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The reactivity of Fe/S and Fe/Mo/S clusters, similar or analogous
to those occurring in biological systems, with thiophilic metal ions
has not been explored. In this Communication, we demonstrate
that synthesis of heteropolynuclear clusters with different coordina-
tion geometries for different metals at different sites is possible
by metal substitution or by metal addition reactions. The two
clusters we report herein ([(Cl,-cat),Mo,CusFe;Sg(P"Pr3)7(SP"Prs),]-
PFs and [(Cl,-cat):;Mo,CusFesS1o(P"Prs)g]) contain Fe, Mo, and Cu,
which display pseudotetrahedral, pseudooctahedral, and pseudot-
rigonal geometries, respectively. The synthesis of these clusters
is achieved by the addition of appropriate amounts of [Cu(CHs-
CN)4]* to [(Cls-cat),Mo,Fes(P"Prs)¢]. The formation of the different
products is temperature- and solvent-dependent. The Cu' units
incorporated into the metal cluster framework, either bind to
available lone pairs of the already bridging S ligands or displace
the less thiophilic Fe atoms. Among the essential features of these
new molecules are recognizable Fe/S fragments including an FesSg
core in the first cluster and the pentlandite Fe,Cu,Sg core in the
second cluster.

cuboidal subunits are known and have contributed signifi-
cantly to fundamentally important chemistry relevant to that
of the FeMoS center in nitrogenase. The edge-fused double
cubanes [(GtcathMoFesSs(PRy)e] (1,7 Cls-cat= tetrachlo-
rocatecholate dianion) are derivatives of the Mgdreubanes

and contain the Mg-eSg core. These clusters display
exceptional reactivity, and numerous derivatives have been
obtained and structurally characteriZ£d!® Recently, we
reported on the reactions of Mo/Fe/S clusters toward thio-
philic metals. These reactions lead to the incorporation of
Cu atoms in the Fe/Mo/S cluster. The unique trimetallic
clusters [(Cl-cathMo,CuFe,Ss(P'Pr3)4] (2) and [(Cl-cat)-
MosCwFesS;1(P'Pr)7(pyr)] (3; pyr = pyridine) contain F&,

MoV or Mo, and Cli atoms that have pseudotetrahedral,
pseudooctahedral, and pseudotrigonal geometries, respec-
tively.1!

In this paper, we report on the synthesis and structure of
two new FeCuMoS clusters with unique and unprecedented
structures. The reaction df with [Cu(CHsCN),]* in a
mixture of THF and acetonitrile at high temperatures (90
°C) leads to the formation of [(GlcathMo,CusFeSo(P-
Pr)7(SPPR),]PFs (4),*> whereas the reaction of with

The synthesis, structures, and reactivity of high-nuclearity [CU(CHsCN)J]* also in a mixture of THF and acetonitrile
Mo/Fe/S clusters have received particular attention and havebut in the presence of 4 afforded the cluster [(Gicat)-
been fields of intense research. This interest is due to theM0oCusFesS,o(P'Prs)g] (5). Black crystals oft, ands, suitable
apparent involvement of such clusters in biological dinitrogen for single-crystal X-ray structural determination were suc-
fixation!2 and their possible importance in hydrodesulfur- cessfully isolated by the slow evaporation of ether solutions

ization catalysis.Clusters with the MoFs5,*5 and MoFgS;®
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of these compounds at25 °C.22 The differences in the
topology and structure id and5 indicate complex inter-
and intramolecular pathways that depend on the temperature
and solvent. The mechanism for the formation of all of these
MoFeCusS clusters at present is not clear but remains the
focus of investigation in our laboratory.

The structure of4 (Figure 1) reveals a rather complex
cluster containing three different metal atoms with diverse
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sulfide ligands, one being above the plane defined by these
Fe atoms and bridging all of them£Sce).1® These Fe atoms
show a short average F&e distance of 2.661 A (range
2.623-2.728 A), while the average Feus-Sce, distance is
2.335(4,1) A. The central M&e,S; unit structurally is similar
to the known [FeS]'” and [MoFeiS] corest® The five Cuf
ions in4 are bound to the:-S ligands of the core and fall
into three categories:
(i) Two Cu' ions, each terminally bound by a®rPS
ligand and situated above the void of the Mg&esubunits.
These ions are nearly trigonal planar with only a long-Cu
Ua-Seen distance of 2.714 and 2.680 A. They deviate from
planarity byA®.q= 2.31° and 3.43.1 The positions of these
two Cu' ions are close to the positions of the Nans in
the previously reported (E8).Na dimerl?™®
(i) Two tetrahedrally coordinated Cuons, each termi-
nally bound by two PPr; ligands [Cu-Payer = 2.262(4,7)
A] and by us-S andu2-S ligands of the core (mean €%
distance= 2.461 A; range= 2.387-2.512 A).
(iii) A unique, two-coordinate Cuion terminally coor-
Figure 1. ORTEP diagrams o# showing the thermal ellipsoids at 50%  dinated to PPr; and u.-S ligands with distances at 2.218
probability. Two different views are presented. For clarity, the carbon and gnd 2,251 A, respectively. It weakly interacts with tweS
hydrogen atoms of the propyl groups of the phosphine ligands have beenIigands one on each of the terminal subunits at 2.745 and
omitted. 2569 ,81
geometries and coordination environments. The Mo atoms ¢ three Cu atoms (categories ii and iii, designated by
are six-coordinate distorted octahedral and retain their arrows) are removed, the cluster [{@ath(P"Pr;),M0,Cly-
original coordination environment with one phosphine, one Feu(tts-Sk(uz-S)(1a-S)(SPPR),]2~ results (Figure 2A) and
tetrachlorocatecholate, and three inorganic sulfide ligands. .o pe described as the fusion of two distorted MRS
The mean Me-S distance at 2.375(6,16)A and the mean ¢ hiqal fragments that are sharing #eSe?- inorganic
M—P distance at 2.598(2,6) A are comparable to corre- g fije and are externally bridged by twe-S*~ sulfides.
sponding values in'® at 2.387(3,13) and 2.575 A, ESPEC-  The latter are not equivalent mainly because of their
tively. The four Fe atoms are four-coordinate and define a jieraction with the CuPand CuP units, as is evident by

square array. Each one is coordinated by four inorganic ho mean FeS distances of 2.213(2,1) and 2.270(2,1) A.
(12) (@) Synthesis of: A total of 0.3 g (0.13 mmol) of [(GFcatyMoy This cluster structurally resembles the clusters reported by

CwF&Ss(P'Prs)s] was dissolved in 25 mL of THF in a three-necked,  Zhang and Holm, [(TpMozFes(us-S)(ua-S)(tta-S) (X))~ 1°
150-mL round-bottomed flask that was brought out of the glovebox *Tp = tri razolvhvdr r nd X SH- rth

and placed in an oil bath. A total of 0.195 g (0.52 mmol) of CugcH (6; Tp = tris(pyrazolyl)hydroborate and SH), or the
CN)4sPFs was dissolved in 10 mL of acetonitrile. This solution was
added to the THF solution via a syringe under vigorous stirring over (13) Diffraction data were collected on a Bruker CCD-based X-ray

a period of 10 min. The reaction mixture was set to reflux5d at diffractometer at 150(2) K, at The University of Michigan X-ray

90 °C. The reaction mixture was then filtered (almost no precipitate). facility (20max = 52.98 and 52.96 for 4 and 5, respectively). The

The filtrate was subsequently taken to dryness undep fdw. A space groupdAd, triclinic, andP2(1)h, monoclinic) were determined
total of 60 mL of acetonitrile was added to the resulting black material, based on systematic absences and intensity statistics. Cell dimensions
and the suspension was stirred for 15 min followed by filtration. The area = 15.860(3) Ab = 18.159(3) A, and: = 28.410(5) A witha
acetonitrile filtrate was taken to dryness under afldw. The black = 84.443(3), B = 66.400(3}, andy = 90.00 andV = 7256(2) B
residue was washed with hexanes, and 50 mL of ether was added. for 4 (z=2) anda = 13.695(2) A,b = 27.611(4) A,c = 16.045(2)

The ether extract after filtration was kept in the freeze2% °C) for A with 8 = 96.286(2) andV = 6031(2) & (z= 2) for 5. Full matrix
several days. A total of 120 mg of black crystals was isolated (yield least-squares refinement basedrdrconverged to R1I[> 20] values

29%, based on Mo). Elem microanal. Calcd 4orC, 35.30; H, 6.02; of 0.0381 and 0.0493 and wR2 values of 0.0979 and 0.1018 (EOF

S, 11.15; Cu, 10.04. Found: C, 35.80; H, 6.21; S, 10.97; Cu, 9.8. (b) 1.020 and 1.020) fo# and5, respectively.

Synthesis ob: A total of 0.3 g (0.13 mmol) of [(GFcatpMo,Cus- (14) The first number in the parentheses indicates the number of distances
FeSs(P'Prs)4] was dissolved in 20 mL of THF followed by the addition that are averaged, while the second number indicates the standard
of 0.195 g (0.52 mmol) of Cu(C4#CN)4PFs dissolved in 15 mL of deviation.

acetonitrile. The reaction mixture was stirred for 1.5 h before 0.2 mL (15) Because of the lack of good structural data for compangCl.-

of H,O was added dropwise through the septum via a syringe. The caty MosFesSg(P'Bus)s] has been used for comparison of the two
reaction mixture was stirred for anothe h before it was filtered (a structures. Compounds [(EtatpMozFesSg(PRs)s] (where R= Et,

white pink powder was isolated and discarded). The solvents were "Pr, and"Bu) have identical core structures and exhibit minimal
then stripped under aJNlow, and the resulting material was dried differences in bond distances.

under vacuum for several hours. A total of 80 mL of acetonitrile was (16) We defineAdeqasAdeq= 360 — Y Peq, Where) Peqis the sum of
added to the black material, and the suspension was stirred for 15 the angles in the triangular base to which the longest&udistance

min followed by filtration. The acetonitrile filtrate was taken to dryness (in the case of clustet, it is Cu—ua-Seen) is normal.

under a N flow. The black residue was washed with hexanes, and 50 (17) (a) Christou, G.; Holm, R. H.; Sabat, M.; Ibers, J.JAAm. Chem.

mL of ether was added. The ether extract after filtration was kept in Soc.1981 103 6269. (b) Henkel, G.; Strasdeit, H.; Krebs,Agew.

the freezer{25°C) for several days. A total of 80 mg of black crystals Chem., Int. Ed. Engl1982 21, 201.

was isolated (yield 21%, based on Mo). Elem microanal. Calc8:for (18) Zhou, H. C.; Su, W. P.; Achim, C.; Rao, V. P.; Holm, R. IHorg.

C, 34.90; H, 5.86; S, 11.09; Cu, 13.19. Found: C, 34.80; H, 5.73; S, Chem.2002 41, 3191.
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Figure 2. Visual comparison oA and B (fragments of cluste# after
sequential removal of Cu atoms) with fragments of cluster sf@k)-
(PEB)sM0osFex0Ss0]*~, C,° and cluster [(ediMozFes(us-S)s(ua-Sh(ua-S)I,
D.17

Mo:FesS, fragment7 of cluster (BUNJA(ELN)A(Cle-caty:  FOE.% ORTE dagram of showng e ternal eisoise t 50
(PEB)sMosFexSsgl.° Fragment7 (Figure 2C) represents a  of the phosphine ligands have been omitted (Miaver= 2.347 A; Mo—P
close synthetic analogue of the topology of thecRister of = 2.594 A; Fe-Fe and Cu-Cu body diagonals at 4.448, 4.478 and 5.347,
the nitrogenase. Both of these clusters (Figure 2C) have5-384 A respectively).
almost the same core stoichiometry and exhibit similar  The four Cu atoms within the GEe,Ss “pentlandite” core
features. The cluster in Figure 2A also is similar, with S  are four-coordinate distorted tetrahedral and are bound by
CU[SPPr] units in place of the §eX units in Figure 2C.  three bridging sulfides and one phosphine group. The Cu
The two nearly planar £u[SPPr3] units in Figure 2A Saverand Cu-Pyyerdistances are 2.331(6,31) and 2.206(2,1)
interact only weakly with the bridging sulfide in the middle A, respectively. The two Cu atoms of the external [MoFe-
of the cluster. As a result, the latter is best described as aCuS] units can be viewed as three-coordinate distorted
us-S%" ligand rather than ae-S*~ ligand. (deviating from planarityA®eq = 5.81°) and show a Ct

Further removal of the Cu[SPr;] units results in the [(G} Saerdistance of 2.288(2,6) A and a E® distance of 2.238
cath(P'Prs).MosFey(us-Sk(u2-Sh(us-S)*~ fragment (Figure A, A trigonal-pyramidal description also should be consid-
2B) with a structure very similar to that found in [(ed)o.- ered given the short GtS, interactions at 2.456 A. The
Fey(us-Sk(u-Sh(ua-S)I*~ (8; edt = ethane-1,2-dithiolate;  four Fe atoms exhibit a distorted tetrahedral geometry and
Figure 2D)!® The resemblance is evident in the comparable are coordinated by four inorganic sulfides with a mean Ee
Fe—Fe and Fe S distances. The only difference between distance of 2.335(8,14) A.
the two clusters is the Mo environment (five-coordinate in The [CuF&Ss] or [MoCuFeS,] structural motifs are
8 versus six-coordinate id). uncommon, albeit not unprecedented. The latter is a recog-

The molecular structure &, revealed by X-ray analysis, nizable fragment of clustes,’* whereas the former has a
exhibits a unique topology that can be best described as thecore composition similar to that of cluster [{F@,Ss(P"Prs),-
face-sharing fusion of a [GEesSg] “pentlandite”-like central Cl4] (9), which was recently isolated and characteriZed.
core with two [MoCug] dimers (Figure 3).

Among the essential features of clusbeaare the presence
of three different types of bridging inorganic sulfides
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