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Treatment of Mny(CO)o with 3,4-toluenedithiol and 1,2-ethanedithiol in the presence of MesNO-2H,0 in CH,Cl, at
room temperature afforded the dinuclear complexes Mn,(CO)s(u-17*-SCeH3(CH3)S—SCeH3(CH3)S) (1), and Mn,-
(CO)s(u-17*-SCH,CH,S—SCH,CH,S) (2), respectively. Similar reactions of Rey(CO); with 3,4-toluenedithiol, 1,2-
benzenedithiol, and 1,2-ethanedithiol yielded the dirhenium complexes Rey(CO)s(u-17*-SCsHs(CH3)S—SCsH3(CH3)S)
(3), Rey(CO)s(u-1*-SCeHsS—SCeH4S) (4), and Re,(CO)s(SCH,CH,S—SCH,CH,S) (5), respectively. In contrast,
treatment of Mn,(CO);o with 1,3-propanedithiol afforded the trimanganese compound Mn3(CO)e(ut-17%-SCH,CH,-
CH,S); (6), whereas Re,(CO)1o gave only intractable materials. The molecular structures of 1, 3, and 6 have been
determined by single-crystal X-ray diffraction studies. The dimanganese and dirhenium carbonyl compounds 1-5
contain a binucleating disulfide ligand, formed by interligand disulfide bond formation between two dithiolate ligands
identical in structure to that of the previously reported dimanganese complex Mny(CO)s(u-17*-SCsHsS—SCeH,S).
Complex 6, on the other hand, forms a unique example of a mixed-valence trimangenese carbonyl compound
containing three bridging 1,3-propanedithiolate ligands. The solution properties of 6 have been investigated by
UV-vis and EPR spectroscopies as well as electrochemical techniques.

Introduction
late-bridged diiron compounds KE€O)(u-S(CHy),S) (h =

In recent years there has been widespread interest |n1_4), Fe(CO(u-SGHs(CH3)S), and Fe(COW(-SCHaS)

transition-metal complexes containing sulfur-rich thiolate
ligands not only because of their relevance to biological
processes but also because of their interesting structural a-nd(l) (a) Transition Metal Sulfur Chemistry-Biological and Industrial

reactions, has also received increasing attention. The dithio-

have been reported by several groups from the reactions of

catalytic propertie? Due to the biochemical relevance, most
of the early work was done on irefthiolate compounds
followed by the rapid development of the dithiolate coor-
dination chemistry of other transition metafs.

The use of alkane dithiolates to stabilize transition metal
carbonyl cluster compounds by serving as chelating or
bridging ligands, thus preventing cluster fragmentation during
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Fey(CO), with the corresponding dithiof$.The osmium
compound OfCO)(u-SCH,CH,S) was obtained from the
ring-opening reaction of QECO), with 1,4-dithiacyclohex-
ane®® Adams and co-workers reported the dithiolate-bridged
di- and triruthenuim compoundanti-Rus(CO);(u-SCH,-
CH,S), synRus(CO)(u-SCH,CH,S), and Ruy(CO)s(u-
SCHCH,S) from the ring-opening reaction of {CO)»
with 1,2,5,6-tetrathiacyclooctaride have been interested
in the chemistry of group 8 transition metal carbonyl
compounds containing alkanedithiolate ligands, and we have
demonstrated that the reactivity of alkanedithiols toward
trimetallic carbonyl clusters depends on the methylene chain

length of the dithiols:® For example, 1,2-ethanedithiol reacts
with Rug(CO)y; at 68°C to give Ru(CO)(u-SCH.CH,S),
whereas 1,3-propanedithiol gives)Rus(CO))2(u-SCH-
CH,CH,S) and Ry(CO)s(u-SCH,CH,CH,S). Similarly, 1,2-
ethanedithiol reacts with Q€ O)o(MeCN), to give (-
H)Os(CO)o(u-SCH,CH,SH), whereas 1,3-propanedithiol
gives{ (u-H)Os(CO)o} 2(u-SCHCH,CH,S) &

A particularly interesting series of papers by Liaw et al.

have appeared dealing with the reactions oL{@®), and
Mn(CO)~ with aryl dithiolate ligand$.Coordinately unsat-
urated mononuclear and interesting dinuclg&bis(dithio-
late) complexes with SS bonds were reporteédd In
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Figure 1. Molecular structure of Mg{CO)s(u-7*-SCeH3(CH3)S—SCeH3-
(CH3)S) (1) showing the atom-labeling scheme; thermal ellipsoids are drawn
at the 50% probability level.

addition, Adams et al. reported MiICO);(u-SCH,CH,S) by
the reaction of MA(CO)(MeCN) with 1,2-ethanedithio®

As a follow up to this work, we describe here the synthesis
of a series of dithiolate complexes of both manganese and
rhenium from the reactions of NICO)o (M = Mn, Re) with
3,4-toluenedithiol, 1,2-benzenedithiol (M Re only), 1,2-
ethanedithiol, and 1,3-propanedithiol. The reactions of the
3,4-toluenedithiol ligand with manganese or rhenium decac-
arbonyl result in the formation of isomeric structures that
are analogous to the previously reported manganese 1,2-
benzenedithiol comple¥.We have also observed a remark-
able influence of the methylene chain length of the dithiol
on the structure of the products formed. In the case of-Mn
(COMp reacting with 1,3-propanedithiol, this leads to the
formation of a unique redox-active, mixed-valence cluster,
which is the most significant finding of this investigation.

Results and Discussion

The reactions of M{CO);, with 3,4-toluenedithiol and
1,2-ethanedithiol in the presence of M©-2H,0 in CH,-

Cl, at room temperature afforded the dinuclear complexes
Mn(CO)(u-1*-SCeH3(CHz)S—SCeH3(CHy)S) (1) and Mny-
(COX(u-7*-SCH,CH,S—SCHCH,S) (2) in 20 and 26%
yields, respectivelyl and 2 have been characterized by
elemental analysis, IRH NMR, and mass spectroscopic data
together with a single-crystal X-ray diffraction analysis for
1.

The molecular structure dfis shown in Figure 1, crystal
data are given in Table 1, and selected bond distances and
angles are collected in Table 2.contains two manganese
atoms with no metatmetal bonds; the Mn(1)-Mn(2)
distance is very long, 3.434 A, and is clearly a nonbonding
distance. Each metal center is coordinated to three S donor
atoms and three terminal carbonyl groups in a distorted
octahedral geometry. The most interesting aspect of this
structure is the coupling of two toluenedithiolate moieties

(9) (a) Liaw, W. F.; Hsieh, C. H.; Peng, S. M.; Lee, G. IHorg. Chim.

Acta2002 332 153. (b) Liaw, W. F.; Hsieh, C. H.; Lin, G. Y.; Lee,
G. H Inorg. Chem.200%, 40, 3468. (c) Liaw, W. F.; Hsieh, C. H.;
Lin, G. Y,; Lee, G. H.; Peng, S. M,; Lee, C. M.; Hu, C. Bl.Chem.
Soc., Dalton Trans1999 2393. (d) Liaw, W. F.; Hsieh, C. H.; Lin,
G. Y.; Lee, G. HInorg. Chem.1998 37, 6396.

(10) Adams, R. D.; Kwon, O.-S.; Smith, M. Dsr. J. Chem 2001, 41,
197.



Dithiolate Complexes of Manganese and Rhenium

Table 1. Crystal Data forl, 3, and6

1 3 6
empirical formula GoH1206MN2S, CooH1206RES, Cy5H1806MN3Ss
formula weight 586.42 848.94 651.47
T(K) 150(2) 150(2) 150(2)
wavelength 0.71073 0.71073 0.71073
crystal system triclinic triclinic tetragonal
space group P1 P1 P432:2
unit cell dimensions

a(A) 9.6392(3) 9.894(3) 14.761(3)
b (A) 11.1210(4) 11.157(3) 14.761(3)
c(A) 12.2659(2) 12.166(4) 10.720(2)
o (deg) 112.537(2) 112.34(3) 90
p (deg) 102.680(2) 102.53(2) 90
y (deg) 97.6174(14) 97.69(2) 90
V (A3 1150.07(6) 1177.3(6) 2335.8(8)
z 2 2 4
Dcalc (g cn3) 1.693 2.395 1.853
absorption coefficient (cri) 1.496 10.662 2.163
F (000) 588 788 1308
crystal dimensions (mm) 0.260.20x 0.20 0.45x 0.40x 0.30 0.45x 0.25x 0.22
0 range (deg) 1.8827.47 1.89-25.17 2.35-25.15
limiting indices —12=<h=<12 —11<h=<11 O0<h=<17
—14<k=14 —-13=<k=12 —17=<k=0
—-15=<1=<15 0<1=<14 —-12<1=<12
reflns collected 16777 4495 4558

independent reflns
max and min transm
refinement method

data/restraints/params
GOF onF?
final Rindices [ > 20(1)]

Rindices (all data)

largest diff peak and hole (e &)

521R}; = 0.0459]

0.8068 and 0.7541

full-matrix
least-squares of?

5217/0/291

1.117
R1=0.0374
WR2=0.0956

R¥ 0.0488
wR2=0.1009
0.528 and-0.551

Table 2. Bond Distances (A) and Angles (deg) for
Mnp(CO)(u-17*-SCsHa(CHz) S—SCsH3(CHz)S) (1)2

Mn(1)—C(1) 1.811(3)
Mn(1)—C(3) 1.810(3)
Mn(1)—S(1) 2.3539(7)
Mn(2)—C(5) 1.814(2)
Mn(2)—C(6) 1.816(3)
Mn(2)—S(3) 2.3611(6)
S(2)-S(4) 2.2235(8)

Mn(1)-S(1)-Mn(2)  91.80(2)

Mn(2)-S(3-Mn(1)  91.79(2)

S(1)-Mn(1)-S(3) 82.33(2)

S(4)-Mn(2)-S(3) 83.40(2)

S(4)-Mn(2)—-S(1) 97.03(2)

C(8)-S(2-Mn(1)  102.65(8)

Mn(13C(2) 1.810(2)
Mn(1}S(2) 2.3185(6)
Mn(1S(3) 2.4211(6)
Mn(2)y-C(4) 1.815(3)
Mn(2)-S(4) 2.3053(7)
Mn(2)S(1) 2.4275(6)
S(@yMn(1)-S(1)  83.30(2)
S(2YMn(1)-S(3)  95.96(2)
S(3Mn(2)-S(1)  82.05(2)
C(8YS(2)-S(4) 96.18(7)
S(4yS(2-Mn(1)  102.26(2)
S(2S(4y-Mn(2)  101.50(3)

a Symmetry transformations used to generate equivalent atoms.

to form SGH3(CH3)S—SGH3(CHs)S. One S atom of each

toluenedithiolate group bridges two Mn centers, whereas the
other is coordinated to one Mn center and forms an

bonded S atom of the second toluenedithiolate moiety;

4236 R = 0.0198]
0.2243 and 0.1758
full-matrix
least-squares o2
4236/0/291
1.056
R1=0.0310
wR2=0.0834
R1= 0.0363,
wR2=0.0853
1.681 and-1.32

2093 Ry = 0.0583]
0.6714 and 0.5180
full-matrix
least-squares oR?
2093/0/138

1.072

R1=0.0301
wR2=0.0734

R1= 0.0310
wR2=0.0740

0.528 and-0.5958

span a wide range, 2.3053(73.4275(6) A, but all can be
regarded as MaS single bonds. Assuming that the disulfide
ligand in1 serves as a 10-electron donor, each metal atom
achieves an 18-electron configuration without the presence
of a Mn—Mn bond. The overall structure is almost identical
to that found for the 1,2-benzenedithiol complex #C0)s-
(u-n*-SCH4S—SGH,4S), but the formation of the-SS bond
is regioselective based on the solid-state structure.
Indeed, the!H NMR spectrum ofl shows the presence
of two isomers in solution in a 3:1 ratio. The aromatic region
of the spectrum shows two doubletséa?.98 and 7.23 (d,
J=7.9 Hz) and a singlet at 7.50 for the major isomer and
two doublets ad 7.54 and 7.18 (d) = 7.9 Hz) and a singlet
ato 7.94 for the minor isomer. Similarly, the aliphatic region
of the spectrum contains two singletsdat.50 and 1.24 for
the methyl protons of the major and minor isomers,
respectively. If the solid-state structure btorresponds to
) ) S ; . . that of the major isomer, then the minor isomer most
interligand disulfide bond with the corresponding singly probably has structurtb (Scheme 1). The two isomers differ

the by which thiol forms the disulfide bond. The major isomer

ligand in 1 is thus best described as binucleating bis- o< the SS bond between the thiols in the para position
relative to the methyl group, as in the solid state, whereas

(dithiolate). In the solid-state, the disulfide ligand is found
only between the sulfur atoms para to the methyl

the toluenedithiol ligand. The-SS bond distance, 2.2235-

(8) A, of the tetrathiolate ligand is almost identical to the

one previously reported for M(CO)s(u-17*-SCeHsS—
SGH.S) (2.222(1) AS® but significantly longer than those
found in Mn(CO)(u-S,) (2.0474(11) At and Fe(CO)s(u-
S,) (2.021(3%2and 2.007(5) A¥2 The Mn—S bond distances

9roups of {he minor isomer most likely has the disulfide bond between
the thiols meta to the methyl group. In principle, there could

(11) Adams, R. D.; Kwon, O.-S.; Smith, M. Dnorg. Chem 2002 41,

6281.

(12) Ermenko, I. L.; Berke, H.; van der Zeijden, A. A. H.; Kolobkov, B.
L.; Novotorsev, V. M.J. Organomet Chem 1994 471, 123.
(13) Wei, C. H.; Dahl, L. Flnorg. Chem.1965 4, 1.
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Scheme 1
CH; CH,

11
A
J

CH;
S
Me;NO
MaCO)o  + @ e;—T—(CO)Jm/'\
o SH \s/

Me;NOlHS(CH:)ZSH s <
RT
s
/
tCO)slxl'I\s_ —I\iﬂCO)}

S——S

M=Mn, 2 M=Re, 3
M=Re, §

be a third isomer where the disulfide bond forms between Figure 2. Molecular structure of RECO)(u-1*SCeHa(CH3)S—SCeHa-

one para and one meta sulfur atom. which would be expected(CHs)S) (3) showing the atom-labeling scheme; thermal ellipsoids are drawn
. ’ . . at the 50% probability level.

to show two methyl signals. Apparently this isomer is

formed, if at all, in concentrations too low to be detected by Table 3. Bond Distances (A) and Angles (deg) f8t

NMR. The two isomers could interchange by disulfide bond  re(1)-c(3) 1.932(7) Re(1C(2) 1.923(8)
cleavage followed by bridgeterminal thiol exchange. This Re(1)>-C(1) 1.906(7) Re(1S(2) 2.436(2)
process is slow on the NMR time scale, and heating the Sgg)*_g((?) f;;‘ifg% Ssézl?)cs:((i; f:gfg(%))
mixture of isomers (90C in toluene) and then measuring Re(2)-C(6) 1.921(7) Re(2)S(4) 2.425(2)
NMR in CD,CI, does not change the ratio. There are two Re(2)-S(3) 2.489(2) Re(2)S(1) 2.542(2)
possible interpretations of this result: (1) the 3:1 ratio  S(@~S() 2.235(2)

represents an equilibrium mixture of the two products; (2) Re(1)-S(1)-Re(2) 93.39(6)  S(2) Re(1)-S(1) 80.79(6)
the rate of equilibration of the two isomers is very slow on g(el()Z_)—RSéa))—_F;?g) gf.il’:g((g)) g((az;) 528)):28; gg-gé%
the chemlcal time scale. Thefse possibilities could b_e dlf— S(4)- Re(2)-S(3) 8050(6) C(8)S(2)-S(4) 96.7(2)
ferentiated by doing the variable-temperature studies in s(4) Re(2)-S(1) 95.19(6)  S(4yS(2- Re(l)  103.37(8)
toluene and looking for a reversible change in the equilibrium C(8)-S(2)-Re(1)  102.7(2) ~ C(15)S(4)-S(2)  94.0(2)
constant. This possibility was precluded by the poor solubility S(2)y-S()-Re2) 102.46(8)
of the complex in toluene. The difference in free energy  ®Symmetry transformations used to generate equivalent atoms.
between the two isomers is only 0.65 kcal/mol, with the ) ) o
structure in the solid state being slightly more stable. One Possible. The basic structure is similar to that1ofThe
can see from Figure 1 that breaking the S(8)4) bond and infrared spectra of and2 in the carbonyl-stretching region
reforming it between S(1) and S(3) would not require much aré very.similar and indicate that all the carbonyl groups
reorganization of the structure. The slight preference for the are terminal.
para—para linkage could be due to an inductive effect of  The reactions of R€CO)o with 3,4-toluenedithiol, 1,2-
the methyl group where bonding with another sulfur is  benzenedithiol, and 1,2-ethanedithiol in the presence gf Me
preferred over Mr-S bonding, wherer-acceptor character NO-2H,O in CHCl, at room temperature afforded the
is more important. This interpretation is corroborated by the dirhenium compounds REO)s(u-17*-SCsH3(CHz)S—SGeH3-
IH NMR spectra for2, which shows the presence of only (CH3)S) (3), ReCO)(u-1*-SCGHsS—SCGH4S) @), and Re-
one isomer in solution, and by the observation of only one (CO)(u-7*-SCHCH,S—SCHCH:S) () in 18, 21, and 22%
isomer for the previously reported 1,2-benzenedithiol yields, respectively3—5 have been characterized by spec-
analogué€® The methylene protons of the thiolate ligand in troscopic data together with single-crystal X-ray diffraction
2 are magnetically nonequivalent, appearing as four well- analysis for3. The molecular structure d is shown in
separated eight-line multiplets in the ranyd.87-2.25. The Figure 2, crystal data are given in Table 1, and selected bond
well-resolved fine structure seen in the NMR spectra of these distances and angles are given in Table 3. The molecular
complexes is in agreement with 18-electron, diamagnetic geometry of 3 is remarkably similar to its manganese
configurations at the metal centers. analoguel. The Re(1)--Re(2) distance, 3.657 A, is even
The molecular structure d@ has been determined by a longer than inl and is clearly a nonbonding distance. Each
single-crystal X-ray diffraction study. However, the thin rhenium atom is coordinated to three terminal carbonyl
nature of the crystals resulted in data of poor qudfity. ligands and three sulfur atoms. Each toluenedithiolate ligand
Consequently, although the gross structural features are clearbridges two rhenium atoms and is also bonded to the sulfur
a detailed discussion of bond lengths and angles is notatom of the second, forming the disulfide bridge to give the
binucleating bis(dithiolate) ligand. The-$% bond distance

(14) Crystals of3 were monoclinic, space grolg2/n, with a = 8.777 A, i i i ic simi
b 13228 Ac = 14.341 A B = 10133, |\/Tn(1)—3(1)= 535 A (2.235(2) A) of the dlsglflde ligand is S|m.|Iar to that found
Mn(2)—S(1) = 2.31 A, Mn(1)-S(2) = 2.29 A, Mn(1)-S(3) = 2.26 in 1. The Re-S bond distances span a wide range, 2.3053-

ﬁ{, Mn(lgl—s(4)_= 2-33kA, and Mrll,(ti);jsﬁ(4)t=_ 2-g4t A(-dThe)t/ were " (7)—-2.4275(6) A, but are typical of ReS single bonds
In neeailes giving weak, poor quall Ifraction data (aespite repeate . . 15 T
recrystallization and data collection), and the structure could not be Obse.rve.d In R_e thiolate comple>.<es (23040 A) Within
satisfactorily refined giving a high R1 value. the dithiolate ligand, the exocyclic-€S average bond length
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Scheme 2

S
MesNO Qs """ MI \
My(CO)g + SH(CHy);SH #» (CORMNE /"\S/Mn(CO)s

of 1.775 A is similar in length to that of a-€S single bond
and is similar to that observed far

The infrared spectra 08, 4, and 5 in the carbonyl-
_stretchlng region are very similar, |nd|cat_|ng that they are Figure 3. Molecular structure of MiCOJ(u-*-SCHCH,CHoS)s (6)
isostructural. The'H NMR spectrum of3 is remarkably showing the atom-labeling scheme; thermal ellipsoids are drawn at the 50%
similar to that ofl, indicating the presence of two isomers probability level.
in solution. The major isomer shows two doublet® at93
and 7.27 § = 8.0 Hz) and two singlets at 7.43 and 1.50,

Table 4. Bond Lengths (A) and Angles (deg) f6r

whereas the minor isomer exhibits two doublets)at.48 3283228 §j§i§§E?§ m%gggi iigigg%
and 7.14 J = 8.0 Hz) and two singlets at 7.88 and 1.24. Mn(1)—S(2) 2.3485(8) Mn(1S(2) 2.3485(8)
As proposed ford, if the solid-state structure &a corre- Mn(1)—Mn(2) 2.9888(6) Mn(1}Mn(2) 2.9888(6)

_ T Mn(2)—S(2) 2.3865(8) Mn(2}-S(3) 2.3771(9)
sponds to the major isomer, then the minor isomer has the gy ‘un(2) 2.3865(8) Mn(2)-S(1) 2.3923(9)
structure 3b (Scheme 1). TheH NMR spectrum of4 S(3)-Mn(2) 2.3771(9)

contains four equal-intensity signals, two doublets of doublets SE)-Mn(1)-S@3) 91.58(4) S(3)Mn(1)-S(1) 86.31(3)
ato 8.10 and 7.63J= 7.2, 1.6 Hz), and two doublets of  S(3)—Mn(1)-S(1) 86.31(3) S(HMn(1)-S(1) 176.57(4)
triplets atd 7.47 and 7.35J = 7.2, 1.6 Hz). The SCH  S(3)-Mn(1)-S(1)  96.10(3) S(3-Mn(1)-S(2) 176.83(3)

groups of the thiolate ligand i are seen as four eight-line gg)tmﬁg:gg)) 1?2'538((32)) §8 :mg:g% ggégg;
“multiplets” of equal intensity in the rangé 3.90-2.48. S(1)-Mn(1)-S(2) 84.19(3) S()—Mn(1)-S(2) 93.55(3)
Thus, as described fd and the analogue of, 'H NMR S(@-Mn(1)-S(2) ~ 97.86(4) S(3yMn(1)-Mn(2)  51.32(2)

- . . . S(3)-Mn(1)-Mn(2) 126.54(3) S(I}Mn(1)-Mn(2)  128.48(2)

spectra of4 and5 indicate that they exist as one isomer in  gr)-Mn(1)-Mn(2) 51.61(2) S(2yMn(1)~Mn(2) 51.43(3)
solution® S(2)-Mn(1)-Mn(2') 130.65(2) S(3}Mn(1)—Mn(2) 126.54(3)
_ . L S(3)-Mn(1)-Mn(2)  51.32(2) S(1)}Mn(1)—Mn(2) 51.61(2)

The reaction of ME(CO)lo with 1,3-pr0panedlthlol in the S(I) —Mn(1)-Mn(2) 128.84(2) S(ZMn(1)-Mn(2) 130.65(2)
presence of MNO-2H,0O in CH,Cl, at room temperature  S(2)—-Mn(1)-Mn(2)  51.43(2) Mn(2 —Mn(1)-Mn(2) 177.56(3)

; ) ) S(2) —Mn(2)—S(1) 82.24(3) S(3 —Mn(1)-S(2) 83.27(3)
gave the trimanganese compound 3(00)?(/4 SCH@HZ  S(3)-Mn(2-Mn(l) 49.73(2) S(3 —Mn(2)—S(1) 83.94(3)
CH,S); (6) (Scheme 2) as green crystals in 20% yield. It is s@1)-Mn(2)-Mn(1)  50.06(2) S(3 —Mn(2)—Mn(1) 50.30(2)
less stable tharl—5 in solution, and workup must be  Mn(1)-S(2}-Mn(2)  78.28(2) Mn(1}-S(1)-Mn(2) 78.33(2)

performed under nitrogen to avoid bleaching of the color S©&MnW=S) 96.10(3) Mn(1yS(3)-Mn(2)  78.95(3)

and concomitant decompositiof.has been characterized a Symmetry transformations used to generate equivalent atoms.

by a combination of spectroscopic data and single-crystal

X-ray diffraction studies. The molecular structure ®is ions on the basis of their structural parameters. The-Mn
shown in Figure 3, crystal data are given in Table 1, and Mn separations (2.9888(6) A) are much shorter than those
selected bond distances and angles are given in Table 4. Thén 1 (3.434 A) and3 (3.657 A), owing to the increase in the
molecule consists of three manganese atoms, three 1,3number of bridging atoms, but the 2.9888(6) A value is still
propanedithiolate ligands, and six carbonyl groups. Atoms tgq long for direct Mr-Mn bonding 2.7 A)° The Mn-
Mn(2) and Mn(2) each have three terminal carbonyl ligands, (2)—s and Mn(2—S bond distances span a wide range,
whereas the central Mn is coordinated only by six S atoms  3053(7)-2.4275(6) A, but are similar to those found in
in an appropriate octahedral geometry. All of the manganese g or manganese sulfido carbonyl compleXeShe Mn-
atoms are linked througi-1,3-propanedithiolate ligands, and (1)—S distances (2.3235(8p2.3400(7) A) are shorter com-
there are no MaMn bonds. The Mn(3-Mn(1)-Mn(2) .0 16 the MrS(2/2) distances (2.3771(912.3923(9) A)
bond angle of 177.56(3)ndicates that the three manganese but span a much narrower range. The infrared spectrum of

atoms are nearly linear. Each Mn at_om hz_alsashght_ly dlsto_rted6 exhibits absorption bands at 2012 and 1925-tm
octahedral geometry. Charge considerations require a mlxed—indicatin that the carbonvl aroups are terminal. The-UV
valence Mn(lV), 2Mn(l) description, and central Mn(1) is 9 yl group '

assigned as the Mn(IV) ion and Mn(2) and Mf)(@s Mn(l) vis .spectrum o6 shows absorption maxima in the visible
region at 484, 620, and 780 nm and two bands at 381 and
(15) (a) Herberhold, M.; Jin, G. X.; Milius, Wl. OrganometChem 1996 389 nm (F|gure 4)' Althoth the general appearance of the

512 111. (b) Herberhold, M.; Jin, G. X.; Milius, WZ. Anorg Allg. spectrum is similar to othedomplexes? it would not be

Chem 1994 620, 1295. (c) Lente, G.; Guzei, |. A.; Espenson, J. H. ; ; ; _
Inorg. Chem 2000 39, 1311. (d) Jacob, J.: Guzei, I. A.: Espenson, J. appropriate to assign these bands. A more detailed spectro

H. Inorg. Chem 1999 38, 3266. scopic investigation of the observed transitions, and perhaps
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Figure 4. UV—visible absorption spectrum of M(CO)s(u-7*-SCH.CH,CH,S); (6) in CH.Cl..
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Figure 5. Cyclic voltammogram of Mg(CO)s(u-7*-SCH.CH2CH,S); (6)
in CH.Cl, at 50 mV/s scan rate vs Ag/AgCI.

_ _ — e e e ———
a computational study, would be necessary in order to 2600 2800 3000 3200 3400 3600 3800 4000

understand the contributions of the Mn(l) centers to the Magnetic Field (G)
spectrum. Figure 6. ESR spectrum of MgCO)s(u-n*SCH.CH2CH,S) (6) in CH-
In an attempt to obtain the rhenium analogue6pfve Cl; parameters used: 3250 center field, 1200 sweep width, 9.331 GHz

reacted R€CO)o with 1,3-propanedithiol in the presence Meauency: 3.99 e4 gain, 15 G amplitude, 10 scans at 77 K.

of MesNO-2H;0 in CH,CI; at room temperature. Workup  gcan rates (50 mv/s). This suggests that the bridging sulfido

of the resulting yellow solution, followed by chromatographiC ;4445 and the adjacent metal carbonyl centers stabilize the

separation, gave several very minor bands which could not .o quced species via delocalization and dativé@onding,

be characterized completely. The reaction also gave a greer}espectively.

solution, but the color fades within seconds after applying it 1o SR spectrum o6 shows a partially resolved six-

to silica fpr chr(_)matographic se_paratiop, suggesting ajine signal (Figure 6) with an isotropig value= 2, which

decrease in stability with increasing chain length of the j,jicates an octahedral ligand field around the Mn(1V) 18n.

d'th'OI'_ ) The hyperfine coupling constant 4650 G and is similar to
Cyclic voltammetry of6 shows two reversible one-electron  hat reported for the neutral mononuclear tetraazideoman-

reductions at half-wave potentials 600.80 and—1.223 V ganese(IV) complex Mn(bpy)@k: (bpy = 2,2 -bipyridine)?8

vs FeCp/FeCp" at a scan rate of 50 mV/s (Figure 5). The Taken together, the visible spectrum and the ESR data

values of these half-wave potentials are at much more gyggest a near-perfect octahedral environment for the central

solutions!” but the second reduction potential is similar to

that observed for the Mn(Il1)/Mn(ll) couple in mononuclear Conclusions
dithiolate complexes in the same solvéhtiowever, the The influence of the methylene chain length on the

reduction potentials for the latter complexes are irreversible, reactivity of dithiols toward M(CO)o and Re(CO)o has
whereas those fof are reversible even at relatively slow  peen demonstrated. The synthetic route developed for the
dinuclear disulfide complexeb-5 of Mn and Re from the

(16) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry4th

ed: Harper-Collins: New York, 1993: p 447, reactions of Mp(CO),o and Rg(CO),p with 3,4-toluene-
(17) Brudvig, G. W.; Thorp, H. H., Crabtree, R. Hcc. Chem Res 1991,
24, 311 and references therein. (18) Dave, B. C.; Czernuszewicz, R. $.Coord Chem 1994 33, 257.
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dithiol, 1,2-benzenedithiol, and 1,2-ethanedithiol represent obtained on a JEOL SX-102 spectrometer using 3-nitrobenzyl
direct routes to this ligand system, whereas the previously alcohol as matrix and Csl as a calibration standard.

reported 1,2-benzenedithiol analoguelofvas obtained by Reaction of Mny(CO)y0 with 3,4-Toluenedithiol. MesNO-2H,0
protonation of an intermediate Mn(C40,2-SCsH.) associ- (0.114 g, 1.025 mmol) was added to a £} solution (50 mL) of

ated with the liberation of hydrogeéhindeed, such mono- ~ Mn2(CO)o (0.200 g, 0.513 mmol) and stirred for 10 min. 3,4-
nuclear intermediates may be involved in the reactions Toluenedithiol (0.160 g, 1.024 mmol) was then added to the reaction

reported here, but the unsaturated species created by th(g)nlxture and stirred for a further 20 min at room temperature. The

. id id d i d color of the reaction mixture changed from orange to red. The
amine oxide encourage rapid secondary reactions an pr(:"Venéolution was filtered through a short silica column to remove excess

their isolation.1 and3, which are 3,4-toluenedithiol deriva-  \1e,NO. The solvent was removed under reduced pressure, and the
tives, exist as two isomers in solution, brought about by the residue was separated by TLC on silica gel. Elution with hexane/
diSpOSitiOﬂ of the disulfide bond relative to the methyl groups CH,Cl, (]_O;]_, v/v) gave one major and several very minor bands.
on the benzene ring, whereds4, and5 exist as a single  The major band afforded M(CO)s(u-17*SCsH3(CHz)S—SCsHs-
isomer. In sharp contrast, 1,3-propanedithiol reacts with-Mn  (CHs)S) (1) (0.061 g, 20%) as red crystals from hexanefCH at
(CO)p to give the mixed-valence (Mn(I)/Mn(1V)/Mn(l))  —20 °C. Anal. calcd for GoH120sMnzS,: C, 40.96; H, 2.06.
trimanganese carbonyl compou6dcontaining three bridg- ~ Found: C, 41.12; H, 2.22. IR\CO, CHCly): 2039 s, 2019 vs,

ing 1,3-propanedithiolate ligands. The overall geometry 1963 m, 1942 m cr, *H NMR (CD,Cl): major isomer 7.98
observed ol is similar to that seen for the related Mn(lty (4 1 H:J=8.0Hz), 7.50 (s, 1H), 7.23 (d, 1H,= 8.0 Hz), 1.50
Mn(l)/Mn(1l) trimanganese propanedithiolate complex (s, 3H); minor isomerg 7.94 (s, 1H), 7.54 (d, 1 HJ = 8.0 Hz),

718 (d, 1H,J = 7.98 Hz), 1.24 (s, 3H). FAB MSmz 586.
[PPNE[MNs(u-SCHCH,CH,S)], except that the geometry oo ion of Mny(CO)yo with 1,2-Ethanedithiol. A similar

around the central Mn is hlghly_ dlstorted,_ as would be | ..ction of Mn(CO)o (0.255 g, 0.654 mmol), 1,2-ethaneditiol
expected for a‘tlelectron configuratiof? In addition, related (0.127 g, 1.295 mmol), and MEO-2H,0 (0.176 g, 1.583 mmol)
Mn(I1)/Mn(IV)/Mn(ll) clusters containing the dipyridyl ke-  followed by similar workup and chromatographic separation
toneoxime ligand have been reported where the central Mn-afforded Mr(CO)(u-7*SCHCH,S—SCH,CH,S) (2) as orange
(IV) has an almost-prefect octahedral geometry as6fgr crystals (0.080 g, 26%) from hexane/gH, at —20 °C. Anal. calcd
The oxidation of the Mn centers observed in the formation for CigHgMn206Ss: C, 25.98; H,1.74. Found: C, 26.25; H, 1.88.
of all of the reported complexes is undoubtedly associated IR (vCO, CHClp): 2037 s, 2016 vs, 1956 s, 1927 sThitH NMR
with the liberation of dihydrogen (or water with the aid of (CD2Cl): 0 3.87 (8-line m, 2H), 3.43 (8-line m, 2H), 2.48 (8-line
air oxidation), and the formation of the Mn(IV) centerén ™ 2H). 2.25 (8-line m, 2H). FAB MSm/z 462.

is probably driven by the suitability of the three-carbon chain _Reaction of Re(CO)yo with 3,4-Toluenedithiol. MesNO-2H,0
for formation of an octahedral geometry by reaction of (0.136 g, 1.223 mmol) was added to a &} solution (50 mL) of

. - o Re,(CO),0(0.400 g, 0.61 mmol) and stirred for 10 min, after which
(CORMN(SCHCH,CH,SH); with a dinuclear complex simi- 3 471 e dithiol (0.192 g, 1.228 mmol) was added to the reaction
lar to 1. The fact that the complex analogous @as not

. . ) mixture and stirred for a further 30 min at room temperature. The
formed in the case of rhenium and the lack of formation of so|ytion was filtered through a short silica column. The solvent
dinuclear species with propanedithiol are more difficult to was removed under reduced pressure, and the residue was chro-
rationalize but may be the result of a combination of the matographed by TLC on silica gel. Elution with hexane{CH

reduction potential of the dithiol and the stronger-R&D (3:1, v/v) gave one main and several minor bands. The major band
bonds 6 provides a potentially useful mildly oxidizing cluster  afforded Rg(CO)(u-1*-SCHa(CHs)S—SCsH3(CHs)S) (3) (0.094
which could have applications in redox catalysis. g, 18%) as red crystals from hexane/CH at room temperature.
Anal. calcd for GoH1,0sReSs: C, 28.29; H, 1.42. Found: C, 28.48;
Experimental Section H, 1.52. IR ¢CO, CHCl,): 2042 s, 2025 vs, 1954 m, 1931 m

G |p q | herwi 4. all . cm L. H NMR (CD.Cl,): major isomerp 7.93 (d, 1 H,J = 8.0
eneral ProceduresUnless otherwise stated, all reactions were Hz), 7.43 (s, 1H), 7.27 (d, 1H] = 8.0 Hz), 1.50 (s, 3H): minor

carried out under nitrogen atmosphere using standard SChlenkisomerd 7.88 (s, 1H), 7.48 (d, 1 H] = 8.0 Hz), 7.14 (d, 1H] =
techniques. Reagent grade solvents were freshly distilled from 8.0 Hz), 1.24 (s, 3H). FAB MSm/z 850.

appropriate drying agents and degassed prior to use. Infrared spectra ' '
were recorded on a Shimadzu FTIR 8101 spectrophotometer. UV
vis spectra were recorded on a Perkin-Elmer Lambda 11 spectrom-
eter. EPR spectra were recorded on a Bruker EMX spectrometer.
NMR spectra were recorded on a Bruker DPX 400 instrument.
Elemental analyses were performed by Schwarzkopf Microana-
lytical Laboratories, Woodside, New York. MICO),o and Re- 2045 s, 2026 vs, 1958 s, 1933 s ArtH NMR (CD,Cly): 6 8.10
(CO)o were purchased from Strem Chemicals, and 3,4-toluene- (dd, 1 =76 12 Hz)’ 7.63(dd iHl= 76.1.2 Hz). 747 (dt
dithiol, 1,2-ethanedithiol, and 1,3-propanedithiol were from Aldrich 1 H’, ] _ 76, 12 Hz), 7.’35' (dt, 1,HJ _ 7.6; 12 Hz). I’:A.B MS:’

and used as received. Fast atom bombardment mass spectra Were . 'ao0

(19) Seela, J.; Knapp, M. J.; Kolack, K. S.; Chang, H. R.; Huffman, J. C.; Reaction of Re(CO);o with 1,2-Ethanedithiol. A similar
Hendrickson, D. N.; Christou, Gnorg. Chem 1998 37, 516. reaction of Rg(CO)o, 1,2-ethanedithiol, and MEO-2H,O fol-
(20) (a) Alexiou, M.; Dendrinou-Samara, C.; Karagianni, A.; Biswas, S.; lowed by a similar workup and chromatographic separation but

Zaleski, C. M.; Kampf, J.; Yoder, D.; Penner-Hahn, J. E.; Pecoraro, ; ; . ; ;
V. L: Kessissoglou, D. Finorg, Chem 2003 42, 2185. (b) Alexiou, eluting with hexane/CkCl, (7:3, v/v) gave one major band which

M.; Zaleski, C. M.; Dendrinou-Samara, C.; Kampf, J.; Kessissoglou, afforded Re(CO)s(u-77*-SCHCH,S—SCHCH,S), (5) (0.100 g,
D. P.Z. Anorg Allg. Chem.2003 629, 2348. 22%) as orange crystals from hexanefCH at room temperature.

Reaction of Reg(CO);o with 1,2-Benzenedithiol. A similar
reaction to that above of REO),, 1,2-benzenedithiol, and Me
NO-2H,0 followed by similar chromatographic separation gave Re
(COX(u-n*-SCGH4S—SCH4S) (4) (0.106 g, 21%) as red crystals
from hexane/CKCl, at —20 °C. Anal. calcd for GgHgOsR&Ss:
C, 26.34; H, 0.98. Found: C, 26.48; H, 1.22%. IRCQO, CHCl,):
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Anal. calcd for GoHgOsR&Ss: C, 16.57; H,1.11. Found C, 16.71; all unique data. All non-hydrogen atoms were refined anisotropic-
H, 1.22. IR ¢CO, CHCI,): 2040 s, 2021 vs, 1948 m, 1919 m ally. The hydrogen atoms were included in calculated positions
cm1, 1H NMR (CD.Clp): 6 3.90 (7-line m, 2H), 3.58 (8-line m, (riding model). The crystal data and refinement details o8,
2H), 3.04 (7-line m, 2H), 2.48 (8-line m, 2H). FAB MSn/z 724. and6 are summarized in Table 1.

Reaction of Mny(CO);0 with 1,3-Propanedithiol To a CHCl Electrochemistry. Electrochemical measurements were per-
solution (20 mL) of M(CO) (0.259 g, 0.664 mmol) and 1,3-  formed with a BAS CV-50W analyzer equipped with a standard
propanedithiol (0.139 g, 1.284 mmol) was added dropwise & CH  three-electrode cell. This cell was designed to allow the tip of the
Cl solution (30 mL) of MgNO-2H,0 (0.216 g, 1.943 mmol) (15  reference electrode to closely approach the working electrode.
mL) over a period of 15 min. The reaction mixture was stirred Voltammetric experiments were performed using Ag/AgCl as the
under nitrogen for a further 30 min. Workup of the reaction mixture reference electrode, a glossy carbon as the working electrode, and
as above followed by chromatographic separation on silica gel TLC platinum wire as the auxiliary electrode. Typically, a solution
plates eluting with hexane/acetone (3:2, v/v) developed one major containing 1 mM of the cluster and 0.1 M of the supporting
green band and one very minor band. The major green bandelectrolyte (tetrabutylammonium haxafluorophosphate,NBFs)
afforded Mn(CO)s(u-17*-SCH,CH,CH,S); (6) as green crystals  was prepared using freshly distilled methylene chloride. The
(0.053 g, 20%) from hexane/GHI, at —20 °C. Anal. Calcd. for solutions used for electrochemical measurements were deoxygen-
CisH1gMNn306Ss: C, 27.65; H, 2.78. Found: C, 27.78; H, 3.06. IR ated with an argon purge and kept under argon flux during the
(vCO, CHCI,): 2012 vs, 1938 s cm. MS: m/z 651. The minor measurements. GBI, was freshly distilled from phosphorus
band was too small for complete characterization. pentoxide.

Attempted Reaction of Re(CO);o with 1,3-Propanedithiol.

MesNO-2H,0 (0.141 g, 1.26 mmol) was added to a solution of ~ Acknowledgment. The Swedish International Develop-
Re&(CO)yp (0.400 g, 0.61 mmol) in CkCl, (50 mL) and 1,3- ment Agency (SIDA) and the Swedish Research Council
propanedithiol (0.132 g, 1.22 mmol), and the reaction mixture was (VR) are gratefully acknowledged for supporting the col-
stirred fa 1 h and 15 min at room temperature. Workup as above |gboration between S.E.K. and E.N. We are thankful to
gave several very minor bands, each of which was too small for poreen Brown at Montana State University for recording
complete characterization. the ESR spectra. Support for this research by the Department

X-ray Crystallography. Crystals ofl, 3, and 6, suitable for of Energy (E.R., Grant No. DE-FG02-01ER45869) is also
diffraction analysis, were grown by slow evaporation from a hexane/ acknowledged '

methylene chloride solution at4 °C. Crystallographic data were
collected using a FAST area detector diffractometer and Mo K gypporting Information Available: Tables of crystal data and
radiation ¢ = 0.71073 A) according to previously described yata collection parameters, atomic coordinates, anisotropic displace-

procedures! The unit cell parameters were determined by the least- ment parameters, and bond lengths and angle fyrand6. X-ray
squares refinement of the diffractometer angles for 250 reflections, ¢rystallographic files in CIF format fot, 4, and7. This material

and the data were corrected for absorption using DIFABEhe is available free of charge via the Internet at http:/pubs.acs.org.

structures were solved by direct methods (SHELXS*®and

refined onF2 by full-matrix least-squares (SHELXL-9#using IC050987B

(21) Darr, A.; Drake, S. R.; Hursthouse, M. B.; Malik, K. M. Morg. (23) Sheldrick, G. MActa Crystallogr, Sect. A: Found. Crystallogi.99Q
Chem.1993 32, 5704. 46, 467.

(22) Walker, N. P. C.; Stuart, DActa Crystallogr, Sect. A: Found. (24) Sheldrick, G. MSHELXL-97 Program for Crystal Structure Refine-
Crystallogr. 1983 39, 158. ment University of Gatingen: Germany, 1997.
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