. Therefore,

Table 3. Summary of the Redox Features of Complexes 11—
16 in 0.1 M CH,Cl,/[n-Bu,N][BF,] Solution Measured at
0.2 V s™! Using a Glassy Carbon Disk (d = 1.6 mm);
Potentials E Are Given in Volts and Referenced to the
Ferrocenium/Ferrocene (Fc*/Fc) Couple

complex E,. (V) E,, (V) Eyjp (V)° E, (V)
11 —1.85 —-1.62¢ —1.80 0.86
12 —1.85 —1.71 —-1.78 0.78
13 —1.66 —1.61 —-1.62 0.76
14 —-1.57, —1.83 —1.50 —1.52 0.70
15 —1.54, —1.85 - —1.47 0.69
16 —-1.56, —1.87 - —1.51 0.74

“This anodic event is not attributed to the oxidation of 11>~. Further
description of the cyclic voltammetry of 11 is given in the Supporting
Information (Figure S1). bBecause the reduction of the complexes was
irreversible or partially reversible, the E, , values were estimated at the
half-height of the reduction wave.

these redox reactions may be affected by reorganization
processes that lead to stabilization of the electron-transfer
products.'>* Interestingly, in going from 15 to 16, cathodic and
anodic shifts in the reduction and oxidation, respectively, are
observed, where AE,,, = 40 mV and AE,, = 50 mV. Thus, the
complex containing six carbon atoms in the dithiolato ligand,
15, is the easiest to reduce and to oxidize in this series of
complexes. One aspect of special importance for mechanistic
investigation of catalytic proton reduction is the determination
of the number of electrons involved in the reduction of the
complex in the absence of a proton source. The reduction of
diiron dithiolato complexes at the [Fe'Fe'] redox state might
occur in a stepwise two-electron-transfer fashion at E7 and Ej
for the first and second reduction steps, respectively, where E7
— E5 > 0, or via transfer of two electrons at the same applied
potential due to potential inversion of the two reduction steps,
ie, E{ — E5 < 0. It is well-established that the dependence of
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Figure S. Cyclic voltammetry of 1.0 mM solutions of (a) complexes 11—13 and (b) complexes 14—16 in CH,CL,/[n-Bu,N][BF,] (0.1 M) at a scan
rate of 0.2 V s™' using a glassy carbon disk (d = 1.6 mm). The potentials E are given in volts and referenced to the Fc'/Fc couple. The arrows

indicate the scan direction.
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Figure 6. Cyclic voltammetry of 1.0 mM solutions of (a) complex 15 and (b) complex 16 in CH,Cl,/[n-Bu,N][BF,] (0.1 M) at various scan rates
using a glassy carbon disk (d = 1.6 mm). The potentials E are given in volts and referenced to the Fc*/Fc couple. The arrows indicate the scan

direction.

the current function (Ip/c-vl/2 = (2.69 X 10°)-A-DY%-1*2 where
I, is the peak current, v is the scan rate, ¢ is the complex
concentration, A is the electrode area, D is the diffusion
coefficient, and # is the number of transferred electrons) on the
scan rate provides mechanistic information on the electron-
transfer chemistry and the number of electrons n at a given
potential.”>!!#<~&17%2% The scan-rate dependence of L/cv'?
for the first reduction of complexes 11—16 is shown in Figure
§2. The value of I,/ c-v'/? for the reduction peaks of complexes
11 and 13 is almost twice the magnitude of that for the other
complexes, but it decreases with increasing v toward a value
predicted for a one-electron reduction, suggesting an
intervening chemical process in an ECE reduction mecha-
nism.”>11@e7e®17925 14 other words, the structural change
accompanying the electron transfer leads to the formation of
dianionic species of 11 and 13 at a potential less negative than
that required for the first electron transfer. These results are
consistent with the study by Lichtenberger and co-workers,**
confirming that the two-electron reduction of 11 is a
consequence of a potential inversion (E{ — E5 < 0) that arises
from structural changes in an ECE process. In our previous
report, we discussed in detail why the value of I,/ cv'/? for the
reduction of complex 12 is slightly higher than that expected
for n = 1 and attributed that to an EC,,, (E = electron transfer,

C,, = irreversible chemical reaction) process, where a product
of the follow-up reaction is reduced at a potential closely spaced
with that required to form the monoanion 127.""° In
comparison, the current function of complexes 14—16 is
independent of the scan rate and close to the value for n = 1.
The cyclic voltammetry of complexes 11—13 (Figure 4a) was
previously reported by us or others.'””'7%** The reduction of
complex 14 (Figure 4b) is a partially reversible process at 0.2 V
s~ with the ratio of anodic peak current to cathodic peak
current (Ipa/IPc ratio) approaching unity at higher scan rates
(Figures S3 and S4a). An I,/I, ratio less than 1 is a
consequence of a follow-up chemical process that is prevented
at high scan rates. The second reduction event of complex 14 at
E,, = —1.83 V arises from species of follow-up reactions.
Increasing the scan rate lowers the current of the second
reduction event, which is accompanied by an increase in the
Lo /I ratio.”****** The one-electron reduction of complexes
15 (E,; = —1.54 V) and 16 (EPcl = —1.56 V) is an irreversible
process at 0.2 V s™', as judged from reversal of the forward
scans at —1.69 V (for 15) and —1.70 V (for 16) (see Figure
S4b,c). The second irreversible reduction peaks of complexes
15 (E,, = —1.85 V) and 16 (E,, = —1.87 V) do not vanish
when the scan rate is increased to 2.0 V s7}, in contrast to the
case of complex 14. Moreover, a new reduction peak (C) starts
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Figure 7. Cyclic voltammetry of 1.0 mM solutions of (a) complex 14, (b) complex 15, and (c) complex 16 in CH,Cl,/[n-Bu,N][PF,] (0.1 M) at 0.2
V s7! in the presence of different concentrations of AcOH using a glassy carbon disk (d = 1.6 mm) and of (d) complex 15 with 1 equiv of AcOH.
The arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc"/Fc couple.

to appear at v > 2 Vs~ (Eps = =178 V) and v > 0.6 V s
(EPC3 = —1.76 V) for complexes 15 and 16, respectively (Figure
6)

The relative height of peak B with respect to A in the
voltammograms of complexes 15 (Figure SS) and 16 (Figure
S6) decreases as the scan rate increases. This observation is
accompanied by the growth of peak C as well as the appearance
of two anodic events in the return sweep, indicating enhanced
reversibility of the one-electron reduction of complexes 15 and
16. The oxidation of the monoanionic species occurs at peak A’
(Figures 6, SS, and S6). These observations suggest that peak B
is due to an irreversible reduction of a species formed from
chemical reactions following the one-electron reduction of 15
or 16. At high scan rates, where the follow-up reactions start to
be prevented, the Fe'Fe’/Fe’Fe” redox couple of complexes 15
and 16 is detected and indicated by C and C'.

Catalytic Reduction of Protons. The catalytic behavior of
complexes 14—16 was investigated by cyclic voltammetry in the
presence of various amounts of AcOH, as illustrated in Figure
7a—c. The presence of 1 equiv of AcOH in the solutions of
complexes 14—16 shifts their primary reduction peaks to less
negative potentials by approximately 70, 50, and 40 mV,
respectively (to E,. = —1.50, —1.49, and —1.52 V, respectively).
This anodic shift suggests that there is an interaction between
the acid and the reduced species of these complexes in
CH,CL.*™" As is evident from the dependence of Ip/c-vl/ 2 on
the scan rate (Figure S2), these reduced species result from
one-electron reduction of complexes 14—16. Further exper-
imental confirmation of the interaction of the acid with the
monoanionic species (using complex 14 as a representative
example) is shown in Figure 7d. The disappearance of the

anodic peak in the reverse scan upon addition of 1 equiv of
AcOH suggests the occurrence of a chemical reaction
(protonation) following the one-electron reduction of 14 in
CH,CL,."”® At more reducing potentials in the vicinity of —1.80
to —1.90 V for complexes 14—16, the voltammetric profile of
each complex (Figure 7a—c) shows a reduction peak with a
current that increases in response to the systematic increase in
the acid concentration, indicating a catalytic proton reduction.
These observations suggest that the products of the EC process
(E = reduction, C = protonation) for 14—16, which occurs at
ca. —1.5 V, do not lead to H, production unless further
reduction and protonation take place at more negative
potentials. For systematic comparison of the effect of the
linker length on the catalytic features, we reinvestigated the
behavior of complexes 11—13 in the presence of various
concentrations of AcOH (data not shown in this report).
Similar to complexes 14—16, complexes 11—13 do not exhibit
catalysis at their primary reduction wave but only upon
application of a more negative potential. Because complexes 11
and 13 exhibit an ECE mechanism of reduction at 0.2 V s™*
(Figure S2), the presence of acid will lead to protonation of
their dianionic species. Once the applied potential becomes
sufficiently negative for subsequent reduction—protonation
processes, H, is produced.

One property of a catalyst that describes its performance is
the catalytic overpotential, which is defined in our case as the
difference between the potential at half the catalytic peak
current (E,) and the standard reduction potential of the
acid."'® A low overpotential points to an effective catalyst,
which means that the catalyst operates at a potential that is
close to the standard reduction potential of the acid. Because
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the standard reduction potentials of acids in CH,Cl, are
unknown, we use the values of E_,, for comparison. The
catalytic potential of complex 11 (E/, = —2.07 V) is ca. 300
mV more negative than those of complexes 12—16, which in
turn accomplish catalysis with comparable overpotentials
reflected by E, = —1.81 V (12), —=1.79 V (13), —1.77 V
(14), —1.78 V (15), and —1.79 V (16). Another feature of the
catalytic performance is the amount of current developed in
response to a systematic increase in the acid concentration. The
higher the current, the higher the apparent catalytic activity is.
The currents for the catalytic processes of complexes 11—-16
were plotted against the amount of AcOH, and the slopes were
taken as a criterion of comparative catalytic activity (Figure
8).34 Accordingly, complex 16 containing seven carbon atoms

a0 | ®16 ¢ 56.2
400 15
350 14 -
3 300 13
£ 250 ® 12 12.3
S 200 ®11 - 9.7
© -
150
: ; ¢
100 [
-
o &8 &
Y ..
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Equiv. AcOH

Figure 8. Dependence of the catalytic current of 1.0 mM complexes
11—-16 on the amount of AcOH. The slope of each plot is given in the
inset.

in the dithiolate moiety shows the greatest catalytic ability and
about 6-fold higher performance compared with complex 11
containing two carbon atoms in the dithiolato ligand.

B CONCLUSION

In this paper we have reported the cyclization of a series of
alkyldithiols having the general formula [SH(CH,),SH] (n =
4—8) by the high-dilution technique. As a result, the
monomeric, dimeric, and trimeric disulfides (6a—10a, 8b—
10b, and 9c, respectively) were obtained and characterized by
spectroscopic techniques as well as by X-ray structure
determination in the case of 8b—10b and 9c. The latter
compounds, with the exception of 9¢, were tested as proligands
to react with Fe;(CO),, under different conditions in boiling
THEF in order to obtain complexes with the general formulas
[Fe,(CO)s{u-S(CH,),S}] (n = 4=8) (13-17), [Fe,(CO)s{-
S(CH,),8}], (n = 6-8) (18—20) and [Fe,(CO)q{(u-
S(CH,),S),}] (n = 6—8) (21—23). Moreover, we have also
reported how the physical, electrochemical, and electrocatalytic
features are influenced by the systematic increase in # from 2 to
8 in complexes 11—17. Overall, increasing the length of the
linker chain of the dithiolato ligand in the all-CO complexes
does not harshly change the electronic properties of the
Fe(CO); units. Otherwise, the molecular structures of
complexes 13—16 showed that the organic substituents are
constrained to the aa conformation, similar to their analogous
complexes 11 and 12.°*" In contrast, the molecular structure
of complex 17 exhibits an ae conformation, and its 'H NMR
spectrum does not show the presence of the aa isomer at room
temperature. Therefore, to determine whether there is a
dynamic interconversion between the aa and ae isomers of
complex 17, a temperature-dependent "H NMR experiment

was applied to a solution of complex 17 in toluene-dg, and we
could not observe the aa isomer by increasing the temperature
of the solution to 85 °C. The absence of the aa isomer in
complex 17 could be explained by the short distance between
the a-CH, and the sulfur atom bound to the e-CH, (3.003(2)
A) in comparison with those in complexes 13—16 (average
~3.694 A). In the light of the above-mentioned considerations
as well as Song’s results,”" we suggest that [Fe,(CO){u-
S(CH,),S}] gives only the ae isomer for n > 8 as a result of
steric encumbrance, which is overcome for n < 7. Interestingly,
the reduction and oxidation potentials of the diiron core in the
systematic series from 11 to 15 are lowered with overall anodic
AE,;,, and cathodic AE, shifts of 330 and 170 mV,
respectively. Furthermore, proton reduction catalyzed by
complexes 11—16 was also investigated by cyclic voltammetry
in the presence of the weak acid AcOH as a proton source. It
was concluded that complexes 12—16 catalyze the reduction of
protons with comparable overpotentials (gauged from E.,,,)
and less negative potentials than complex 11 (ca. 300 mV).
Additionally, the catalytic ability of complexes 11—16 varies in
the following order: 16 > 14 > 13 > 15 > 12 > 11.

B EXPERIMENTAL SECTION

Materials and Techniques. All of the reactions were performed
using standard Schlenk and vacuum-line techniques under an inert gas
(nitrogen). The 'H and *C{'H} NMR spectra were recorded with a
Bruker Avance 400 MHz spectrometer. Chemical shifts are given in
parts per million with reference to internal SiMe, or CHCl;. The mass
spectra were recorded with a Finnigan MAT SSQ 710 instrument. The
IR spectra were recorded with a Bruker Equinox 55 spectrometer
equipped with an attenuated total reflectance unit. Elemental analysis
was performed with a Leco CHNS-932 apparatus. Thin-layer
chromatography (TLC) was performed using Merck TLC aluminum
sheets (silica gel 60 F,s,). Solvents from Fisher Scientific and other
chemicals from Acros and Aldrich were used without further
purification. Melting points were recorded on a polarization
microscope (Axiolab) connected to a heating unit (THS-600) using
the software Linkam LNP and CI 93. All of the solvents were dried
and distilled prior to use according to standard methods. Complexes
11 and 12 were synthesized according to the known literature
methods.'”*** The preparations of compounds 1—5, 6a—10a, 8b—
10b, and 9c are described in detail in the Supporting Information.

Electrochemistry. Corrections for the iR drop were performed for
all experiments. Cyclic voltammetry measurements were conducted
using the three-electrode technique (glassy carbon disk (diameter d =
1.6 mm) as the working electrode, Ag/Ag" in MeCN as the reference
electrode, and Pt wire as the counter electrode) with a Reference 600
potentiostat (Gamry Instruments). All of the experiments were
performed in CH,Cl, solution containing 0.1 M [n-Bu,N][BF,] at
room temperature; the concentration of the complexes was 1.0 mM.
Solutions were deaerated by purging with N, for 5—10 min, and a
blanket of N, was maintained over the solutions during the
measurements. The vitreous carbon disk was polished on a felt tissue
with alumina before each measurement. All of the potential values
reported in this paper are referenced to the potential of the
ferrocenium/ferrocene (Fc*/Fc) couple.

Crystal Structure Determination. The intensity data for the
compounds were collected on a Nonius KappaCCD diffractometer
using graphite-monochromatized Mo Ka radiation. Data were
corrected for Lorentz and polarization effects; absorption was taken
into account on a semiempirical basis using multiple scans.**™>” The
structures were solved by direct methods (SHELXS®) and refined by
full-matrix least-squares techniques against F,’ (SHELXL-97°%). The
hydrogen atoms of compounds 9¢, 15, and 19 were included at
calculated positions with fixed thermal parameters. All of the other
hydrogen atoms were located by difference Fourier synthesis and
refined isotropically. All non-hydrogen atoms were refined anisotropi-
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cally.*® The crystal of 9c was a partial merohedral twin. The twin law
was determined by PLATON® to (1.001 0.000 0.003/0.000 —1.000
0.000/—0.333 0.000 —1.001). The contribution of the main
component was refined to 0.819(3). Crystallographic data as well as
structure solution and refinement details are summarized in Tables
S2—S4. XP (SIEMENS Analytical X-ray Instruments, Inc.) was used
for structure representations.

General Procedure for the Synthesis of [Fe,(CO)q{u-S-
(CH,),SH (n = 4-8) (13—-17). A solution of Fe,(CO);, (200 mg,
0.40 mmol) and cyclic disulfide (6a—10a, 0.40 mmol) in THF (30
mL) was heated at reflux for 1 h under N,. The green solution turned
deep red, and the solvent was removed under reduced pressure. The
residue was purified by column chromatography using 100% hexane. A
red-orange fraction representing the complex (13—17, respectively)
was collected, and the solvent was removed in vacuo. The product was
obtained as a red-orange solid.

[Fe,(CO)sfu-S(CH,),SH (13). Yield: 60% (0.24 mmol). Mp = 113—
115 °C. Anal. Caled for C,gHgFe,04S,: C, 30.03; H, 2.02; S, 16.03.
Found: C, 30.40; H, 2.27; S, 1620. 'H NMR (400 MHz, CDCL,
ppm): & 2.59 (bs, 4H, SCH,), 1.66 (bs, 4H, SCH,CH,). “C{'H}
NMR (100 MHz, CDCl,, ppm): & 207.90 (s, CO), 33.80 (s, SCH,),
26.09 (s, SCH,CH,). IR (vco, cm™): 2072(m), 2033(vs), 1997(s).
DEI-MS (m/z): 400 [M]".

[Fe,(CO)sfu-S(CH,)sSH (14). Yield: 55% (0.22 mmol). Mp = 116—
118 °C. Anal. Calcd for C,;H;(Fe,04S,: C, 31.91; H, 2.43; S, 15.49.
Found: C, 32.31; H, 2.61; S, 15.79. 'H NMR (400 MHz, CDCI,,
ppm): & 2.61 (t, 4H, SCH,), 1.75 (p, 4H, SCH,CH,), 1.56 (p, 2H,
SCH,CH,CH,). *C{'H} NMR (100 MHz, CDCl,, ppm): § 207.72
(s, CO), 30.21 (s, SCH,), 29.37 (s, SCH,CH,) 28.64 (s,
SCH,CH,CH,). IR (vco, cm™): 2072(m), 2033(vs), 1999(s). DEI-
MS (m/z): 414 [M]*.

[Fe,(CO)g{u-S(CH,)sSH (15). Yield: 53% (0.21 mmol). Mp = 119—
121 °C. Anal. Caled for C;,H,Fe,O¢S,: C, 33.67; H, 2.83; S, 14.98.
Found: C, 33.96; H, 3.14; S, 15.12. '"H NMR (400 MHz, CDCI,,
ppm): § 2.49 (t, 4H, SCH,), 1.64 (bs, 4H, SCH,CH,), 1.53 (bs, 4H,
SCH,CH,CH,). C{'H} NMR (100 MHz, CDCl,, ppm): & 207.68
(s, CO), 32.08 (s, SCH,), 30.52 (s, SCH,CH,) 26.01 (s,
SCH,CH,CH,). IR (vco, cm™1): 2072(m), 2033(vs), 1998(s). DEL
MS (m/z): 428 [M]".

[Fe,(CO)sfu-S(CH,),S}] (16). Yield: 48% (0.19 mmol). Mp = 94—96
°C. Anal. Caled for C3H,Fe,O4S,: C, 35.32; H, 3.19; S, 14.50.
Found: C, 35.72; H, 3.30; S, 14.70. '"H NMR (400 MHz, CDCI,,
ppm): & 2.30 (bs, 4H, SCH,), 1.60 (bs, 4H, SCH,CH,), 1.48 (bs, 4H,
SCH,CH,CH,), 1.38 (bs, 2H, SCH,CH,CH,CH,) . “C{’'H} NMR
(100 MHz, CDCl,, ppm): § 207.70 (s, CO), 31.83 (s, SCH,), 29.40 (s,
SCH,CH,) 27.54 (s, SCH,CH,CH,), 25.81 (s, SCH,CH,CH,CH,).
IR (vco, em™): 2072(m), 2033(vs), 1994(s). DEI-MS (m/z): 442
(M]".

[Fe,(CO)sfu-S(CH,)gSH (17). Yield: 48% (0.19 mmol). Mp = 83—85
°C. Anal. Caled for C,H¢Fe,O4S,: C, 36.87; H, 3.54; S, 14.06.
Found: C, 37.13; H, 3.49; S, 14.33. '"H NMR (400 MHz, CDCl,,
ppm): & 2.45 (bs, 2H, e-SCH,), 2.18 (bs, 2H, a-SCH,), 1.87 (bs, 2H,
e-SCH,CH,), 1.63 (bs, 2H, SCH,CH,CH,) 1.54 (bs, 2H, a-
SCH,CH,), 144 (bs, 2H, SCH,CH,CH,CH,), 1.34 (bs, 2H,
S(CH,),CH,). BC{'H} NMR (100 MHz, CDCl,, ppm): & 209.17
(s, CO), 37.36 (s, e-SCH,), 30.46 (s, e-SCH,CH,) 29.84 (s,
SCH,CH,CH,), 28.28 (s, SCH,CH,CH,CH,), 27.26 (s, S-
(CH,),CH,), 26.82 (s, S(CH,);CH,), 24.77 (s, a-SCH,CH,), 23.42
(s, a-SCH,). IR (v, cm™): 2069(m), 2030(vs), 1992(s). DEI-MS
(m/z): 456 [M]*.

General Procedure for the Synthesis of Complexes 18—20
via Reaction of Compounds 8b—10b with Fe;(CO),, in a 1:2
Molar Ratio. A solution of Fe;(CO),, (400 mg, 0.80 mmol) and
cyclic tetrasulfide (8b—10b, 0.40 mmol) in THF (40 mL) was heated
at reflux for 2 h under N,. The green solution turned deep red, and the
solvent was removed under reduced pressure. The residue was purified
by column chromatography using 100% hexane. A red-orange fraction
representing the complex (18—20, respectively) was collected, and the
solvent was removed in vacuo. The product was obtained as a red-
orange solid.

[Fe,(CO)sfu-S(CH,)sSH, (18). Yield: 33% (0.13 mmol). Mp = 210—
211 °C. Anal. Caled for C,,H,,Fe,0,,S,: C, 33.67; H, 2.83; S, 14.98.
Found: C, 33.99; H, 3.10; S, 15.20. '"H NMR (400 MHz, CDCl,,
ppm): 6 2.46 (bs, 4H, e-SCH,), 2.13 (bs, 4H, a-SCH,), 1.62 (bs, 8H,
SCH,CH,), 1.48 (bs, 8H, SCH,CH,CH,). *C{'H} NMR (100 MHz,
CDCl;, ppm): § 208.97 (s, CO), 39.05 (s, e-SCH,), 32.68, 31.41,
28.76, 26.42, 23.84 (s, a-SCH,). IR (vco, cm™): 2068(m), 2033 (vs),
1991(s). DEI-MS (m/z): 856 [M]*.

[Fe,(CO)s{u-S(CH,),SH, (19). Yield: 25% (0.10 mmol). Mp = 102—
103 °C. Anal. Caled for C,¢H,4Fe,0,,S,: C, 35.32; H, 3.19; S, 14.50.
Found: C, 35.62; H, 3.38; S, 14.67. '"H NMR (400 MHz, CDCl,,
ppm): & 2.47 (bs, 4H, e-SCH,), 2.08 (bs, 4H, a-SCH,), 1.75—1.59 (m,
8H, SCH,CH,), 1.46—1.26 (m, 12H, SCH,CH,(CH,),). “C{'H}
NMR (100 MHz, CDCl,, ppm): 6 208.97 (s, CO), 39.04 (s, e-SCH,),
32.68, 31.41, 28.76, 2642, 23.84 (s, a-SCH,). IR (vco, cm™):
2068(m), 2033(vs), 1990(s). DEI-MS (m/z): 884 [M]*.

[Fe,(CO)s{u-S(CH,)sSH, (20). Yield: 30% (0.12 mmol). Mp = 165—
166 °C. Anal. Calcd for C,gHy,Fe, 01,8, C, 36.87; H, 3.54; S, 14.06.
Found: C, 37.20; H, 3.65; S, 14.31. '"H NMR (400 MHz, CDCl,,
ppm): & 2.44 (bs, 4H, e-SCH,), 2.11 (bs, 4H, a-SCH,), 1.67 (bs, 8H,
SCH,CH,), 1.52 (bs, 8H, SCH,CH,CH,), 1.44 (bs, 4H, S-
(CH,);CH,), 1.31 (bs, 4H, S(CH,),CH,). *C{'H} NMR (100
MHz, CDCl;, ppm): § 209.04 (s, CO), 39.37 (s, e-SCH,), 32.96,
31.93, 29.12, 28.95, 28.42, 28.01, 24.64 (s, a-SCH,). IR (vco, cm™):
2068(m), 2032(vs), 1991(s). DEI-MS (m/z): 912 [M]*, 884 [M —
COJ*, 856 [M — 2COJ*, 828 [M — 3CO]*, 800 [M — 4COJ*, 772 [M
— 5COT*, 744 [M — 6CO]J*, 716 [M — 7CO]*, 688 [M — 8CO]*, 660
[M — 9CO]*, 632 [M — 10CO]J*, 604 [M — 11CO]J*, 576 [M —
12CO]J".

General Procedure for the Synthesis of Complexes 21-23
via Reaction of Compounds 8b—10b with Fe;(CO),, in a 1:1
Molar Ratio. A solution of Fe;(CO);, (100 mg, 0.20 mmol) and
cyclic tetrasulfide (8b-10b, 0.20 mmol) in THF (40 mL) was heated at
reflux for 2 h under N,. The green solution turned deep red, and the
solvent was removed under reduced pressure. The residue was purified
by column chromatography using 100% hexane. A yellow-orange
fraction representing the complex (21—23, respectively) was collected,
and the solvent was removed in vacuo. The product was obtained as a
red-orange solid.

[Fe,(CO)sf(u-S(CH,)6S),H (21). Yield: 15% (0.030 mmol). Mp =
170—171 °C. Anal. Calced for CgH,,Fe,O4S,: C, 37.51; H, 4.20; S,
22.25. Found: C, 37.26; H, 4.03; S, 21.96. '"H NMR (400 MHz,
CDCl,, ppm): & 2.71 (bs, 4H, SSCH,), 2.51 (bs, 2H, e-SCH,), 2.14
(bs, 2H, a-SCH,), 1.72 (bs, 4H, SSCH,CH,), 1.43 (bs, 4H,
SCH,CH,), 127 (bs, 8H, S(CH,),(CH,),). IR (vco, cm™):
2069(m), 2031(vs), 1992(s). DEI-MS (m/z): 576 [M]*.

[Fe,(CO)sf(u-S(CH,),S),} (22). Yield: 10% (0.020 mmol). Mp =
73—75 °C. Anal. Calcd for C,H,¢Fe,0¢S,: C, 39.75; H, 4.67; S, 21.22.
Found: C, 39.95; H, 4.48; S, 21.46. 'H NMR (400 MHz, CDCl,,
ppm): 6 2.75 (bs, 4H, SSCH,), 2.50 (bs, 2H, e-SCH,), 2.11 (bs, 2H, a-
SCH,), 1.73 (bs, 4H, SSCH,CH,), 1.46 (bs, 4H, SCH,CH,), 1.33—
1.29 (m, 12H, S(CH,),(CH,),). IR (vco, cm™): 2069(m), 2032(vs),
1991(s). DEI-MS (m/z): 604 [M]*.

[Fe,(CO)sf(u-S(CH,)gS),H (23). Yield: 12% (0.024 mmol). Mp =
122—123 °C. Anal. Calced for Cy,H;,Fe,O4S,: C, 41.78; H, 5.10; S,
20.28. Found: C, 41.48; H, 5.32; S, 19.99. '"H NMR (400 MHz,
CDCl,, ppm): & 2.72 (bs, 4H, SSCH,), 2.52 (bs, 2H, e-SCH,), 2.15
(bs, 2H, a-SCH,), 1.70 (bs, 4H, SSCH,CH,), 1.45 (bs, 4H,
SCH,CH,), 1.40 (bs, 8H, SCH,CH,CH,), 1.39 (bs, 4H, S-
(CH,);CH,), 1.30 (bs, 4H, S(CH,),CH,). IR (vco, cm™):
2069(m), 2030(vs), 1991(s). DEI-MS (m/z): 632 [M]*.
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