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Mixed-Metal Clusters

Metal Clusters as Ligands: Substitution of Fe ions
in Fe/Mo/S Clusters by Thiophilic Cu' Ions To
Give Clusters with [Cu,Mo,Fe,S;]*" and
[CusMosFe,S,]°" Cores**

Markos Koutmos and Dimitri Coucouvanis*

The edge-fused double cubanes [(Cl,-cat),(PR;),Mo,FeSq-
(L) (1; Cly-cat=tetrachlorocatecholate dianion) contain
the Mo,FesS; core and have been obtained with various
terminal ligands on the Fe atoms (L' =PR,," BH, ., CI- P
and N*~Bl). More recently analogues of these clusters with
tris(pyrazolyl) borate as a molybdenum-bound terminal
ligand also have been reported.””! The exceptional reactivity
of 1 and its pronounced tendency to undergo core rearrange-
ment has made possible the synthesis of various derivative
clusters that are relevant as partial analogues for the FeMo-
cofactor® or the P-clusters of nitrogenase.

Herein we report on the reaction of [(Cl-cat),Mo,Feg-
(PnPr3)s] (2; Figure 1), with [Cu(CH;CN),]* ions and the
subsequent substitution of for iron centers by for copper

[*] M. Koutmos, Prof. D. Coucouvanis

930 N. University
Department Of Chemistry
The University Of Michigan
Ann Arbor, M1 48109-1055 (USA)
Fax: (+1) 734-936-2916
E-mail: dcouc@umich.edu

[**] The authors acknowledge the support of this work by a grant from
the National Institutes of Health (GM 33080).

@ Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Angew. Chem. 2005, 117, 2007 2010 DOI: 10.1002/ange.200462596 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2007



Zuschriften

© w
—

@ SR
| "@u 3 -3 -/

Figure 1. Structure of 2. The carbon and hydrogen atoms of the propyl
groups of the phosphine ligands are omitted for clarity.

centers to give a structure that retains the basic, edge-fused,
M;S; cubane structure and contains three different metal ions
in three different coordination geometries. The reaction of 2
with [Cu(CH;CN),]* in a CH,Cl/CH;CN solution at low
temperature  (—40°C) affords the cluster [(Cl,
cat),Mo,Cu,Fe,Sy(PnPr;),] (3), in 65% yield." A byproduct
of this reaction has been isolated and crystallographically
characterized as a rather complex but unique cluster with the
formulation [(Cl,-cat);Mo;CuyFesS,;(PnPrs;),(pyr)] (4; pyr=
pyridine). These products are the first two examples of
heterotrimetallic-sulfur compounds that have a cubane-like
structure. Compounds that contain Mo/Fe/Cu and S atoms are
rare and the only two examples known are the linear
(Et,N),[(PPh;),CuS,M0S,FeS,CL]® and a [CuS,MoS,Cul**
complex!” that coordinates through the copper atoms to a
diphenylphosphinoferrocene ligand.

The structure of 31" was determined (Figure 2) and can be
described in terms of a ferredoxin-type [Fe,S,]*" center bound

Figure 2. ORTEP diagram of 3 (thermal ellipsoids set at 50% probabil-
ity). The carbon and hydrogen atoms of the propyl groups of the phos-
phine ligands are omitted for clarity.

by two {(R;PCu"),Mo(Cl,-cat)S;} units. These units contain
MoS;Cu, cores structurally similar to those found in the
[CusCLMoS;07 ™ and [Cuy(NCS);MoS;0]> 1 clusters.
The Cu' sites in the {(R;PCu"),Mo(Cl,-cat)S;} units are
three-coordinate, distorted pyramidal (one of them (Cul) is
almost trigonal planar, deviating from planarity by A®, =
4.6°),18! and only weakly interact with the p,-S ligands in the
[Fe,S,]*" center. The intercubane Fel-Fe2 separation in 3, at
2.630 A, is not much different than that of 2, at 2.645 A. There
is a distinct shortening of the Fe-S separations by almost
0.1 A on average."! Specifically, the separations Fel-S8
(2.198 A), Fel-S4 (2.250 A), Fe2-S8 (2.261 A), and Fe2-S4
(2197 A) in 3 give Fe-S,,=2.226 A. The corresponding
separations in cluster 2 (Fe-S4 and Fe-S8) are 2.379 A, and
2.268 A and give Fe-S,, =2.324 A. These Fe-S,, separation in
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3 is comparable albeit slightly longer than that found for the
[Fe,S,CL]>~ dimer!"™ at 2.200 A.

In 3 the molybdenum atoms are five-coordinate rather
than six-coordinate as in 2 and the MoFeCu,S, cuboidal
subunits are “opened-up” in 3 whereas the MoFe;S, subunits
in 2 are “closed”. The axial and mean equatorial Mo—S bonds
in 3 at 2.227 A and 2.325 A, respectively, are not very similar
to those in either the [(S;),Mo0'S]>~ complex!"® (2.128(1) A,
2359 A) or the S=MoY(S,) unit in the [Mo,S,J>~ ion!"”
(2.123 A, 2.413 A).

An assignment of the +4 oxidation state to the molyb-
denum atoms in 3 leads to the unrealistic electronic descrip-
tion [Mo"™vCu',Fe',Sg]*". With Mo", the description [Mo"-
Cu',Fe™,S,]*" appears more satisfactory. The magnetic prop-
erties of 3 (ugg": 4.91 pp, 300 K; 1.01 pg, 4.2 K (H=5000 G))
suggest antiferromagnetic coupling between the two Fe™ ions.
It appears that the substitution of the iron atoms by copper
atoms in compound 2 results in the removal of the axial bound
phosphine unit of the molybdenum atom with a concomitant
oxidation of the molybdenum atom from +3 to +5.

The ps-S3-Mo separation in 2 (2.397 A) is shortened to
2.230 A when the p;-S3 ligand assumes the role of an axial
ligand in the square-pyramidal Mo" in 3. This change is
accompanied by an increase in the Fel,2-S4 separation in 2
(2250 A and 2.267 A) to separations in 3 (Cul,2-S4 and
Cu3,4? no Cu5,6-S8) that are nearly non-bonding and range
from 2.562A to 2726 A. The Cul-Cu2 and Cu3-Cu4
separations in 3 at 3.106(1) A and 3.131(1) A, respectively,
are much longer than the corresponding Fe—Fe separations in
2 (2.631(1) A).

The THF/hexanes filtrate collected during the isolation of
3 was kept and after removal of the solvents under a N,
stream part of the resulting black material was extracted with
diethyl ether. Slow evaporation of the solvent resulted in the
formation of a few milligrams of single crystals that were
structurally, characterized as 4.1*

The X-Ray crystal structure revealed™! a cluster with
unprecedented features (Figure 3). The structure is best
described when it is separated into two fragments. The first
fragment exhibits an unusual [MoCuFe,S,] “cubane” like core
that is depicted in Figure 4. The molybdenum retains its
original coordination environment with one phosphine, one
Cl,-catecholate, and three s-S ligands. The copper atom
again has an almost trigonal planar coordination environment
(AD,, 6.1°, Cu-S,, 2.591 A) with one phosphine and 2u;-S
ligands. The two Fe atoms are distorted tetrahedral and one
(Fel) has only a sulfur coordination environment (with two
K-S and p,-S ligands (S1, S2, and S4 in Figure 3)) while the
other (Fe2) has three S ligands with its coordination
completed by a pyridine atom.

The second fragment (with a [Mo,Cu,Fe;S4] core) is best
described as the edge fusion (along an Fe-S edge (Fe3-S5)) of
a sulfur voided [MoCuFe,S;] cuboidal subunit with a
[MoCuFe,S,] cubane where the Fe-S edge is shared
(Figure 5). The molybdenum atoms have the same coordina-
tion environment as the previous fragment. The two copper
centers have also almost trigonal planar coordination envi-
ronments (AD,, 5.4°, AD,, 7.8°, with Cu-S,, of 2.924 A and
2.723 A). The two fragments shown in Figure 4 and Figure 5,
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Figure 3. ORTEP diagram of the [(Cl,-cat);Mo;Cu,FesS;; (PnPr3),(pyr)]
cluster 4 (thermal ellipsoids set at 50% probability). The carbon and
the hydrogen atoms of the nPr groups of the phosphine ligands are
omitted for clarity.

Figure 4. Schematic representation of the {MoCuFe,S,} fragment of
cluster 4.

are connected through a p,-S ligand (S1 in Figure 3) and a
CuPnPr; unit (Cul,P1). In the CuPnPr; unit the copper atom
has a distorted tetrahedral coordination environment and is
coordinated by 3 u,-S ligands (S1, S2, S3; Figure 3) however,
the Cu-S separations at 2.411, 2.435, and 2.437 A are
unusually long, and indicate weak bonding.

Mo/Fe/S and Mo/Cu/S clusters have been extensively
studied over the past years; the Mo/Fe/S clusters, mainly
because of their relevance to the FeMo cofactor of nitro-
genase,” the Mo/Cu/S clusters because of their optical
properties and their potential importance in the sequestering
and regulation of copper in biological systems.”!! The
reactivity of Mo/Fe/S clusters prompt us to the exploration
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Figure 5. Schematic representation of the {Mo,Cu,Fe;S¢} fragment of
cluster 4.

of their reactions with monomeric copper complexes. Our
studies have led to the discovery of a new class of trimetallic
sulfur compounds.
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