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Abstract. The synthesis of multimetallic M/S clusters by the re-
ductive coupling of dimeric building blocks appears to be of gen-
eral utility. In this paper we describe the synthesis and characteriz-

ation of new single cubanes with cores such as [Mo,Fe,S,]** and
[MOFC3S4]3+’2+.
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Introduction

New crystallographic evidence of the presence of a light
atom at the center of the FeMo-cofactor [1], the active site
for N, “fixation” in nitrogenase [2], introduced a structural
feature that now presents an additional challenge in the
synthesis of nitrogenase-cofactor analog clusters. Un-
raveling the uncertainty [3] regarding the nature of this light
atom, will probably involve biologists, spectroscopists and
synthetic chemists. As of now synthetic efforts have not
been successful in creating a synthetic analogue. These ef-
forts are mainly centered on the synthesis and studies of
single Fe/Mo/S cubanes [4] and more recently double-fused
cubanes with the Mo,FeqSg core [5]. The later, are closer in
composition with the active site structure, and potentially
may undergo core rearrangements to structures close to
that of the FeMo-cofactor.

A rational synthetic pathway to FeMoS clusters, devel-
oped in our laboratories, involves the reductive coupling of
Fe,S, and MoFeS, dimers in the presence of trialkyl phos-
phines [6]. A number of single MoFe;S,; cubanes as well as
the double-fused cubanes Mo,FesSg have been synthesized
based on this methodology, and include [(Clycat)(L)-
MoFe;S,Cls)>~, [(Clycat)(L)Mo,Fe,S;0 (PEt;);CIP~ (L =
THEF, CH;CN) and (Clycat),Mo,FesSg(PR5)s (R = Et, Bu, Pr).
In this paper we describe the synthesis and characterization
of four new single cubanes, (Cls-cat)(py)MoFe;S4(PCys)s,
(D) (Cly-cat)(THF)MoFe;S,(PMe’Bu,);, (I) (Cly-cat)(PTA)-
MoFe;S,Cls[Fe(DMF)s] (PTA = 1,3,5 triaza-7phospha-
adamantane), (IIT) and (Cly-cat),Mo,Fe;S4(PPrs3)y, (IV).
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Experimental Section

General

All experiments and reactions were carried out under a dinitrogen
atmosphere using standard Schlenk line techniques or in an inert
atmosphere glove box.All solvents were distilled under dinitrogen
and nitrogen gas was bubbled through each before use in the glove
box. Acetonitrile was pre-dried over oven-dried molecular sieves
and distilled over CaH,. Ethyl ether and THF were pre-dried over
Na ribbon and further purified by the Sodium-Benzoketyl method.
Dichloromethane was distilled over CaH,. Tetrachlorocatechol
(Cly-catH,) (Lancaster) was dissolved in ethyl ether and the con-
centrated solution was treated with activated charcoal (Aldrich).
After a few hours, the mixture was filtered by gravity filtration and
the process continued until the ether solution contained no dark
brown color. Once the color of the diethyl ether solution became
lighter, the solvent was removed by nitrogen purging and the resi-
due was dried under vacuum. Anhydrous FeCl,, P"Pr;, PCys,
PMe'Bu,, NaPFg, and NaBPhy were purchased from STREM or
Aldrich and used without further purification. (NHy),[M00O,S;] [7],
(Et4N),[FeCly] [8], (EtyN)[FeCly], (EtyN),[Fe,S,Cly] [9] and pta
(1,3,5 triaza-7phospha-adamantane) [10] were synthesized accord-
ing to published methods after slight modifications.

FT-IR spectra were collected on a Nicolet DX V. 4.56 FT-IR spec-
trometer in KBr pellets and the spectra were corrected for back-
ground. Elemental analyses were performed by the Microanalytical
Laboratory at the University of Michigan. The data were corrected
using acetanilide as a standard. Electronic spectra were recorded
on a Varian CARY 1E UV-Visible spectrometer. Allcyclic voltam-
metry experiments were carried out with glass working and Ag/
AgCl reference electrode with 0.1M of BuyNPF¢ supporting elec-
trolyte in a EG&G Princeton potentiostat/galvanostat Model
263A. The redox potentials were reported vs SCE. ((rev),reversible;
(qr), quasi-reversible; (irr), irreversible).

The compounds of primary interest are designated as follows:

(Cly-cat)(py)MoFe;S4(PCy3)3 I
(Cly-cat)(THF)MoFe;S4(PMe'Bu,); 11
[(Cl-cat)(PTA)MoFe;S,Cl,][Fe(DMF)s]  III
[(Cly-cat),(P"Pr3),MoyFe,Sy(PPPr3),)] v
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(Cly-cat)(pyr)MoFe;S,(PCy3); (I)

0.75g (0.93 mmol) of (EtyN),[(Cly-cat)MoOS,FeCl,] were dis-
solved in ~ 30 ml of acetonitrile followed by the addition of 0.49 g
of (Et4N),[Fe,S>Cly]. 1.18 g of P(C¢H )5 were dissolved in 5 ml of
pyridine and were subsequently added via a syringe to the aceto-
nitrile mixture dropwise and under vigorous stirring. 0.94 g
(5.58 mmol) of NaPF4 were then added. The reaction mixture was
stirred for 2 days. The precipitate that formed was collected via
filtration through a fritted funnel with celite, and was washed thor-
oughly with acetonitrile, methanol and hexanes. The black solid
was then dissolved in 25 ml of CH,Cl, and layered with hexanes.
500 mg of crystalline material were isolated (35 % yield). Crystals
of the product, suitable for X-Ray structure determination, were
obtained from an ether solution of this compound, through slow
evaporation of the solvent. Black rhombic crystals isolated were
suitable for X-Ray determination. Analysis. Calculated for Mo-
Fe;0,P5S,ClyCesHioq (I). (MW 1557.42): C, 50.09; H, 6.73.; N,
0.90 Found: C, 50.74; H, 6.95; N, 0.74 %.

FT-IR (KBr, cm~") 3004(w), 2961(m), 2925(m), 2860(m), 1481(m), 1431(vs),
1391(m), 1375(m), 1283(w), 1255(s), 1217(m), 1183(m), 1170(m), 1098(m),

1062(m), 1030(m), 1000(m), 978(s), 839(s), 807(s), 781(s), 695(m), 630(w),
558(m), 541(m), 441(w), 425(m), 411(m).

[(Cl,~cat)(THF)MoFe;S ,(PMe'Bu,)s] (II)

The same procedure (see above) as for cluster I was used with 0.55 g
(0.68 mmol) of (Et4N),[(Cls-cat)yMoOS,FeCl,], 0.37 g (0.68 mmol)
of (Et4N),[Fe,S,Cly], 0.5g (0.9 ml, 3.11 mmol) of PMe'Bu, in
12 ml of acetonitrile, and 0.63 g (3.78 mmol) of NaPFg in 20 ml of
MeCN. A black-colored powder was isolated after filtration and
thorough washing with acetonitrile, methanol, and hexanes. The
compound was recrystallized from dichloromethane and hexanes
to afford 200 mg (27 % yield) of the product. Black crystals that
were isolated were suitable for X-Ray determination. Analysis. Cal-
culated for MoFe;05P;5S,Cl1,C5,Hg7, (IT), (MW 1186.30): C, 37.45;
H, 5.69. Found: C, 37.74; H, 5.84 %.

[(Cl-cat)(PTA)MoFeS,CL[Fe(DMF)s] (III)

1.5g (1.85mmol) of (Et4N),[(Cly-cat)lOMoS,FeCl,] and 1g
(1.73 mmol) of (Et4N),[Fe,S,Cly] were dissolved in 20 ml of aceto-
nitrile followed by the addition of 0.58 g (3.70 mmol) of PTA, and
0.93 g (5.55 mmol) of NaPF,. The reaction was stirred 2 days be-
fore it was filtered. The precipitate was washed thoroughly with
acetonitrile, methanol, THF and ether. Most of the resulting mate-
rial was extracted with 75 ml of DMF. Black colored powder of
[(Cly-cat)(pta)MoFe;S,Cls][Fe(DMF)s] (I1I). (350 mg, 10.8 % yield)
was isolated after filtration. Black crystals were obtained from slow
diffusion of ether to a DMF solution of compound III. Analysis.
Calculated for MoFe,;0,PS,Cl;NgC,,Hs, (III), (MW 1327.48): C,
24.43; H, 3.95; N, 8.44. Found: C, 24.98; H, 4.14; N, 9.12 %.

(Cl4-cat)zMOZFezs4(PnPr3)4 (IV)

To a solution of (Et4N),[(Cls-cat)YOMoS,FeCl,] (1.1 g, 1.36 mmol)
and (Et4N),[Fe,S,Cly] (0.72 g, 1.25 mmol) in 30 mL CH;CN, P"Pr;
(1.9 mL, 9.2 mmol) was added dropwise via a syringe while stirring.
A solution of NaPFg (1.4 g, 8.3 mmol) in S mL CH;CN was then
added followed by the addition of BuyNOH (2.7 mL 1M THF solu-
tion, 2.7 mmol). The reaction mixture was stirred overnight at
room temperature and then filtered through celite. The solvent was
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pulled off in the filtrate using N, stream leaving a black solid which
was washed with MeOH and dissolved in Et,O. Slow evaporation
of Et,0 afforded the product as black needle-shaped crystals suit-
able for x-ray structure determination.

IR (KBr, cm™!): 2962(s), 2931(m), 2871(m), 1435(s), 1378(m), 1288(w),
1252(s), 1087(s), 976(s), 904(w), 807(s), 779(ms), 530(m).

X-ray crystallography

All diffraction data were collected at the University of Michigan
X-Ray facility, at low temperatures ranging from 123(2) to 158(2) K
to avoid crystal decay during data collection, using a SIEMENS
SMART area X-ray diffractometer equipped with an LT-2 low tem-
perature device and normal focus Mo-target X-ray tube (AL =
0.71073 A). All diffraction data were processed with SADABS for
absorption correction [11]. The positions of heavy atoms were
found by direct methods in E-maps using the software solution
program in SHELXTL v.6.1 [12]. Subsequent cycles of least-
squares refinement followed by difference Fourier synthesis pro-
duced the positions of the remaining non-hydrogen atoms; which
were refined anisotropically unless stated otherwise. All hydrogen
atoms were placed in ideal positions and refined as riding atoms
with individual (or group if appropriate) isotropic thermal displace-
ment parameters. The crystal data and structural parameters are
shown in Table 1. All space group assignments were determined
based on systematic absences and intensity statistics and were con-
firmed by the program XPREP of the SHELXTL package.

The space groups for clusters I, II, III, and IV are P2,/c (mono-
clinic), P2,2,2, (orthorhombic), PI (triclinic), and C2/c (mono-
clinic), respectively. In cluster II the solvent molecule (THF) bound
to the Mo atom is disordered. In III The C atoms (Cl1, C4, C5,
C8, C9, and C10) as well as the N atoms (N1 (PTA ligand), N2,
and N6 (DMF ligands)) were treated isotropically. III crystalizes
with DMF solvent molecule in the lattice (one molecule in the
asymmetric unit). In IV the phosphine ligand bound on Fe(1) as
well as the phosphine C atoms (64, 65, 68, 69) are disordered. Re-
finement was performed after modeling these atoms in two differ-
ent sites (positions) and employing command Part. Highly dis-
ordered ether molecules also are found in the crystal lattice of IV.
Full matrix least-squares refinement based on F2 converged to R1
values of 0.0387, 0.0702, 0.0500 and 0.0596 and a wR2 value of
0.0985, 0.1682, 0.0992, and 0.1556 for I, II, III and IV, respectively.
Ortep diagrams for I, II, III and IV are provided in figures 1, 2, 3
and 4, respectively.

Results and Discussion

(Cly-cat)(py)MoFe;S,(PCys); (I), (Cly-cat)(THF)MoFe;S,
(PMeBu,); (IT)

The effect of phosphine ligand cone angles in the syn-
thesis of high nuclearity Mo/Fe/S clusters as discussed pre-
viously [Sb, 6] is also evident in the formation of clusters I
and II. When bulky phosphine ligands such as PCys, and
PMe'Bu, with cone angles of 170° and 145° respectively
[13], are used instead of PR3 (R: Et, "Pr, or "Bu), (in re-
ductive coupling syntheses), single cubanes with the
[MoFe;S,*" cores form. Double-fused cubanes with
(Mo,Fe4Ss) cores and [MoFe;S,J*>* subunits form with less
bulky phosphines. The double-fused cubane -clusters,
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Table 1 Crystallographic and refinement data for (Cly-cat)(pyr)MoFe;S4(PCys); (I), (Cly-cat)(THF)MoFes;S,(PMe'Bu,); (ID),
[(C14-Cat)(PTA)MOFe3S4C13][Fe(DMF)5] (III), [(Cl4—cat)Z(P"Pr3)2MOZFGZS4(P"Pr3)2)] (IV)

Compound 1 I 111 v

empirical formula C¢sHi04Cl,FesMoNO,P5S, C;33Hg3ClFesMoO;P3S, C35H50Cl;Fe,MoNyOgPS, C,43ClgFesMo0,06P,S,

formula weight 1557.93 1194.32 1451.90 1564.29

crystal system monoclinic orthorhombic triclinic monoclinic

space group P2,lc P2, 2,2, Pl C2le

a, A 12.921(3) 11.1008(8) 10.754(4) 40.648(10)

b A 22.446(5) 12.4407(9) 12.362(4) 20.242(5)

¢, A 25.633(5) 38.761(3) 21.086(7) 18.296(4)

o, deg 90.00 90 84.257(6) 90

B, deg 103.65(3) 90 76.848(5) 93.101

v, deg 90.00 90 74.699(6) 90

v, A3 7224(3) 5352.9(7) 2630.6(15) 15032(6)

density, mg/mm? 4,1.432 4,1.482 2, 1.833 8,2.251

temperature, K 153(2) 153(2) 150(2) 123(2)

absorption coeff, mm™! 1.132 1.503 1.909 2.990

F(000) 3256 2448 1462 9706

crystal size, mm N/A N/A 0.34 x 0.04 x 0.03 0.34 x 0.24 x 0.06

6 range for data colln, deg 2.69 to 28.32 1.72 to 27.54 1.94 to 18.08 2.84 to 24.85

limiting indices —21<h<20 —l4<h<14 -9<h<9 —47 <h 47
—28<k<30 -l6<k<16 -10<k<10 —23 <k <23
—36 <1<36 50 <1<49 —18</<18 -2l <1<21

R(int) 0.000 0.0422 0.1175 0.0936

completeness to 0, % 99.4 99.6 98.8 99.1

reflections collected 17900 12208 10694 12896

data/restraints/parameters 17900/ 0/ 723 12208 / 0/ 501 3626 /0 /603 12896 / 0/ 767

final R indices [/ >20(1)], R1, wR2 0.0387, 0.0985 0.0702, 0.1682 0.0500, 0.0992 0.0596, 0.1556
R indices (all data), R1, wR2 0.0468, 0.1035 0.0839, 0.1753 0.1252, 0.1295 0.1039, 0.1819
goodness-of-fit on F? 1.086 1.103 0.983 1.038

Figure 1 ORTEP diagrams of the (Cly-cat)(py)MoFe;S4(PCys);
(I) core showing the thermal ellipsoids at 50 % probability. On the
left hydrogen atoms of the phosphine ligands have been omitted.
On the right both the carbon and the hydrogen atoms of the
phosphine groups as well as of the solvent (pyridine) ligand have
been omitted for clarity.

Figure 2 ORTEP diagram of the (Cly-cat)(THF)MoFe;S,-
(PMe'Bu,); (IT) cluster showing the thermal ellipsoids at 50 % pro-
bability. The hydrogen atoms of the phosphine ligands as well as
the carbon and hydrogen atoms of the solvent (THF) of the ligand

[(Cly-cat),Mo,FesSg(PEts)s], form when two single cubanes have been omitted.

with the [MoFe;S,]** core undergo reduction with con-

comitant phosphine binding at the molybdenum and iron
sites.Cluster fusion and edge Fe—S bridging lead to the
double cubane arrangement. Phosphines with large cone
angles, such as PCy; or PMe'Bu,, are sterically encumbered
and do not bind to the octahedral Mo site which instead
binds to a solvent molecule (pyridine in I or THF in II).
The smaller cone angles of PR; (R: Et, "Pr, or "Bu) allows
edge fusion and Mo binding in the [(Cls-cat),Mo,FesSs-
(PEt3)g] clusters.
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The [MoFe;S,*>" single cubane core with phoshines as
terminal ligands is not unprecedented. Clusters with such a
core have been reported by Holm et al. [Sb] and have been
obtained through the “traditional” route from the reaction
of cluster (Et4N),[(Cly-cat)(MeCN)MoFe;S,Cl;] with ex-
cess of bulky phosphines such as P'Pr; and P'Bu; and
NaBPhy.

The reactivity of clusters I and II, and especially that of
cluster I were investigated under reductive conditions. Cyc-
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B

Figure 3 Ortep diagram of A the [(Cly-cat)(PTA)MoFe;S,Cl;)-
[Fe(DMF)s] (IIT) cluster showing the thermal ellipsoids at 50 %
probability. The hydrogen atoms of the phosphine and the DMF
ligands have been omitted for clarity. B, the PTA bridge.

lic voltammetry of I (figure 5) in THF revealed three revers-
ible reductions at —185, —1405 and —1695 mV. It appears
that the first reduction under electrochemical conditions is
quite facile, thus a rather mild reducing agent should
achieve the one e~ reduction of I. Unfortunately, no chemi-
cal reduction could be achieved even with strong reducing
agents such as potassium anthracenide. Moreover, the reac-
tivity of I was explored under the reductive conditions of a
carbon monoxide (CO) atmosphere. It was of interest to see
if “Roussin” like products with the MoFe3S; core structure

258 www.zaac.wiley-vch.de
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Figure 4 Ortep diagram of the [(Cls-cat),(P"Prs),Mo,Fe,S,-
(P"Pr3),)] IV cluster showing the thermal ellipsoids at 50 % proba-
bility. The carbon and hydrogen atoms of the phosphine ligands
have been omitted for clarity.

115

-1820,

75

-1530

-1570

12 1280 A7

-130

E(mV) vs SCE

Figure 5 Cyclic voltammogram in THF demonstrating the three-
member electron transfer series of (Cly-cat)(pyr)MoFe;S4(PCys);
(I); peak potentials vs SCE are indicated.

could be obtained [14]. Under 500 psi CO pressure a mix-
ture of compounds formed that required the use of column
chromatography for their separation. The isolated material
differed form the sulfur voided cubanes [14] as evident by
differences (CO region) in the IR spectra. Single crystal
X-Ray structural determination of the major product re-
vealed the (THF);COMo(u3-S)Fe,(COg) structure (see sup-
porting information). When lower pressures of CO were
applied (~150 psi) the starting material was isolated indi-
cating that no reaction had taken place.

[(Cl-cat)(PTA)MoFe,S ,CLy|[Fe(DMF)s](IIT)

The synthesis of cluster III was achieved employing a simi-
lar synthetic strategy with the one used for the [(Cly-cat),-
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-192mV

214mV,

° -828mV

Figure 6 Cyclic voltammograms of clusters [(Cly-cat),(P"Pr3)s-
Mo,Fe,S4(PPr3),)] (IV), in THF (top) and [(Cls-cat)(pta)-
MoFe;S,Cl3)[Fe(DMF)s] (III), in acetonitrile (bottom); peak
potentials vs SCE are indicated..))

Mo, FeeSg(PEts)e clusters [5]. The only modification was the
use of 2 eq of PTA instead of 1 eq of PEt;. Our intention
initially was to synthesize a cluster that would have the
same structure as the [(Cls-cat),Mo,FesSg(PR3)g] clusters
but with PTA ligands (figure 3) instead of PR; (R: Et, "Pr,
or "Bu) The PTA ligand is easy to make and rather inexpen-
sive and can be obtained in multigram quantities.Moreover
it is water soluble and it would allow us to investigate the
chemistry of clusters with the composition and structure
similar to [(Cls-cat),Mo,FesSg(PR3)¢] in different solvents
and more importantly in the presence of water as reactant
or potential ligand.The presence of basic N sites in the PTA
ligand also could facilitate the delivery and uptake of H*
by the Mo,Fes complexes. All these attributes urged us to
pursue the synthesis of Mo,FesSg clusters with the PTA li-
gands.

It is worthwhile noticing that the reaction of
(Et4N)2[(C14-Cat)MOOFCS2C12] and (Et4N)2[F62S2C14] with
PTA and NaPF, in stoichiometries analogous to the ones
that lead to the formation of [(Cls-cat),Mo,FesSg(PR3)¢]
clusters, eventually resulted in the isolation again of com-
pound IIIL. In all cases the original precipitate of the reac-
tion mixture was insoluble in all solvents except DMF. It is
clear that this precipitate is not the same as cluster III
(based on IR and elemental analysis) but somehow DMF
promotes the formation of IIl. Cluster III exhibits a revers-
ible reduction wave at —762 mV (figure 6) and two irrevers-
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ible oxidations at 586 mV and 916 mV. The reduction po-
tential is comparable to the corresponding ones of other
MoFesS, single cubanes that range from 0.83 to 1.31 mV
[15], albeit somewhat lower.

[(Cly-cat),(P"Pr3);Mo,Fe,S(P"Pr3),)] (IV)

Among the large number of cuboidal Mo/Fe/S clusters that
have been reported [16], clusters with the [Mo,Fe,S4] core
are not very common.Known clusters with the [Mo,Fe,S,]
cores include: a) the Mo,Fe,S4(S,CNEt,)s cluster obtained
through a self-assembly reaction [17] and b) the structurally
characterized organometallic clusters, (MesCs)>,Mo,Fe,S,Cl,
[18], Mo,Fe,S4(CsEtMey)>(NO), [19] and Mo,Fe,S,-
(CsMes)»(CO)4 [20]. These were obtained by condensation
of RMoX,, or R,Mo0,S,X,, blocks (R = Cp or its deriva-
tives, X = terminal ligand) and various ironsources (FeCls,
Na[Fe(CO);(NO)], Fe,(CO)y).

The reductive coupling of the [(Cly-cat)Mo(O)S,FeCl,]*~
dimer was previously carried out using Fe(PEt;),Cl, as a re-
ducing and chloride scavenging agent, and resulted in the for-
mation of the (Cly-cat),Mo,Fe,S;0(PEt;);Cl]-1/2(Fe(PEt;),-
(MeCN), (V) salt, with an anionic cluster containing the
hitherto unknown [Mo,Fe,S;0] core.

The versatility of the Fe(PEt;),Cl, iron reagent has been
demonstrated previously in the syntheses of the (Cly-cat),-
Mo,FeeSg(PR3)s (R = Et, "Pr) and Fe(S¢(PEt3),Cl>.In the
synthesis of (Cly-cat),Mo,Fe,S;0(PEt;);Cl] - 1/2(Fe(PEts),-
(MeCN),, the PEt; from Fe(PEts),Cl, abstracts S or O
atoms from (Et4N),[(Cls-cat)MoOS,FeCl,] with formation
of SPEt; or OPEt;. Following reduction and ligand substi-
tution (C1~ by u-S?7), the Mo/Fe dimers undergo coupling
and produce the [Mo,Fe,S;0] cuboidal cluster. The pre-
vious isolation [6] of the [Mo,Fe,S;0] cluster but not of the
[Mo,Fe,S,] or [Mo,Fe,S,0,] clusters is perhaps fortuitous
and intriguing.

Slight modifications in the synthesis of cluster [(Cly-cat),.
Mo, FeeSg(PPrs)g], resulted in the reproducible formation
of a new compound that after isolation and characteriz-
ation proved to be a cluster with the [Mo,Fe,S,J** core.
Cluster [(Cly-cat),(P"Pr3),Mo,Fe,S4(P"Pr3),)] most prob-
ably assembles in the same manner as cluster
(Cly-cat),Mo,Fe,S;0(PEt;);Cl] - 1/2(Fe(PEt3),(MeCN),, but
in the presence of more phosphine and Cl~ scavenger
(NaPFy) the formation of the neutral species is favored
rather than the ionic one with a phosphine inplace of the
CI™ ligand.

Cyclic voltammetry for compound IV shows reversible
reduction waves at —243, —507, and —818 mV and a re-
versible oxidation wave at 116 mV. In V, with the
MoOS;Fe, core, certain differences are apparent. The latter
also exhibits three reductions waves but these are irrevers-
ible and shifted towards higher potentials (=882, —1140,
and —1840 mV).It also exhibits an irreversible oxidation
at 412 mV.
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Structural Description

(Clg-cat)(pyr)MoFe;S,(PCys); (I), (Cly-cat)(THF)MoFe;S,
(PMetBu,); (IT)

The Mo atom in both I and II is octahedrally coordi-
nated with O,S;N, and O;S; coordination spheres respec-
tively. It is bound to a cathecolate ligand, three ps-S>~ li-
gands and one solvent molecule, (a pyridine molecule in
cluster I with a Mo—N bond length of 2.301(2) A, and a
tetrahydrofuran molecule in IT with a Mo—O bond length
of 2.265(6) A).The mean Mo—O and Mo—S bond dis-
tances in I and II are observed at 2.099(2,15), 2.359(2.10) A
andat 2.105(2,26), 2.364(3,9) A respectively. The Fe atoms
exhibit a distorted tetrahedral (FeS;P) geometry with a
range of S—Fe—P angles of 99.42°—120.68°, and
107.43°—116.68° for I and II, respectively. The mean Fe—S
bond lengths are 2.258(9,10) and 2.254(9,6) A, whereas the
mean Fe—P distances are 2.370 A _(range: 2.312-2.403 A)
and 2.367 A (range: 2.343—2.387 A) respectively. .

The mean Fe—Fe distances are found at 2.618(3,20) A
and at 2.614(3.3) A in I and 1II, respectively, while the
mean Mo—Fe distances are found at 2.675(3,9) A and
2.670(3,5) A, respectively. A comparison of these distances
in the single cubanes with the [MoFe;S,]** core, with corre-
sponding distances in the MoFe;S, subunits of the double-
fused cubanes, does not show significant differences.

[(Cl-cat)(pta)MoFe;S,Cls|[Fe(DMF)s] (I1I)

Cluster III is a single [(Cly-cat)MoFe;S,Cl;]>~ cubane that
is connected to an Fe monomer through the pta ligand. The
pta ligand is bound to the single cubane through the P and
exhibits a Mo—P bond distance of 2.561(5) A and to the
Fe through the N(1) with a Fe(4)—N(1) bond length of
2.258(12) A. The Fe ion has a distorted octahedral arrange-
ment and its coordination is completed by five, oxygen
bound,DMF ligands. The mean Fe—O bond length at
2.100(22) A is typical for octahedral Fe in 2+ oxidation
state, and renders the single cubane’s core as [MoFe;S4]>".
The M—M and M-S distances in the MoFe;S,Cl; cores at
other oxidation levels are not that much different.

[(Cly-cat),(P"Pr3);Mo,Fe,S(P"Pr3),)] (IV)

The overall structural features of the [Mo,Fe,S,]** core in
IV are similar to those found in other [Mo-,Fe,S,] distorted
cubanes and to the [Mo,Fe,S;0]*" core of cluster
(Cl4-Cat)2MOzFCzS30(PEt3)3C1] ' 1/2(F€(PEt3)2(MCCN)4 (V)
[6]. The main difference between IV and V is the arrange-
ment of the ligands around the Mo atom.In both clusters
the Mo atoms have a distorted octahedral (MoO,S;P or
MoO;S,P) environment with mean Mo—S and Mo—P
bond lengths at 2.376(6,13)A, 2.596(2,21) A, and
2.364(4,3) A, 2.585(2,1) A for IV and V, respectively. In V
the Cly-cat ligands have a syn orientation and the P ligands
also havea syn orientation and are parallel to the plane de-
fined by the 2Mo atoms and the the S atom in the Mo,SO
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dimeric subunit.They both are trans to the u3-bridging oxy-
gen atom. In IV (Fig. 4) one of the phosphine ligands is
almost parallel to the plane defined by the 2Mo atoms and
a S atom of the Mo,S, subunit while the other phosphine
ligand is almost vertical to this plane. Moreover one of the
Cl-4cat ligands has an almost vertical arrangement with re-
spect to this plane while the other Cly-cat ligand is almost
coplanar.

In IV the Fe atoms are in distorted tetrahedral (FeS;P)
environment with a range of 101.23°—121.85° in the
P—Fe—S angles, and a mean Fe—S bond length of
2.220(6,3) A. The Mo—Mo, Fe—Fe, distances can be found
at 2.784(5) A, and 2. 601(5) A, respectively, while the
Mo—Fe distances range from 2.601(5) to 2682(5)A In
V, the corresponding M—M distances (Mo—Mo =
2.660(1) A, Fe—Fe = 2. 679(1) A. The pronounced differ-
encesin the Mo—Mo and Fe—Fe distances are likely attri-
buted to the presence of bridging heteroatom (p3-O) in
[Mo,Fe,S;0] rather thana p;-S in the [Mo,Fe,S,] core of
Iv.

Conclusions

The synthesis of multimetallic M/S clusters by the reductive
coupling of dimeric building blocks appears to be of general
utility. Under reducing conditions, dinuclear clusters with
coordinatively unsaturated cores, such as [Fe,S,*",
[MoFeS,]** and [MoFeSOJ**, couple to give cluster prod-
ucts with cores such as [Fe,S4°", [MoFesS,P+,
[MoFe;S;0]*", [Mo,Fe,S,]** and [MoFe;S,>". The syn-
thesis of the [Fe,S4*>" cluster from the reductive coupling
of [Fe,S,]>* has been previously reported [6]. However, the
general utility of this coupling reaction in the synthesis of
heterometallic clusters has not been thoroughly explored.

In this paper the reductive coupling approach has af-
forded clusters with the [MoFe;S4°" and [MoFe;S4)*" co-
res. The reductive coupling synthesis of clusters with the
[Mo,Fe,S,J** cores also has been achieved. The MoFe di-
mer and the Fe, dimer can be designated as A and B respec-
tively. Using A and B as building blocks, clusters with a
variety of core distributions such as A2 and AB have been
obtained. The isolation in analytically pure form of all these
clusters has been achieved. Product diversity is apparent
and can be controlled by the use of appropriate ligands. All
attempts to synthesize a cluster with an AB; core stoichi-
ometry that would give a Mo/Fe/S composition closer to
that of the FeMo cofactor of nitrogenase have been unsuc-
cessful. Characteristically, the 1A:3B ratio reaction system
under different conditions has been extensively explored but
no cluster with a MoFe;Sg core could be obtained. In all
cases, clusters with the A2B2, AB or B3, and A2 structural
motifs were isolated. This synthetic system, however should
be further explored because the synthesis of such a cluster
is of paramount importance due to its relevance to the
FeMoco cluster of nitrogenase. No cluster with a MoFe;
has ever been synthesized.
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This type of reductive coupling reactions combined with
conditions that favor the removal of terminal ligands may
be necessary for the synthesis of polynuclear clusters with
a minimum of terminal ligands, and extensive bridging by
core sulfido ligands, as found in the FeMoco of nitrogen-
ase.Similar synthetic methodologies may also be applied for
the synthesis of analogues for the P-clusters of nitrogenase.
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