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Abstract

A series of organometallic molybdenum/iron/sulfur clusters of the general formula [Cp*MoFe;S4L, " (Cp* = n°-CsMes; L = S'Bu,
SPh, CL, I, n =3, m = 1—; L, = I,(P'Bus), m = 0; L = 2,6-diisopropylphenylisocyanide (ArNC), n = 7, m = 1+) have been synthesized.
A cubane cluster (PPh,)[Cp*MoFe;S4(SBu)s] (2) was isolated from a self-assembly reaction of Cp*Mo(S‘Bu)s (1), FeCls, LiS'Bu, and Sg
followed by cation exchange with PPhyBr in CH3CN, while an analogous cluster (PPhy)[Cp*MoFe;S4(SPh);] (3) was obtained from the
Cp*MoCl,/FeCls/LiSPh/PPhBr reaction system or from a ligand substitution reaction of 2 with PhSH. Treatment of 2 with benzoyl
chloride gave rise to (PPhy)[Cp*MoFe3S,Cls] (4), which was in turn converted to (PPhy)[Cp*MoFe3S,415] (5) by the reaction with Nal.
A neutral cubane cluster Cp*MoFe;S4I,(P‘Bus) (6) was generated upon treating 5 with P‘Bus. Although reduction of 4 by cobaltocene
under the presence of ArNC resulted in a disproportionation of the cubane core to give Fe,S4(ArNC)yCl (7), a similar reduction reaction
of 5 produced [Cp*MoFe;S4(ArNC),]I (8), where the MoFe3S, core was retained. The crystal structures of 4-6, and 8 were determined by

the X-ray analysis.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Molybdenum; Iron: sulfide; Cubane cluster; Cyclopentadienyl

1. Introduction

It has been well documented that transition metal sulfide
clusters play key roles in biological systems [la] and in
industrial processes as catalysts such as dehydrosulfuriza-
tion [1b]. Development of rational synthetic routes to tran-
sition metal sulfide clusters continues to be a major subject
in inorganic chemistry [2], and in particular the synthesis of
molybdenum/iron/sulfide clusters have attracted attention
in relation to the cluster active sites of nitrogenase [3].

Tetrathiamolybdate, tetrathiatungstate, and related
mononuclear sulfide/thiolate complexes have been used
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as building blocks for the synthesis of Mo(W)-based sulfide
clusters [4], and di- and tri-nuclear metal sulfides have also
been reacted with late transition metal complexes in order
to obtain heterometallic sulfide clusters of high nuclearity
[5,6]. For instance, we have developed convenient routes
to heterometallic sulfide clusters based on organometallic
tris-sulfide complexes of molybdenum and tungsten,
(PPhy)[Cp*MS;] (M = Mo, W) [7]. Cubane clusters of tran-
sition metal sulfides can also be assembled into large clus-
ters. For example, it was reported that the reaction of
[(Cl4cat)(CH3CN)MoFe3S4CI3]2* with NaBPhy in the pres-
ence of PEt; gave an edge-linked double cubane cluster
Mo,FesSg(PEt;)s(Clycat), [8]. We also reported the synthe-
sis of [MozFezS4]4+ cubane cluster, Cp*,Mo,Fe;S,Cl,,
from Cp*Mo(S'Bu); (1) and FeCls, and its reaction with
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Li,S, leading to aggregation of the cubane cluster into a
cyclic tri-cubane cluster [Cp*,MosFe>S4]5(1-S4)3 [9].

To expand the scope of Fe/Mo/S cluster syntheses, we
examined a self-assembly reaction of Cp*™Mo(S'Bu)s (1)
with FeCls in the presence of LiS’Bu and elemental sulfur
(Sg). This paper reports that the reaction, followed by a
cation exchange with PPhyBr, gave rise to a MoFe;S,
cubane cluster, (PPhy)[Cp*MoFe;S4(S'Bu)s] (2), and that
the subsequent ligand exchange reactions generated a ser-
ies of cubane clusters having a common Cp*Mo fragment,
(PPhy)[Cp"MoFe;S,X3] (X =SPh (3), Cl (4), I (5)). The
reactions of 5 with P'‘Bu; and ArNC/cobaltocene to give
Cp*™MoFe;S4I5(P'Bus) (6) and [Cp*MoFe;S4ArNC),]l
(7, ArNC = 2,6-diisopropylphenylisocyanide) are also
reported.

2. Experimental
2.1. General procedures, materials, and solvents

All manipulations were carried out under an atmosphere
of argon using a Schlenk technique, and solvents were
dried by standard methods. Cp*Mo(S'Bu); (1) [7b], 2,6-dii-
sopropylphenylisocyanide [10], and cobaltocene [11] was
synthesized according to literature procedures, while P'Bus
was purchased from Kanto Kagaku and used as received.
LiSPh and LiS‘Bu were prepared from the reactions of
PhSH and ‘BuSH with n-C4HoLi (1.6 M hexane solution)
in THF at 0°C prior to use. For the measurement of
UV-Vis spectra, a U-best-30 spectrometer was used. Infra-
red spectra were recorded on a Parkin Elmer 2000FT-IR
spectrometer. Elemental analyses were performed on a
LECO-CHNS microanalyzer where the crystalline samples
were sealed in thin silver tubes. Electrochemical studies
were preformed with an ALS model-700 electrochemical
analyzer, where the cell was equipped with a glassy carbon
disk as working electrode, a Pt auxiliary electrode, and an
SCE reference electrode. ("BusN)PF4 was used as a sup-
porting electrolyte.

2.2. Synthesis of (PPhy)[Cp*MoFes;S,(S'Bu)s] (2)

A THF (20 mL) solution of 1 (1.41 g, 2.83 mmol) was
added to a mixture of FeCl; (1.37 g, 8.45 mmol) and LiS‘Bu
(25.4 mmol) in the same solvent (80 mL), and the subse-
quent addition of elemental sulfur (0.36 g, 11.2 mmol) pro-
duced a deep brown solution. After 4 h of stirring at room
temperature, the solution was evaporated under vacuum to
dryness. The resulting solid was dissolved in warm CH;CN
(60 mL) and the solution was filtered. A CH;CN (30 mL)
solution of PPhyBr (0.95 g, 2.27 mmol) was added to the fil-
trate, and concentration of the solution gave a brown solid.
Recrystallization from CH3;CN afforded 1.86 g of 2 (58%).
ESI MS: m/z 796 ([Cp*MoFe3S4(S'Bu)3]7). UV-Vis (Amaxs
nm, (émax, mol~ ' dm®cm™') CH;CN): 391(7700). Anal.
Calc. for C46H62FC3MOPS7C2H3N: C, 49.07 ) H, 558, N,
1.19; S, 19.10. Found: C, 49.44; H, 5.50; N, 1.30; S, 18.96%.

2.3. Synthesis of (PPhy)[Cp*MoFe3S,(SPh)3] (3)

Method A. Addition of a THF (60 mL) solution of
LiSPh (47 mmol) into a slurry of Cp*MoCl; (0.87 g,
2.3 mmol) in THF (15mL) at 0 °C gave a dark red solu-
tion. The solution was stirred at room temperature for
1 h, to which a slurry of FeCl; (0.89 g, 7.0 mmol) and ele-
mental sulfur (0.30 g, 9.35 mmol) in THF (40 mL) was
added, to find that the color immediately turned deep
brown. After the mixture was stirred for additional 6 h,
volatile materials were removed in vacuo. The residue
was dissolved in CH3CN (20mL) and centrifuged to
remove an insoluble material. A solution of PPhyBr
(0.98 g, 2.3 mmol) in CH;CN (20 mL) was added to the
supernatant. Concentration of the supernatant and the
subsequent cooling to —20 °C gave a brown powder, which
was recrystallized from CH3;CN to yield brown needles of 3
(1.37 g, 48%). ESI MS: m/z 856 ([Cp*MoFe;S4(SPh);]7).
UV-Vis (Amax, nm, CH3CN): 450 sh. Anal. Calc. for
Cs,HsoFesMoPS,C,H;3N: C, 52.52; H, 4.33; N, 1.13; S,
18.18. Found: C, 52.31; H, 4.22; N, 1.14; S, 18.91%.

Method B. Benzenethiol (0.25 mL, 2.4 mmol) was added
to a solution of 2 (0.87 g, 0.74 mmol) in CH3CN (20 mL).
The reaction mixture was stirred for 30 min, and the solu-
tion was concentrated slowly for 10 min to remove ‘BuSH.
Addition of ether to the resulting solution and cooling to
—20 °C gave rise to the deposition of 3 as black crystals
in 72% (0.66 g).

2.4. Synthesis of (PPhy)[Cp*MoFe;S,Cl3] (4)

To a solution of 2 (2.13 g, 1.81 mmol) in CH;CN
(80 mL) was added 2.2 mL of benzoyl chloride (19 mmol).
A color of the solution changed from dark yellow to
brown. After 1 h of stirring at room temperature, the solu-
tion was concentrated. Slow addition of ether resulted in
the precipitation of black crystals. The solution was dec-
anted, and the crystals were washed with ether to give
1.16 g of 4 in 68% yield. "H NMR (CD;CN): § 7.6-8.0
(PPhy), —4.74 (Cp®, br). IR (KBr): 1588 (w), 1485 (m),
1441 (s), 1434 (s), 1119 (s), 1028 (w), 1003 (w), 755 (w),
728 (s), 692 (s), 409 (w) cm'. ESI MS: m/z 634
([Cp*™MoFeS4Cl5]7). UV-Vis (Amax, nm): 340. Anal. Calc.
for Ci4HjsFes;ClzMoPS,: C, 41.98; H, 3.63; S, 13.19.
Found: C, 41.64; H, 3.56; S, 13.10%.

2.5. Synthesis of (PPhy)[Cp*MoFeS;] (5)

Sodium iodide (0.43 g, 2.9 mmol) was added to 4
(0.40 g, 0.41 mmol) in CH3CN (50 mL). The color of reac-
tion mixture immediately became yellow-brown. The solu-
tion was stirred overnight at room temperature and was
centrifuged to remove a white solid. Concentration of the
solvent in vacuo resulted in the deposition of 5 as black
microcrystals (0.40 g, 77%). '"H NMR (CDCl5): d 7.6-8.5
(PPhy), —4.16 (Cp", br). IR (KBr): 1483 (m), 1435 (s),
1376 (m), 1108 (s), 1024 (w), 997 (w), 749 (w), 723 (s),
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689 (s), 526 (s), 409 (w) cm~'. UV-Vis (Amax, nm): 340.
Anal. Calc. for C34H35FC3I3MOPS4C2H3NZ C, 3357, H,
2.97; N, 1.09; S, 9.96. Found: C, 33.58; H, 3.14; N, 0.98;
S, 9.86%.

2.6. Synthesis of Cp*MoFe;S,>(P'Buz) (6)

P'Bu; (0.41 g, 2.0 mmol) in THF (45 mL) was added to
a solution of 5 (1.43 g, 1.15 mmol) in CH3CN (45 mL) at
room temperature with stirring. After 4 h, the mixture
was centrifuged and the solvent was removed in vacuo.
The residue was washed with CH;CN, CH;OH, and
ether, leaving crude 6 as black powder. Recrystallization
from THF/hexane yielded black crystals of 6 (0.80 g,
71%). '"H NMR (CDCl;): § 10.52 (P'Bus, br), —2.16
(Cp*, br). IR (KBr): 2998 (s), 2953 (s), 2908 (s), 1481
(s), 1471 (s), 1443 (s), 1425 (s), 1393 (s), 1377 (s), 1172
(s), 1023 (s) cm™'. UV-Vis (Amax, nm (¢, M 'em™h),
THF): 340 (sh, 14000). Anal. Calc. for C,,HgFesls.
MoPS,: C, 26.88; H, 4.31; S, 13.05. Found: C, 27.11; H,
4.33; S, 13.13%.

2.7. Reaction of (PPhy)[Cp*MoFe3S,Cl;] (4) with ArNC
and Cp,Co

Addition of a CH3CN solution of cobaltocene (64 mg,
34 mmol) into a mixture of 4 (0.33 g, 0.34 mmol) and
ArNC (0.40 g, 2.1 mmol) in 40 mL of CH;CN caused an
immediate precipitation of a brown powder. After 5h of
stirring at room temperature, the solution was decanted

to leave crude Fe4 S4(ArNC)oCl (7) as brown powder.
Recrystallization from toluene/hexane afforded black rods
of 7 (0.12 g). IR (KBr): 2100 (s, vnc), 2060 (s, vne) cem L.
Anal. Calc. for C117H153C1FC4N984C4H80: C, 6776,
H,7.57; N, 5.88; S, 5.98. Found: C, 67.28; H, 7.70; N,
5.61; S, 6.20%.

2.8. Synthesis of [Cp*MoFe3S,(ArNC),]I (8)

A solution of cobaltocene (48 mg, 2.4 mmol) in 5 mL
of CH;3CN was added to a stirred yellow-brown solution
of 5 (0.31 g, 0.25 mmol) and ArNC (0.45 g, 2.4 mmol) in
CH;CN (40 mL) at room temperature. The solution
turned dark brown. After the reaction mixture was stirred
overnight, the solvent was removed in vacuo to leave a
dark brown oil. The resulting oil was treated with toluene
(100 mL) and centrifuged to remove an insoluble material.
Concentration of the supernatant resulted in the deposi-
tion of 8 as dark brown crystals (0.45g, 91%). IR
(KBr): 2080 (s, vnc) cm~ . UV-Vis (4, nm): 340 (sh).
Anal. Calc. for C101H134Fe312MON7S4C7H83 C, 6306, H,
6.96; N, 4.77; S, 6.24. Found: C, 63.21; H, 7.08; N,
4.28; S, 5.95%.

2.9. X-ray crystal structure determination

Crystal data, data collection, and refinement parameters
for all structurally characterized complexes are summa-
rized in Table 1. Single crystals of 4 and 5 were obtained
from CH;CN solutions. Slow diffusion of hexane into the

Table 1
Crystal data for (PPhy)[Cp*MoFe;S4Cl5] (4), (PPhy)[Cp*MoFe;S,l5] (5), Cp*MoFe;S4l5(P'Bus) (6), and [Cp*MoFe;S4(ArNC),]I (8)

4 5 6 8
Formula C34H36S4C13PFC3MO C34H3GS413PFC3MOC2H3N C22H425412PFC3M0 C]O]H134N7S4IFG3M02C7H8
Molecular weight (g mol™!) 972.70 1289.12 983.08 2149.12
Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic
Space group P2,/c (No. 14) P2,/c (No. 14) Pbca (No. 61) P2,/n (No. 14)
Color of crystal Black Black Black Black
Crystal size 0.80%0.20 % 0.10 0.70 x0.30 x 0.15 0.30 % 0.25 % 0.20 0.25%x0.10 x 0.05
a (10\) 18.100(5) 15.732(2) 18.7132(2) 16.7985(8)
b (A) 11.677(9) 9.1851(4) 17.1809(2) 27.8763(3)
¢ (A) 19.292(5) 30.7374(7) 21.2565(4) 24.5502(3)
B (°) 108.55(2) 92.936(1) 103.1322(4)
V(A3) 3862(3) 4435.8(4) 6834.2(3) 11195.7(4)
V4 4 4 8 4
Peate (g cm™3) 1.673 1.930 1.911 1.275
w(MoKa) (cm™) 19.09 35.75 37.15 8.89
Number of unique reflections 7159 8975 7721 24903
Number of observations data® 3511 7266 6615 11858
Number of parameters residuals 410 442 298 1145
R® 0.041 0.057 0.028 0.079
Rw* 0.046 0.072 0.040 0.079
GOF ¢ 1.41 2.37 1.59 2.05

& Observation criterion 1> 3o(1).
® R=Y|Fo| - |FI/SIF,).
¢ Rw=[{3>w(|Fo| - |F0|)2}/ZWF02]1/2~

4 GOF = S| Fo| — [Fe))*/(Ng — Np)]'/z, where N, and N, denote the number of data and parameters.
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THF solution gave crystals of 6, while crystals of 8 were
obtained from the toluene solution. Crystals of 4 suitable
for X-ray analysis were mounted in glass capillaries and
sealed under argon. Diffraction data were collected at room
temperature on a Rigaku AFC7R diffractometer employ-
ing graphite-monochromated MoKa radiation (4 =0.710
690 A) and using the ®-20 scan technique. Refined cell
dimensions and their standard deviations were obtained
by least-squares refinements of 25 randomly selected cen-
tered reflections. Three standard reflections, monitored
periodically for crystal decomposition or movement,
showed slight intensity variation over the course of the data
collections. The raw intensities were corrected for Lorentz
and polarization effects. Empirical absorption corrections
based on \y scans were applied.

Crystals of 5, 6, and 8 were mounted at the top of a
quartz fiber using grease, which were set on a Rigaku
AFC7 equipped with a MSC/ADSC Quantum1 CCD detec-
tor. The measurements were made by using Mo Ka radia-
tion at —100°C under a cold nitrogen stream. Four
preliminary data frames were measured at 0.5° increments
of w, in order to assess the crystal quality and calculate pre-
liminary unit cell parameters. The intensity images were
measured at 0.5 ° intervals of w for duration of 87 s for 5,
82 s for 6, and 100 s for 8. The frame data were integrated
using a d*TREK program package, and the data sets were cor-
rected empirically for absorption using the REQAB program.

All calculations were performed with a TEXSAN program
package. All structures were solved by direct methods, and
the structures were refined by full-matrix least squares.
Anisotropic refinement was applied to all non-hydrogen
atoms, and all the hydrogen atoms were put at calculated
positions. Crystals of 5 and 8 contain crystal solvents, ace-
tonitrile (5) and toluene (8), and the toluene carbon atoms
of 8 were refined isotropically. Additional information is
available as supporting information.

3. Results and discussion

3.1. Synthesis of (PPhy)[Cp*MoFe;S,X;] (X =S"Bu (2),
SPh (3), Cl (4),1(5))

We previously reported that the reaction of Cp*Mo-
(S'Bu)s(1) with FeCl; in THF resulted in C—-S bond cleav-
age of the thiolate, yielding a Mo,Fe,S; cubane cluster
Cp*,Mo,Fe;S4Cl, [9]. Activation of the C-S bond was
facilitated by an oxidant FeCl;, suggesting that 1 may
serve as a building block for another class of heteronuclear
clusters if a suitable oxidant is employed. It is known that
elemental sulfur (Sg) is capable of acting as an oxidizing
reagent toward thiolato complexes [la,12,13], and treat-
ment of iron thiolato complexes with elemental sulfur
was reported to generate various Fe/S/SR clusters such
as [Fe;Sx(SR)aF™, [FesSq(SR)aI'™, and [FesSy(SR)aF~
[12]. We also found that elemental sulfur promotes oxida-
tion of the Mo(IV) center of 1, producing an Mo(VI) com-
plex Cp*Mo(S)»(S'Bu) [9].

In this context, we examined the reaction of 1 with
FeCl; in the presence of LiS'‘Bu and elemental sulfur,
anticipating that this might provide a new synthetic route
to molybdenum/iron/sulfide clusters. Thus, a THF solu-
tion of 1 was added to a mixture of FeCl; and LiS’Bu in
the same solvent, and the subsequent addition of elemental
sulfur gave a deep brown solution, from which a MoFe;S,
cubane cluster anion [Cp*MoFe;S4(S'Bu);]” was gener-
ated. This cubane cluster was isolated as dark brown crys-
tals of (PPhy)[Cp"™MoFe;S4(S'Bu);] (2), after the cation
exchange reaction with PPhyBr in CH3CN. The yield of
2 reached 58%, when the molar ratio of the reactants
was adjusted to 1:FeCls:LiS‘Bu:S:PPh,Br = 1:3:9:1:0.8.
Although assignment of oxidation numbers to the metal
atoms in clusters is often obscure, one possible choice
would be Mo(V) + 3Fe(II).

Cp*Mo(S'Bu); + 3FeCly + 9'BuSLi + 1/2Sg

(PPhy)

1) in THF SF
2) PPh,Br in CHCN

2,58 %

Substitution reactions of the thiolate in 2 with anionic
ligands were investigated. First, benzenethiol was found
to react readily with complex 2 and to replace the tert-
butylthiolate  ligands,  generating  (PPh4)[Cp*Mo-
Fe;S4(SPh);] (3) in 72% yield. This cluster anion was also
assembled at room temperature from the reaction
between Cp*MoCl, and excess LiSPh in THF, which pre-
sumably generates Cp*Mo(SPh);, and the subsequent
addition of FeCl; (3 equiv) and elemental sulfur (4 equiv
based on S). The phosphonium salt (3) was isolated in
48% yield, after a cation exchange with PPhyBr in
CH;CN. As was mentioned earlier in this section, the
Mo,Fe,S, cluster, Cp*,Mo,Fe,S,Cl,, was formed when
1 was treated with FeCl;, where sulfide was presumably
derived from tert-butylthiolate of 1 via C-S bond cleav-
age. In contrast, addition of elemental sulfur and lithium
salt of tert-butylthiolate (or benzenethiolate) to the reac-
tion system ended up with the MoFe;S, clusters (2 and
3). It is likely that at least a part of the sulfide of 2 is
originated from elemental sulfur, and a part could come
from tert-butylthiolate via C-S bond rupture. In fact,
decrease of elemental sulfur in the reaction of 1/FeCls/
LiS’Bu/Sg/PPh,Br lowered the yield of 2. In the case of
the reaction of Cp*MoCl,/LiSPh/FeCl; in the absence
of elemental sulfur, the MoFe;S,; cluster (3) could not
be isolated, probably because C-S bond cleavage of ben-
zenethiolate is more difficult compared with that of terz-
butylthiolate
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Method A

Cp*MoCl; + 3FeCly + 20PhSLi + 1/2S8g

1) in THF
2) PPh4Br in CH4CN

in CHsCN

3; Method A, 48 %; Method B, 72 %

(PPh,)[Cp"MoFe3S,(S'Bu)s) + 3PhSH

Method B

It was also possible to substitute the thiolato ligand of 2
with chloride, then with iodide. Addition of an excess of
benzoyl chloride to a CH3CN solution of 2 resulted in the
formation of (PPhy)[Cp*MoFe;S,Cl;] (4), which was
obtained as black crystals in 68% yield. Further treatment
of 4 with sodium iodide in CH3CN gave rise to the iodide
analogue of 4, (PPhy)[Cp*"MoFe;S415] (5). These synthetic
methods to substitute thiolates on transition metal ions with
halides are known, and have been used in the preparation of
Fe/Mo/S and Fe/S clusters with chloride or iodide on Fe
[14]. Conversely, treatment of 4 with 3 equiv of LiS’Bu or
LiSPh in CH;CN regenerated corresponding thiolato deriv-
atives 2 or 3 in good yields. During these ligand-substitution
reactions, the common MoFe;S, cubane core was retained.
However, the iodide derivative 5 is less robust than 4, and
we have not been successful to prepare 2 and 3 by the anal-
ogous reactions 5 with thiolates

Cp* S'Bu--
p\MD:-S‘g_;!:‘a
Sf_\f;é‘;-";s

Ro PhCOCI

e
N in CHoCN

Cp?

Combustion analyses of C, H, N, S for the crystalline
samples of 2-5 are all in good agreement with the formula-
tion, where 2 and 3 appear to be crystallized with CH;CN
as a crystal solvent. X-ray fluorescence microanalysis gave
the reasonable Mo:Fe:S:P ratio expected for 2 and 3, and
Mo:Fe:S:P:CI(I) ratios for 4 and 5, respectively. Formation
of the MoFe;S, cluster anions in solution was also con-
firmed by the negative ESI mass spectra of 2-5, which show
the signals fitting in well with the calculated isotope pat-
terns. The '"H NMR spectra were measured for 4 and 5
in CD;CN. The paramagnetic nature of these clusters is
evident in the spectra, exhibiting broad Cp” signals at
0= —4.74 and —4.16 for 4 and 5, respectively. The cyclic
voltammogram of 2, 4 and 5 were measured in CH3;CN.
Two quasi-reversible redox couples were observed for 2
and 4 in the region of reduction, while for 5 there appeared
one quasi-reversible couple and one irreversible peak. The
E\/, and E, values are listed in Table 2. It is apparent that
the [MoFe;S4*" cubane core is more readily reduced as the
ligand on Fe is substituted from S'Bu to Cl and then to
I. The quasi-reversible redox couples are comparable to
those found for [MoFe;S,Cl3{3,6-(C5Hs),CsH,0,} (THF)],
[(C,04)XMoFe;S,CliP~ (X =Cl, CN), and [(mida)-
MoFe3S4Cl3]2*, which range from —0.75V to —1.13V
[14b,15].

The crystal structures of 4 and 5 were determined by X-
ray diffraction analysis, and the selected metric parameters
are summarized in Table 3. Because their structures are
nearly identical, only the ORTEP drawing of the anion
of 4 is presented in Fig. 1. The cubane core can be viewed
as a distorted MoFe; tetrahedron, to which four sulfur
atoms cap the trigonal faces. The average Mo-Fe and
Fe-Fe distances of 4 (2.759 A and 2.752A) and 5
(2736 A and 2.722 A) are similar to those of
[(C204)XMoFe;S,CIi P~ (X =Cl, CN; Mo-Fe, 2.747 A;
Fe-Fe, 2.718 A) and_ [(mida)MoFe;S4Cl,*~ (Mo-Fe,
2.730 A; Fe-Fe, 2.737 A) [15]. The observed short Mo-Fe
and Fe-Fe distances indicate the presence of metal-metal
bonding, and interestingly the average Mo—Fe bond dis-
tances are not very different from the average Fe-Fe dis-
tances despite the larger ionic radii of Mo. On the other
hand, the Mo-S bond lengths are 0.04-0.05 A longer than
the Fe-S lengths. The other geometrical parameters are
normal.

Table 2

Cyclic voltammetric data for 2, 4-6, and 8*

Compound Solvent Reduction(V)® Oxidation(V)®

2 CH;CN —1.27, qr; —1.44, qr —0.10, irr, —0.40, qr
4 CH;CN —0.84, qr; —1.16, qr 0.04, irr

5 CH;CN —0.64, qr; —1.12, irr

6 THF —0.48, qr; —0.83, qr 0.15, irr

8 THF —1.12, qr —0.02, irr; 0.82, irr

# qr = Quasi-reversible redox couple, irr = irreversible signal.
® V vs. SCE; E, > values for qr and E;, values for irr.
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Selected bond distances (A) and angles (°) for (PPhy)[Cp*MoFe3S,Cls] (4)
and (PPhy)[Cp*MoFe;S,15] (5)

4 5

Mo-Fel 2.752(2) 2.734(1)

Mo-Fe2 2.759(1) 2.734(1)

Mo-Fe3 2.767(1) 2.740(1)

Fel-Fe2 2.727(2) 2.695(1)

Fel Fe3 2.768(2) 2.735(2)

Fe2-Fe3 2.762(2) 2.737(1)

av Mo-S 2.322 2.327

Range 2.313(2)-2.329(2) 2.321(2)-2.332(2)
av Fe-S 2.282 2.276

Range 2.272(3)-2.299(3) 2.262(2)-2.280(2)
av Fe-X 2.200 2.540

Range 2.196(3)-2.205(3) 2.534(1)-2.547(1)
S-Mo-S 103.09 103.47

Range 102.81(8)-103.28(8) 103.37(6)-103.59(6)
Fe Mo Fe 59.84 59.67

Range 59.32(4)-60.22(4) 59.07(3)-59.99(3)
Mo-Fe Fe 60.08 60.16

Range 59.62(4)-60.47(4) 59.88(3)-60.47(3)
Fe Fe Fe 60.00 60.00

Range 59.09(5)-60.57(5) 59.01(4)-60.52(3)
Mo-S-Fe 73.67 72.89

Range 73.48(8)-73.86(7) 72.76(5)-73.00(5)
Fe-S-Fe 74.14 73.49

Range 72.94(7)-74.88(8) 72.50(6)-74.14(6)
Mo-Fe X 143.03 143.71

Range 140.21(9)-144.76(9) 141.15(4)-145.36(4)
S-Fe-X 114.1 113.73

Range 110.9(1)-118.8(1) 112.00(6)-117.54(6)

3.2. Reactions of [Cp*MoFe3S,X3]~ (X = CI, I) with P'Bus

and ArNC

The majority of transition metal sulfide clusters carry
negative charges and are soluble only in polar solvents,
where partial dissociation of anionic ligands often hampers

Fig. 1. Structure of the cluster anion of 4, showing 50% probability
ellipsoids and the atom-labeling scheme.

isolation of meta-stable cluster structures. In this respect,
synthesis of neutral MoFe3S, clusters is attractive, because
they may be dissolved in non-polar solvents, and assem-
blage of metal sulfide clusters in non-polar solvents would
expand the scope of cluster synthesis. In fact, we were suc-
cessful in isolating a [FegS;] cluster complex relevant to the
nitrogenase P-cluster, from a self-assembly reaction of
Fe(I) bis-amide, tetramethylthiourea (tmtu), 2,4,6-triiso-
propylbenzenethiol (HStip), and elemental sulfur (Sg) in
toluene [16]. We thus investigated the reactions of 4 and
5 with isocyanides and phosphines, aiming at isolation of
neutral MoFe;S, clusters.

When 5 was treated with a slight excess of P'Bus in
CH;CN, one of the iodide ligands came off as PPhyl, and
the void was occupied by phosphine, giving rise to a neutral
cluster Cp*MoFe;S41,(P'Bus) (6) as black crystals in 71%
yield. This neutral cluster is highly soluble in THF. In this
reaction, no redox process is involved, and the formal elec-
tronic configuration of [MoFe;S,* remains intact. On the
other hand, analogous ligand substitution of 4 did not
occur, and attempts to prepare the chloride analogue
Cp*"MoFe;S4Cl,(P'Bus) have failed. The different reactivity
between 4 and 5 toward P'Busarises probably from the
weaker Fe-I bond of 5 relative to the Fe—Cl bond of 4.
Interestingly, the reactions of cubane clusters [Fe4S4X4]2*
(X = Cl, Br, I) and [(Clacat)(CH;CN)MoFe;S,Cls*~ with
bulky tertiary phosphine were reported to occur in the
presence of NaBPhy, yielding the neutral clusters FesSu-
X(PtBU3)3 [17] and (C14cat)(CH3CN)M0F63$4(PR3)3
(R ='Bu, 'Pr) [8b], respectively. During these reactions,
the cubane core was reduced from [Fe,S," or
[MoFe;S4J*" to [FesS4]" or [MoFe;S4P+, where phosphine
appeared to act as a reducing agent
(PPh,)[Cp*MoFesSyla]

5
Cp; P!Bu,
N 7/
\—."'B“s Nl @)
in CHyCNITHF sal:fﬂg':s
1
6, 71 %

The X-ray-derived molecular structure of 6 is presented
in Fig. 2, and selected bond distances and angles are listed
in Table 4. The geometrical parameters of 6 are nearly
identical to those of 5, and the substitution of one iodide
ligand by P'Bus hardly changed the [MoFe;S,J*t core
geometry of 5. This is reasonable, because the transforma-
tion from 5 to 6 does not involve a redox process. The Fel-
P distance of 2.4306(8);\ is slightly shorter than those
found for  (Clycat)(CH;CN)MoFe;S4P'Bus);  (av.
2.453 A) [8b], Fe,S4(P'Bus)sCl (av. 2.458(7) A) [17], and
[FesS4(P'Bus)4)(BPhy) (av. 2.458(9) A) [6f]. The cyclic vol-
tammogram of 6 was measured in THF, which shows
one irreversible oxidation at 0.15V vs. SCE and two
quasi-reversible reduction at —0.48 V and —0.80 V. These
values are compared with the redox potentials of 2, 4,
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and 5 in Table 2. Evidently, the neutral cluster 6 is more
easily reduced than anionic 5, probably due to the differ-
ence in the overall charge.

The iron sulfide clusters [Fe4S4X4]2* (X =Cl, Br) were
reported to react with RNC (R = ‘Bu, CHj3), resulting in
the corresponding neutral clusters FesS4X,(RNC)g [18].
In these reactions, the [Fe,S4*" core is not reduced. Our
attempts to react 4 and 5 with ‘BuNC and ArNC
(ArNC = 2,6-diisopropylphenylisocyanide), however, did
not lead to isolable products. On the other hand, the reduc-
tion of [FesS414F*~ was recently attained by cobaltocene in
the presence of arylisocyanide, and yet another neutral
cluster FesS41(2,6-Me,CgH3NC)y was obtained [6h]. The
electrochemical data shown in Table 2 indicate that 4 and
5 could also be reduced by cobaltocene (—0.91V vs.
SCE) [19]. Therefore, we examined the reactions of 4 and

Fig. 2. Structure of 6, showing 50% probability ellipsoids and the atom-
labeling scheme.

Table 4
Selected bond distances (A) and angles (°) for Cp*MoFeS,I,(P'Bus) (6)
Mo-Fel 2.7256(4) Fel-P 2.4306(8)
Mo-Fe2 2.7372(5) Fe2-11 2.5356(5)
Mo-Fe3 2.7454(4) Fe3-12 2.5260(4)
Fel-Fe2 2.6839(6) av Mo-S 2.3232
Fel-Fe3 2.7225(6) Range 2.3152(7)-2.3301(7)
Fe2-Fe3 2.7497(6) av Fe-S 2.2690
Range 2.2311(8)-2.2870(8)
av S-Mo-S 103.25 av Fe-Fe-1  146.33
Range 102.94(3)-103.74(3) Range 142.69(2)-149.23(2)
av Fe-Mo-Fe 59.58 av S-Fe-1 114.07
Range 58.85(1)-60.20(1) Range 110.35(2)-119.52(3)
av Mo-Fe-Fe 60.56
Range 60.36(1)-60.79(1) S1-Fel-P 111.01(3)
av Fe-Fe-Fe  60.00 S2-Fel-P 120.03(3)
Range 58.74(1)-61.14(1) S4-Fel-P 108.98(3)
av Mo-S-Fe  73.09 Mo-Fe2-11  144.33(2)
Range 72.79(2)-73.41(2) Mo-Fe3-12  138.79(2)
av Fe-S-Fe 73.67 Mo-Fel-P  149.67(2)
Range 72.08(2)-75.06(3) Fe2-Fel-P  136.63(2)
Fe3-Fel-P 145.30(2)

5 with cobaltocene in the presence of 1equiv of ArNC.
In the case of 4, the reduction reaction occurred in a com-
plicate manner, involving a metal-displacement of the
MoFe3S, core, from which we were able to isolate only
an [FesS4]" cluster FesS4CI(ArNC)o (7) as black crystals.
The cluster 7 was characterized based on IR and elemental
analysis, where 7 was crystallized with THF as a crystal
solvent. In contrast, the reduction of 5 by cobaltocene pro-
ceeded as was expected, and an cationic cubane cluster
[Cp*MoFe;S4(ArNC), ]I (8) was obtained as dark brown
crystals in a good yield. During the reaction, the cluster
core [MoFe;S,F" was reduced to [MoFe;S,*". The IR
spectrum of 8 shows a N=C stretching band at
2080 cm ', while the N=C bands of 7 appear at 2060
and 2100cm~'. The cyclic voltammogram of 8 was
recorded in THF, and the data are added to Table 2. A
quasi-reversible redox couple in the region of reduction
was observed at the potential (E),;) more negative than
those of 4-6. This trend is understandable because the
[MOFC3S4]2+ core of 8 is more electron rich, and thus more
difficult to be reduced, than the [MoFe;S4** core of 4-6.
In this regard, it is interesting that the corresponding £/,
values of 2 are more negative than that of 8

L L

L, | _S—p,—L

Felig~
X =Cl Tl |T | L
_Fe|—
SSSFel>
cil” | L
L
7
(PPh,)[Cp*MoFesS,Xs] + ArNC )
L
R | _L
NTQZ%?FG:L
o (1
X=I s{‘;';;s
v\
L= ANC L
in CHaCN
8 91%

According to the X-ray analysis, an asymmetric unit of
crystals of 8 consists of one cationic cubane cluster of
[Cp*MoFesS4(ArNC),], one discrete iodide, and two tolu-
ene molecules. The structure of the cluster cation is pre-
sented in Fig. 3, and selected bond distances and angles
are listed in Table 5. To the cuboidal MoFesS,; frame,
one Cp* and seven isocyanide ligands are bound. Given
seven isocyanides, coordination geometries of the three
irons are not chemically equivalent. There are one octahe-
dral Fe atom carrying three isocyanide ligands, and two tri-
gonal-bipyramidal Fe atoms with two isocyanide. As a
consequence, the MoFes;S,; core structure of 8 departs
markedly from those of 4-6. The most notable deformation
comes from elongation of the meal-metal and iron—sulfur
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Fig. 3. Structure of the cluster cation of 8, showing 50% probability
ellipsoids and the atom-labeling scheme. The aryl groups of isocyanide are
omitted for clarity.

distances associated with the octahedral Fe. Both the Mo-
Fe(octahedral) distance of 2.915(2) A and Fe(octahedral)-
Fe(trigonal-bipyramidal) distances of 3.367(2) A and

Table 5
Selected bond distances (10\) and angles (°) for [Cp*MoFeS4(ArNC),]I (8)
Mo-Fel 2.915(2) Fel-S1 2.314(3)
Mo-Fe2 2.746(2) Fel-S3 2.326(3)
Mo-Fe3 2.752(2) Fel-S4 2.325(3)
Fel-Fe2 3.367(2) Fe2-S1 2.267(3)
Fel-Fe3 3.352(2) Fe2-S2 2.173(3)
Fe2-Fe3 2.665(2) Fe2-S4 2.248(3)
Mo-Sl1 2.291(3) Fe3-S2 2.183(3)
Mo-S2 2.348(3) Fe3-S3 2.245(3)
Mo-S3 2.297(3) Fe3-S4 2.284(3)
Fel-Cl1 1.84(1) NI1-C11 1.16(1)
Fel-C24 1.85(1) N2-C24 1.18(1)
Fel-C37 1.85(1) N3-C37 1.16(1)
Fe2-C50 1.81(1) N4-C50 1.18(1)
Fe2-C63 1.84(1) N5-C63 1.18(1)
Fe3-C77 1.84(1) N6-C77 1.16(1)
Fe3-C89 1.84(1) N7-C89 1.15(1)
Fel-Mo-Fe2 72.92(4) Mo-S1-Fel 78.54(8)
Fel-Mo-Fe3 72.46(4) Mo-S1-Fe2 74.10(8)
Fe2-Mo-Fe3 58.00(4) Mo-S2-Fe2 74.68(8)
Mo-Fel-Fe2 51.22(4) Mo-S2-Fe3 74.70(9)
Mo-Fel-Fe3 51.52(3) Mo-S3-Fe2 78.17(8)
Mo-Fe2-Fel 55.86(4) Mo-S3-Fe3 74.59(8)
Mo-Fe2-Fe3 61.12(4) Fel-S1-Fe2 94.61(9)
Mo-Fe3-Fel 56.02(4) Fe2-S2-Fe3 75.45(9)
Mo-Fe3-Fe2 60.88(4) Fel-S3-Fe3 94.3(1)
Fel-S4-Fe2 94.8(1)
Fel-S4-Fe3 93.3(1)
Fe2-S4-Fe3 72.04(9)
Fel-C11-Nl1 171.9(9) Cl11-N1-C12 175(1)
Fel-C24-N2 172.8(9) C24-N2-C25 166.2(9)
Fel-C37-N3 176.7(9) C37-N3-C38 169(1)
Fe2-C50-N4 175.7(8) C50-N4-C51 170(1)
Fe2-C63-N5 175.5(9) C63-N5-C64 174(1)
Fe3-C76-N6 174.3(9) C76-N6-C77 173(1)
Fe3-C89-N7 177.3(9) C89-N7-C90 166(1)

3.352(2) A are substantially longer than the corresponding
metal-metal distances of 4-6, while the other metal-metal
distances of 8 are comparable to 4-6. It appears that the
octahedral Fe is electronically saturated and does not form
strong metal-metal bonds. Likewise, the Fe(octahedral)-S
bond lengths (av. 2.322 A) are longer than those of 4-6,
and than Fe(trigonal-bipyramidal)-S bonds (av. 2.233 A).
A similar distortion of the MoFe;S; core geometry
was observed for [MoFe;S4(S,CNEt,)s] and MoFe;S,-
(S,CNR3)5 (R = Et, Bu, CsHj) [20]. The other intriguing
geometrical features of 8 are the planar arrangement of
Fe2, Fe3, S2, and S4, and the relatively short Fe2-S2 and
F3-S2 bonds concomitant with the long Mo-S2 bond.

Noteworthy here is difference in the coordination geom-
etries at Fe between 8 and 7 (or Fe S41(2,6-Me>,CgH3NC)y)
[6h]. For the latter two Fe,sS, clusters, aside from the tetra-
hedral Fe atom which binds chloride (or iodide), each of
the remaining three Fe atoms carries three isocyanides,
whereas for 8 two Fe atoms each binds only two isocya-
nides. This may be attributed to the steric bulk of Cp”,
or to the electronic property characteristic of the Cp*Mo
moiety in the [MoFe;S,] cluster.

4. Supplementary material

Crystallographic data for the structures reported in this
paper have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC No. 609450 for compound
4, CCDC No. 609451 for compound 5, CCDC No.
609452 for compound 6, and CCDC No. 609453 for com-
pound 8. Copies of this information may be obtained free
of charge from the Director, CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK (fax: +44 1223 336033; e-mail: depos-
it@ccdc.cam.ac.uk or www: http://www.ccde.cam.ac.uk).
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