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Abstract: The structures of the P cluster and cofactor cluster of nitrogenase are well-defined crystallo-
graphically. They have been obtained only by biosynthesis; their chemical synthesis remains a challenge.
Synthetic routes are sought to the P cluster in the PN state in which two cuboidal Fe;S; units are connected
by a us-S atom and two Fe—(u2-Scys)—Fe bridges. A reaction scheme affording a Mo.FesSg cluster in
molecular form having the topology of the PN cluster has been devised. Reaction of the single cubane
[(Tp)MoFesS,Cls]*~ with PEts gives [(Tp)MoFesS4(PEts)s]*" (2), which upon reduction with BH,~ affords
the edge-bridged all-ferrous double cubane [(Tp).MozFesSs(PEts)4] (4) (Tp = tris(pyrazolylhydroborate(1—)).
Treatment of 4 with 3 equiv of HS™ produces [(Tp).Mo2FesSo(SH),]*~ (7) as the Et;NT salt in 86% yield.
The structure of 7 is built of two (Tp)MoFes(us-S)s cuboidal fragments bridged by two u»-S atoms and one
ue-S atom in an arrangement of idealized C, symmetry. The cluster undergoes three one-electron oxidation
reactions and is oxidatively cleaved by p-tolylthiol to [(Tp)MoFesS4(S-p-tol)s]>~ and by weak acids to
[(Tp)MoFe3sS4(SH)3]>~. The cluster core of 7 has the bridging pattern [MozFes(ua-S)2(us-S)s(us-S)*+ with
the probable charge distribution [Mo®*,Fe?fsFe3tSg]'*. Cluster 7 is a topological analogue of the PN cluster
but differs in having two heteroatoms and two Fe—(u»-S)—Fe instead of two Fe—(u2-Scys)—Fe bridges. A
best-fit superposition of the two cluster cores affords a weighted rms deviation in atom positions of 0.38 A.
Cluster 7 is the first molecular topological analogue of the PN cluster. This structure had been prepared
previously only as a fragment of complex high-nuclearity Mo—Fe—S clusters.

Introduction characterized by reduced (mainly'"fF@xidation levels and an
Fexus-S) rhomb bridge unit. These clusters have actual or
idealized centrosymmetry with heteroatoms M in transoid
positions and contain the same number of metal atoms as and
one sulfur atom less than both FeMoco and the P cluster. The
latter is more relevant here. (Note that bridging cysteinate sulfur
atoms are included in the core composition.) Its structure in
the PV (as-isolated) state, set out in Figure 1, is built of two
distorted cubane units bridged by twe Scysand oneus-S atom

with the bridging pattern Fe€uo-S)(us-Sk(us-S). Until recently,

no structure having the topology of thé&' Bluster itself or as
part of a larger structure had been prepared.

We have recently emphasized the potential utility of high-
nuclearity clusters whose metal and sulfide content exceed ca.
six atoms eachas synthetic precursors to the cofactor cluster
(M2FesSe, M = Mo, V, Fe) and P cluster (lg8) of nitroge-
nase?3 The iron—molybdenum cofactor (FeMoco) and P cluster
are well-described crystallographically in two oxidation stéfes.
One such synthetic cluster type is the homo- or heterometallic
edge-bridged double cubane whoseRe(us-S)(ua-S) core
structure is shown schematically in Figure 1. Examples with
M = Fe®8 V,° and Md® 1 have been prepared and are
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We have shown that the reaction of the double cubane-[(Cl
catp(EtsP),MozFesSs(PEL) 4] 101 with (EtuN)(SH) under rather
specific conditions affords the unprecedented clusteu¢@Tl-
(EtsP)sMogFe0S30],8~ in which the iron atoms are present in
tetrahedral FeSsites with no terminal ligands and a mean
oxidation state of cat-2.415 This cluster has a complex F&
bridging pattern. However, within it two (@ath(EtzP)Mo,-
FesS fragments that structurally resemble thé @uster are
readily discerned. (Abbreviations are defined in Chart 1.)
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Schlenk techniques. Solvents were passed through an Innovative

Technology solvent purification system prior to use.
[(Tp)MoFe3sSi(PEts)s](BPhy). To a solution of 110 mg (0.13 mmol)

of (EuN)[(Tp)MoFe;S4Cl3]*” in 5 mL of acetonitrile was added 76 mg

(0.65 mmol) of PEL£ After 1 min, a solution of 260 mg (0.65 mmol)

of NaBPh in 1 mL of acetonitrile was introduced. The black reaction

mixture was stirred for 12 h, and 20 mL of ether was added. The mixture

was stirred for ca2 h and filtered through Celite to remove a white

solid. The filtrate was reduced to dryness. The black residue was washed

_ with ether and recrystallized from acetonitrile/ether to give the product
MzFe_Gss (M = Fe, V, Mo) as 120 mg (80%) of black platelike crystald NMR (CDsCN,
Edge-bridged double cubane cation): 8 3.3 (9), 7.4 (1), 13.2 (6), 13.7 (1), 17.3 (br, Bys = —0.79

V (acetonitrile). This compound was identified by an X-ray structure

- determination.
@°*s (EtaN)2[(Tp)MOFesS4(SH)]. A solution of 245 mg (0.20 mmol) of
[(Tp)MoFesSy(PES)s](BPhy) in 30 mL of acetonitrile was added to a
solution of 110 mg (0.65 mmol) of (EM)(HS)® in 10 mL of
acetonitrile. The dark black solution was allowed to stand for 16 h and
was filtered through Celite. Diffusion of ether into the filtrate caused
the separation of black blocklike crystals. This material was recrystal-
lized twice from acetonitrile/ether to yield the product as 105 mg (70%)
of black crystalsH NMR (CDsCN, anion): 6 5.50 (1), 15.4 (1)E.
= —0.89 V (acetonitrile). Anal. Calcd for HssBFesMoNsS;: C,
31.14; H, 5.50; N, 11.63; Fe, 17.39; Mo, 9.96. Found: C, 31.14; H,
5.24; N, 12.21; Fe, 18.20; Mo, 10.34. A satisfactory S analysis was
i not obtained.
Cys-S{_ [(Tp) 2Mo2FesS(PEts)4]. A solution of 250 mg (0.20 mmol) of [(Tp)-

FegSg MoFe;Ss(PEt)s](BPhy) in 5 mL of acetonitrile was added to a solution

N of 66 mg (0.26 mmol) of (BsN)(BH.) in 1 mL of acetonitrile. The
P-Cluster (P" state) dark black solution was allowed to stand for 16 h, during which black
Figure 1. Schematic representations of thefésSs core (M= Fe, Mo, platelike crystals separated. These were collected and washed with

V) of homo- and heterometallic edge-bridged double cubanes (upper) and acetonitrile to afford the product as 117 mg (70%) of black crystalline
the F@Sy core of the P cluster of nitrogenase in thé $tate. In the edge- solid. *H NMR (THF-dg): ¢ 2.40 (18), 5.24 (2), 5.40 (1), 11.75 (12),

bridged cubanes, heteroatoms are always in transoid positions in idealized13.78 (2), 15.79 (1)Ey, = —0.72 V (THF). Anal. Calcd for G:HsoB2-
centrosymmetric structures. In th8 Eluster, bridging cysteinyl sulfur atoms FeM0N1P,Ss. C, 29.99: H, 4.79: N, 9.99: S, 15.25; Fe, 19.92; Mo

are included in the core composition. 11.41. Found: C, 30.10: H, 4.92: N, 10.08: S, 15.29; Fe, 19.89; Mo,

11.54.
5_
Thereafter, the cluster [(@Hat)(EtP)MosFer2S0Ks]> was (EtaN)4[(Tp) 2M0O2FesSsCly]. To a suspension of 160 mg (0.10 mmol)

prepgred from a [(Qtat)(Ebp)ZMOZF%SB(PE%)AJ/ (I_Et“N)(SH) of [(Tp).Mo.Fe;Ss(PES)4] in 15 mL of acetonitrile was added 66 mg
reaction system conducted under different conditions than those(g.40 mmol) of EINCI. A dark black solution formed within 1 h; it

that afforded the higher nuclearity clustérThe structure of  was stirred fo 3 h and filtered through Celite. Diffusion of ether into
this cluster consists of two of the foregoing fragments bridged the filtrate caused separation of a crystalline solid, which was collected
by two u,-S atoms and three K The mean iron oxidation state ~ and washed with ether to yield the product as 137 mg (73%) of black
is also close te-2.4. These results demonstrate that the P cluster blocklike crystals*H NMR (CD:CN, anion): 6 5.4 (2), 13.9 (br, 1),
topology is synthetically accessible, but as part of larger, more 18.2 (v br), 19.0 (2) 26.4 (1F> = —0.87 V (acetonitrile). Anal. Calcd
complex structures. Consequently, no clear synthetic pathway " CstHiodB2ClaFeM0NisSs: C, 32.04; H, 5.34; Fe, 17.80; Mo, 10.25;
to MosFesSy clusters of the desired structure emerges from these N, 11.96; S, 13.67. Found: C, 31.76; H, 5.30; Fe, 17.54; Mo, 10.28;

synthetic reactions. Further, the properties of such cIustersN’ 11.99; S, 13.81.

c)a/mnot be deconvoluted from tho§e gf the entire cluster. To . (L VA(TRIMOFEsS(SCH PR [(TP)MooF&S(PEE)] (101 mg,
L . " 7.0.060 mmol) was suspended in 10 mL of THF and treated with a
redress this situation as part of our research on the synthesis otqyytion of 67 mg (0.24 mmol) of (PhGB)S in 2 mL of THF. The

the clusters of nitrogenase, we have devised a route to thegark brown suspension was stirred for 12 h and filtered through Celite.
desired P-cluster structure in molecules with the core composi- A suspension of 34 mg (0.24 mmol) of ¢&)(BH,) in 5 mL of THF

tion MoFesSs (M = Mo, V). Here we describe in detail the  was added to the filtrate. Slow diffusion of ether into the combined
synthesis and certain properties of the molybdenum cluster. Thesolution resulted in the separation of product as 105 mg (71%) of black
synthesis is again based on an edge-bridged double cubane, butlatelike crystals'H NMR (CDsCN, anion): ¢ 5.8 (3), 5.9 (3), 7.5
with a more symmetric coordination environment at the (Pr), 8.5(6), 14.7 (3), 70 (v br). This compound was identified by an
molybdenum atom. Corresponding results for the vanadium- XTay structure determination.

containing cluster will be reported separatéigs will electronic (ELN)S[(TP) 2MO2F€:S(SH)z]-2MeCN. Method A. [(Tp):MozFesSs-

. . . (PE#)4] (100 mg, 0.060 mmol) was suspended in 8 mL of acetonitrile,
gtrezeiglt(iaosnogftl)\ZIIZhasggucs:’ltS:ér;TS report expands our original and a solution of 30 mg (0.18 mmol) of ¢&)(HS) in 2 mL of

acetonitrile was added, causing the solid to dissolve immediately. The

Experimental Section
p (16) Zuo, J.-L.; Zhou, H.-C.; Holm, R. H. Submitted for publication.

Preparation of Compounds.All operations were performed under (17) Efrgggl%\gg?' V- McLauchlan, C. C.; Holm, R. t#horg. Chem.2002

a pure dinitrogen atmosphere using an inert atmosphere box or standard18) Heller, G.; Eysenbach, Whnorg. Chem.1979 18, 380-383.
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dark brown solution was stirred for 12 h and filtered through Celite. . © §
Slow diffusion of ether into the filtrate resulted in the separation of a - g sec __ ©
solid, which was collected and dried to afford the product as 92 mg é ?}. 32 5,1%“;% L‘:, g
(86%) of a black crystalline solid. Absorption spectrum (acetonitrile): @K @8 <;> % g ‘C_”. 2 o g
Jmax (ém) 335 (40 500), 570 (sh, 8000) nitH NMR (anion): 6 5.14 ;:1 Qanag LS g 18R
(2), 5.7 (br, 1), 8.30(1), 11.75 (2), 13.31 (1), 16.30 (2), 20. 93 (br, 1). a I: %) o g g °
Eir= —0.43,—-0.71,—1.09 V (acetonitrile). Anal. Calcd for fgHgsB- Sz g~
FesMooN17S1i: C, 31.02; H, 4.94; Fe, 18.81; Mo, 10.77; N, 13.36; S,
19.76. Found: C, 31.27; H, 4.88; Fe, 18.86; Mo, 10.74; N, 13.09; S, . ©
19.88. S L ~—— T N
Method B. NaHS (120 mg, 0.22 mmol) was added to a solution of = % Iy % %%E E S5 2
94 mg (0.050 mmol) of (BN)4(Tp).M0o2Fe&SsCls] in 15 mL of Sk (o2 anN @ § ~ o
acetonitrile. The reaction mixture was stirred for 12 h and filtered a c% ‘{Zo% g 38 § o<
through Celite. Slow diffusion of ether into the filtrate resulted in Ig =z 2 g 8 -
formation of the product as 73 mg (82%) of black crystalline product, O &~
spectroscopically identical with the product of method A.
(EtaN)2[(Tp)MoFesSs(So-tol)s]. To a solution of 37 mg (0.020 5 )
mmol) of (E4N)3[(Tp)-MoFe;Sy(SH)]-2MeCN in 10 mL of acetonitrile Z § 2 P g
was added a solution of 5.0 mg (0.044 mmol)petolylthiol in 2 mL § If e § FTF g/ % g
of acetonitrile. The dark brown solution was stirred for 12 h and filtered SlgF55 ©8Y 3 92
through Celite. Slow diffusion of ether into the filtrate resulted in the = fSQRE¢ 35 8o S
separation of a black powder and black platelike crystals. Mechanical e § z § < & & - .
separation, an X-ray structural analysis, aHdNMR established that S
the crystals contained the title compound. The powder has not been §
crystallized. With>6 equiv of thiol, the title compound was obtained & 2 § y_-°,
as 36 mg (72%) after recrystallization from acetonitrile/etHe¢iNMR 1= g Ty ol 2
(CD4CN, anion): 6 —3.20 (6) 5.90 (3), 13.9 (9), 14.8 (3),16.3 (6). The = ﬁﬁ &< =L g8 g| X
same compound, confirmed by X-ray analysis, was isolated in 26% al|% AoE . O’O' ; ; ° giv‘, g fE
yield from the reaction of the intial cluster with 4.4 equiv of Np$al LZA0° % A 3 Qo0 g |
in acetonitrile. o o N
(EtaN)s[(Tp) sMo4FesS14556 5. A suspension of 101 mg (0.060 %
mmol) of [(Tp)Mo.FesSs(PE%)4] in 20 mL of acetonitrile was treated , N
with a solution of 41 mg (0.20 mmol) of (F)(HSe}® in 2 mL of _ 23' Tf
acetonitrile. The solid gradually dissolved, forming a dark brown Q Ii? o § &
solution, which was stirred for 12 h and filtered through Celite. Slow S 5 £ SS9 & © o f
diffusion of ether caused separation of product as a black microcrys- % @ & 3?_ § §§§ § go g f
talline solid. This material was collected and washed with ether to give SlSeBo . 2 Js 9 = 22| W
the product as 81 mg (77%) of a black microcrystalline solid. - Igz G E § AAAgeg Mg =
Absorption spectrum (acetonitrile)imax (em) 335 (81 000) nm*H NMR © ¥ £
(anion): ¢ 5.3 (2), 5.7 (br), 7.8 (1),12.8 (2), 13.6 (1), 16.3 (2), 19.5 -
(1). Anal. Calcd for GeH140BaF€12M04N26S14 sS6 5. C, 26.38; H, 4.05; N o I ‘£
N, 11.82; Fe, 19.38; Mo, 11.09; S 13.42; Se, 12.56. Found: C, 26.34; > %, = @&\§ = g 2|
H, 4.08; N, 11.75; Fe, 19.15; Mo, 10.30, S, 12.78; Se, 12.20. Al = L o S BN ¢ & 5| "
; ; ; o~ |Bd®<c PR@® ~ oy |
In the sections that follow, clusters are numerically designated as o £ ;oo- g < : g 2 N g9l s
1-11 according to Chart 1. [ 3 BEL FNARHEO S c:f)
Chart 1. Designation of Clustefsand Abbreviations ;, Y
[(Tp)MoFesS4Cls]*~ 117 £ 4 l
[qp)MOEesg(gEta)sz w g g N % ° 5 g
oFe; - ) £ s o © 2| 2
{EngzMozFGeS(B(PE]%M 4 o|Z|E g 282 & & ol &
o - o < © g )T NOdO 0N = | ~
{(TE)ZMofessg(SH)z A 7 g |0 ® @O0 00° <
[(Tp)MoFe;Sy(S-p-tol)z]>~ 8 8 5
[(Tp)sMosFer2S 45565 9 z S
[(Clacat)(EtsP)}MosF eS8 1015 e ) = IS
[(Clscaty(EtsPuMosFe1:S0K s(DMF)]5~ 1112 gl = 3 N g
aHere and elsewhere, ligands preceding the heterometal atom are bound a g :g“ Uz ™ § g’g’@ g, ; <
to that atom? Clycat, tetrachlorocatecholate®. edt, 1,2-ethanethiolate- C| S| RLIE RN Qo© 2
(2—); FeMoco, iror-molybdenum cofactor; tol, tolyl; Tp, tris(pyrazolyl)- % =z N 2 E ; jr' 298 = 83 §
hydroborate(%). 2 § YR of8Ico—5505 =)
X-ray Structure Determinations. The structures of the eight ‘i 2 3
compounds listed in Tables 1 and 2 were determined. Suitable crystals O %9 o %
of [2](BPhy), (EtaN)4[5]-2MeCN, (EiN);[3,6,8], (EtsN)s[7]-9MeCN, o g b Soo u-,n;? o
© £ 38 <<<B88<Es |3
(19) Krebs, B.; Bobb, W.; Wellmer, H.-J.; Wiesmann,Z.Anorg. Allg. Chem. (Ig S EEFANCITILISOF |
1994 620, 1234-1246. ~
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Table 2. Mean Values of Selected Bond Distances (A) for Single Cubane Clusters 2, 3, 6, and 8

Mo-N Mo-S Fe-S Mo-Fe Fe-Fe Fe—P/S
[TPMoFesSy(PER)s] ™ 2 2.228(7) 2.369(2) 2.224(2) 2.670(1) 2.584(2) 2.309(3)
[TpMoFe;Sy(SH)s)?~ 3 2.240(3) 2.364(1) 2.277(1) 2.736(1) 2.710(1) 2.293(1)
[(Tp)MOF&S4(SCHPh)]?~ 6 2.239(5) 2.368(2) 2.279(2) 2.728(1) 2.710(1) 2.276(2)
[(TP)MoFesSy(S-p-tol)3]>~ 8 2.24(2) 2.367(6) 2.276(7) 2.726(4) 2.693(6) 2.280(6)

and (EiN)s[9]-8MeCN were obtained by ether diffusions into aceto- of this type. In a precedented reaction typereatment with
nitrile solutions; crystals oft were obtained from the preparative  excess PRtresults in ligand substitution and core reduction to
reaction. Crystals were mounted in Infineum oil and placed in a [MOFesS,]2* with formation of P](BPhy) (80%). The structure
d?nitrogen cold stream on a Siemens (Bruker) _SMART CCD-based of 2 (Figure 3) has a crystallographically imposed 3-fold axis
diffractometer. Cell parameters were retrieved using SMART software and normal metric features (Table 2). The NMR spectrum,

and refined using SAINT using all observed reflections. Data were . . .
collected at 0.3 intervals in¢ and w for 30 s/frame such that a with Tp resonances at 7.4, 13.7, and 17.3 (br), is consistent

hemisphere of data was collected. At total of 1271 frames were collected With trigonal symmetry. The lability of the phosphine ligands
with a maximum resolution of 0.75 A. The first 50 frames were is demonstrated by reaction 1 with 3 equiv of hydrosulfide and

recollected at the end of the data collection to monitor decay; none isolation of (E4N)2[3], whose anion retains the cubane-type
was found. The highly redundant data sets were reduced using SAINT geometry (Figure 3). Clustet is reversibly reduced electro-
and corrected for Lorentz and polarization effects. Absorption correc- chemically aE, = —0.79 V in acetonitrile to the neutral cluster
tions were applied using SADABS supplied by Bruker. Structures were [(TP)MOoFesSy(PE®)s] with the [MoFeSy]+ oxidation level.
solved by direct methods using SHELXL-97. Metal atoms and first When the reduction is performed chemically with borohydride,

coordination sphere atoms were located from direct-metkeai®ps; . . .
other non-hydrogen atoms were found in alternating difference Fourier the product isolated is the edge-bridged double cuBdfi8%).

syntheses and least-squares refinement cycles and, during final cycles] e *H NMR spectrum Sh_OWS two types of pyrazolyl ring’s (
were refined anisotropically. Hydrogen atoms were placed in calculated 5.2, 13.8; 5.4, 15.8) in an intensity ratio of 2:1. Two of the 5-H

positions and refined as riding atoms with a uniform valueJgf. resonances were not located, apparently because of paramagnetic
Crystallographic parameters and agreement factors are contained irbroadening. Evidently, the phosphines are sufficiently labile to
Table 120 be displaced in the formation of the edge-bridged structure. The

Other Physical MeasurementsAll measurements were performed  reaction is assisted by the very low solubilityzviih acetonitrile.
under anaerobic conditiond1 NMR spectra were measured with @ g ojyster sustains facile ligand substitution, forming in

Varian AM-300 spectrometer. Cyclic voltammograms (100 mV/s) were . AL o N
recorded with a Princeton Applied Research Model 263 potentiostat/ rea.ctlon 2 ch!orlde ligated cI.ustér (73% as the BN™ salt),
which maintains the edge-bridged structure.

galvanostat using a Pt working electrode and 0.1 M/#(B(PF;)
supporting electrolyte. Potentials are referenced to a SCEshauer
spectra were collected with a constant acceleration spectrometer. Datd(Tp)MoFe,S,(PEt),]"" + 3HS —
were analyzed with WMOSS software (WEB Research Co., Edina, o

MN); isomer shifts are referenced to iron metal at room temperature. [(Tp)MOFesS4(SH)3] + 3PEg )

Results and Discussion [(Tp),Mo,FeSy(PEL),] + 4CI” —

In formulating synthetic routes to the clusters of nitrogenase, [(Tp),Mo,Fe,S,Cl 4]4* + 4PEt (2)
we utilize MoFgS, cubane-type clusters as intermediates to an
Mo,Fe;Sg edge-bridged double cubane. The latter is the im-
mediate precursor to the octanuclear M@, cluster that is
of principal interest in this study. Single cubanes appear as
reactants and products in the synthetic scheme of Figure 2
Because the structures of single cubdh&<?and edge-bridged N
double cuband& 12 have been presented and discussed at some@Verall geometry closely resembles those of &g ° and
length, a similar detailed presentation is not required here. The['\/IOF(':'3‘S4]2+ 104 3double cubanes reported previously. Several

essential metric features of related species prepared in this work€gularities emerge when the structured ahd5 are compared

Clusters4 and 5 are the only species known with the
[MoFesSy)** oxidation level. Proof of the edge-bridged double
cubane arrangement (Figure 1) follows from the X-ray deter-
‘minations of the centrosymmetric structures in Figure 4. Their

are summarized in Table 2,(3, 6, 8) and Figure 4 4, 5). with each other and with the double cubanes reported earlier.
Structures are provided in Figures-8. Clusters1—9 were (i) Individual cubanes are linked throughzzes-S), hombs with
isolated as black crystalline salts (except neutjalvhich are ~ the angle at an iron atom larger than at a sulfur atom,In
highly sensitive to dioxygen in the solid and in solution. S4-Fe-S4 = 108.# and Fet-S4-Fel = 71.6. (i) The

Synthesis Route and Structures of IntermediatesiVe seek  bridging Fe-(u4-S) bonds connecting individual cubanes are
individual molecular clusters, free of perturbing bridging Shorter than the other Fgus-S) bonds and are marginally
interactions, approaching or achieving the topology of the P shorter than or about equal to the mean of&8-bonds within
cluster. The current synthesis begins with trigonally symmetric the cubanes. Again id, Fel-S4 = 2.248(2) A, FetS4 =
1,17 which has the [MoF£S,]3* oxidation state usual for clusters ~ 2.455(1) A, and Fe(us-S) = 2.267(1) A (mean of 6). (iii) Fe
Fe separations in single and double cubanes with phosphine
8% See n?’a;{é@mpgiﬁ}l rgger}] ’egfi ST mg;&gﬁﬂ /?ldﬁggzgf'gr:ﬂfg[mjﬁi%mg‘ﬁ'ab|e~ ligation are shorter than those in related clusters with terminal

istry: Current Status and Relevance to the Native Cluster of Nitrogenase. thiolate or halide ligands. The mean of three such distances in
Iln_ l\élglybdenum EnzymeSpiro, T. G., Ed.; Wiley: New York, 1985:pp  doyble cubaned and5is 2.573(2) and 2.626(1) A, respectively.
(22) Demadis, K. D.; Coucouvanis, norg. Chem.1995 34, 436-448. Examples of this behavior in single cubanes are contained in
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Figure 2. Synthetic scheme affording monocubane clusr3, 6, and8, edge-bridged double cubanésand5, cluster7 with P cluster topology, and

doubly bridged cluste® containing units with this topology.

Table 2 and may be found in prior wo?R1-1217 Numerical

illustrate two important points. (i) As the core oxidation level

values given are typical for the entire set of double cubanes. decreases at strict parity of terminal ligation, the isomer shifts
Effect (i) is presumably driven largely by the tetrahedral ¢ and, consequently, the Fe(ll) character of the core increase
stereochemical preference of four-coordinate high-spin Fe(IL,1l1). (1 vs [(Tp)MoF&S,Cls]27), there being usually &(0.06—0.10)
Acute angles at sulfur in metal clusters are entirely common. mm/s shift per electron added. (i) Isomer shifts decrease in the
The behavior in (i) is opposite the usual bond length trend Fe- orderd = CI~ > RS~ > RsP at parity of oxidation stae1 vs

u2S < FewusS < FeusS displayed in clusters such as
[FesSo(SEtY]4~ 2 and [(edt)MoFeuSe].4~ L Effect (iii) implies
slightly enhanced FeFe bonding in the presence of terminal

[(Tp)MoFesSy(SEty]Y, 5 vs 4). From previous arguments, the
electron added to a [MoE&]32" core is essentially completely
localized on the 5, fragment, leading to the [MOFe*TFe?t )

phosphine ligands. At present, we cannot offer meaningful = [Mo3tFe?33+;] formulation for the delocalized [MoF&,]2*
explanations of (ii) and (iii); these may require electronic core of three clusters of two single cubanes and one double

structure calculations.
Oxidation States.Before proceeding with further reaction
chemistry, attention is directed to th&e isomer shift data in

cubané!in Table 3. Noting that the mean isomer shifts of [{CI
catp(EtsP)pMo,FesSs(PES)4] and4 differ by 0.10 mm/s, we are
led to the all-ferrous formulation [MoFe? 5] for the [MoFeSy]*"

Table 3. These data, withdrawn from a much larger set of results, cqres of4 and isoelectronis. Clusterss and5 are oxidized at

(23) Hagen, K. S.; Watson, A. D.; Holm, R. H. Am. Chem. S0d.983 105,
3905-3913.
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—0.72 V in THF and—0.87 V in acetonitrile, respectively.
Neither shows a reversible reduction step, consistent with an
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[(Tp)MoFe3S,(PEtz)a]"* [(Tp)MoFe3S4(SH)3l*

Figure 3. Structures of [(Tp)MoFsSs(PEg)3]*" (left) and [(Tp)MoFeS«(SH))?~ (right) showing 50% probability ellipsoids and atom-numbering schemes.
[(Tp)MoFesS4(PER)s]*™ has a crystallographically imposéz} axis. In [(Tp)MoFeSy(SH)]2-, the hydrosulfide hydrogen atoms were located and refined.

[(Tp)2Mo,FesSg(PEt3)4] Reactions of [(TppMo,FesSg(PEts)4] with S92~ Reagents.
Edge-bridged double cubanes have proven to be useful, and
possibly, unique, precursors to other high-nuclearity cludters.
In our hands, they have afforded the complicated speli&s
and, subsequentlyl1,*2 which contain fragments with the
topology of the B cluster (Figure 1). In this work, we have
sought a route to this fragment in molecular form. To increase
the sulfur content of the cluster core, two reagents have been
investigated.

In an attempt to increase the core stoichiometry tofgSo
with concomitant core oxidation, the reactionivith benzyl
trisulfide in acetonitrile was investigated. However, only an
intractable black solid was obtained. Addition of a reducing
agent (to promote formation of sulfide) and further variation of
conditions led finally to the formation of the benzylthiolate-
ligated single cubans, isolated as the EN* salt (71%). The
product contains an oxidized ([Mog®&]%") core and was
identified by the X-ray structure in Figure 5; the cluster is
isodimensional wit8 (Table 2). Its formation proceeds by the
apparent stoichiometry of reaction 3. Because a single cubane
is not the desired product, further experiments involved the use
of reduced sulfur as hydrosulfide.

[(Tp),Mo,Fe,Sy(PEL),] + 4(PhCHS),S+ 4BH, —

2_
Figure 4. Structures of the edge-bridged double cubanes j{\p)Fe;Se- 2[(Tp)MoF%S4(SCH2Ph)3] + 4Et3PS+

(PE®)4] (upper) and [(Tp)MozFesSeCla]+ (lower) showing 50% probability PhCHSSCHPh+ 4BH; + 2H, (3)
ellipsoids and atom-numbering schemes. Primed and unprimed atoms are
related by crystallographically imposed centrosymmetry. Selected mean

bond distances (A) and angles (deg) for [@WP-FesSs(PEE)a: Mo—N, Treatment of4 with 3 equiv of hydrosulfide in acetonitrile
2.247(7); Mo-S, 2.383(2); Me-Fe, 2.684(1);, FeFe, 2.573(2) (mean of results in the formation of the new clusférisolated as black

3); Fe—S, 2.267(3) (mean of 6 for S1, S2, S3); Fe4, 2.455(2); Fe2 crystalline (EfN)s[7]-2MeCN (86%). Product formation is
S4, 2.366(3); Fe3S4, 2.373(3); FetS4, 2.248(2); FetFel, 2.757(2); . di ‘ ion 4. (1 i

Fel-S4-Fel, 71.62(7); S4Fel-S4, 108.38(7). For [(TpMozFeSeCl: interpreted in terms of reaction 4. (In our earlier repénye

4~ Mo—N, 2.246(4); Mo-S, 2.384(1); Me-Fe, 2.737(1); FeFe, 2.626(1) used 4 equiv of hydrosulfide, but have subsequently found that
(mean of 3); Fe'S, 2.286(1) (mean of 6 for S1, S2, S3); Fed4, 2.426- only 3 equiv is necessary for a high yield conversiorddab

(1); Fe2-S4, 2.401(1); Fe3S4, 2.373(1); Fe1S4, 2.283(1); FetFel,

2.737(1): Fex-S4—Fel, 70.73(4). S4Fel-S4. 109.1(4) 7.) One-half equivalent of dihydrogen is included to account

for the core oxidation level [Mg-e;So]*", one electron more

all-ferrous description. Doubl_e_cubanes the _flrst a_II-ferrous (24) Coucouvanis, D.: Han, J.: Moon, . Am. Chem. S0@002 124, 216-
MoFe;S, cluster whose reactivity has been investigated. 224.
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[(Tp)MoFe;S4(SCH2Ph)s]*

[(Tp)MoFe;S4(S-CeHa-p-Me)sl”

Figure 5. Structures of [(Tp)MoFsS4(SCHPh)]?~ (left) and [(Tp)MoFgSy(S+-tol)s]2~ (right) showing 50% probability ellipsoids and atom-numbering

schemes.

Table 3. Zero-Field Mdssbauer Parameters of MoFesS, Clusters?@

cluster o (mm/s)® AEq (mm/s)P ref
[(Tp)MoF&S,Cls)*~ (1) 0.51(2), 0.46(1) 1.09(2), 0,0.61(1) 17
[(TP)MOFe&sSy(SEtk] !~ 0.39 1.02 17
[(Tp)MoF&S,Cl3] 2~ 0.62 (2), 0.59(2) 1.15(2), 0.62(1) 17
[(Clscat)(MeCN)MoFgSs(PBUs3)3) 0.53(2), 0.51(1) 0.75(2), 2.27(2) 11
[(Clscath(EtsPpMooFesSs(PE®)4] 0.48(7), 0.45(3) 0.72(7), 2.30(3) 12
[(Tp)2Mo2FesSs(PER)4] (4) 0.56(2), 0.58(1) 1.05(2), 0.54(1) c
[(Tp)2M0o2FesSsCla]*~ (5) 0.74(2), 0.64(1) 0.92(2), 0.67(1) c
[(Tp)2Mo2FesSe(SH)3~ €(7) 0.55 0.62 c
[(Clacaty(EtsP)sMOsFe20S30] 8~ € (10) 0.47 0.8 15
[(Clscaty(EtsPuMosFe 2S0K 3(DMF)]5~ (11) 0.51 0.82 12

aData at 4.2 K unless otherwise indicat€dRelative intensities of quadrupole doublets in parentheésEsis work.d 150 K. € Broadened quadrupole

doublet.

oxidized than 2[MoFg&5;]'+ + S27; the oxidant has not been
directly identified.

[(Tp);Mo,Fe&Sy(PEE),] + 3HS —
[(Tp),Mo,Fe,Sy(SH),I®™ + 4PEg + 1/2H, (4)

Other synthetic methods fof were investigated. Double
cubanes with 4 equiv of NaHS in acetonitrile affords the cluster
in 82% yield as the EN* salt. When equimolar amounts 8f
and 4 were allowed to react in acetonitrile for 16 f,was
observed as the major product by NMR (vide infra). Neither

of these reactions has an advantage over reaction 4, which in

multiple runs has proven to be highly reproducible.
[(Tp) 2Mo2FesSy(SH)2)3~. (a) Structure. The structure of
cluster7 is shown in two perspectives in Figure 6; selected bond

angles and distances are collected in Table 4. Reaction 4

The overall structure is usefully described with reference to two
core least-squares planes. Atom deviations from the plane Mo-
(1,2)Fe(2,3,5,6) are0.050 A. At the center of the plane is the
slightly irregular rectangle Fe(2,3,5,6) with two distances+e2
Fe5= 2.697(2) A and Fe3Fe6= 2.718(2) A, two longer
distances Fe2Fe3= 2.750(1) A and Fe5Fe6= 2.764(1) A,

and Fe-Fe—Fe angles of 89:690.8. Atoms Fel and Fe4 lie

on the same side of the plane at displacements of 2.209 and
2.223 A, respectively. The atormms-S(1,3,4,6) are on this side

at 1.254-1.366 A, as isus-S(8) at 1.430 A. The atomgs-
S(2,5) are located on this opposite site at 1:65565 A, as
areu»-S(7,9) but at the much smaller displacements of 0-500
0.594 A. Atom deviations from the plane Mo(1,2)Fe(1,4)S(2,5,8)
are <0.061 A. This plane forms a dihedral angle of 9gith

the first plane. Hydrosulfide ligands S10 (0.243 A) and S11
(0.331 A) lie on opposite sides of this plane with the indicated

proceeds with displacement of the phosphine ligands, substantiafjiSplacememS'

core rearrangement with incorporation of one additional sulfide
atom, and binding of two terminal hydrosulfide ligands.
Comparison with Figure 1 immediately reveals tfladdopts
the P! cluster topology, consisting of two Mo§fgs-S); cuboidal
fragments linked by twqi>-S atoms simulating tw@i-Scys
bridges and onge-S atom. The core bridging pattern is [Mo
Fes(u2-Sk(us-Sk(ue-S)[H+. Each iron atom has distorted tetra-
hedral Fegcoordination. The cluster has idealizZ8gsymmetry.

3916 J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003

Fragments of the initial clustet are evident as two (Tp)-
MoFe&S; portions of 7 (e.g., Mo(1)Fe(13)S(1—3)) within
which dimensional changes are small. The molybdenum atoms
retain distorted octahedral coordination, and mean-MpMo—

S, and Me-Fe distances change by0.04 A. The major
structural changes in the— 7 conversion are the deconstruction
of the bridging rhomb, formation of two bridges centered at
u2-S(7,9), and creation of six bridges centereda88 between
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[(Tp).Mo,FegSg(SH),J*

Fed Fel s1
S8
s Fe5 Fe2 \ s3 N1

{
A
A
if

(67

N9 Fe6 Fes\ N3
S6 S3

Figure 6. Structure of [(TpIMoFesSo(SH)]3~ displayed using a side view (upper) and top view (lower) and showing 50% probability ellipsoids and
atom-numbering schemes.

[(Tp)2Mo,FegSe(SH)1>
H 2H
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| l | | I ) |
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Figure 7. 'H NMR spectra of [(TpIMozFesSy(SH)]3~ and [(TpyMozFesS;Ses],°~ in CD3CN solutions at ambient temperature. The 2:1 ratio of inequivalent
pyrazolyl rings is indicated by the relative signal intensities.

the Fe faces of two cuboidal fragments. Dimensions of the waS. For example, note the distances £&3-S9)= 2.232(3)
bridges are normal, mean values off®-Fe angles and FeS A, Fe3—(us-S2) = 2.266(3) A, and Fe3(us-S8) = 2.398(2)
distances being 75.03and 2.224(5) A, respectively. Other A,
bond distances are not exceptional, and-Eebond lengths,
unlike those of4, adhere to the order R&S > FeusS > Fe-

The sextuple bridging atom S8 and its associated interactions
comprise the most exceptional part of the structure’.oft

J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003 3917
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Table 4. Selected Bond Distances (A) and Angles (deg) for
[(Tp)2Mo2FesSs(SH)2]*~

Mo1—N1 2.259(8) Mo2-N7 2.232(7)
Mo1—N3 2.240(7) Mo2-N9 2.249(8)
Mo1—N5 2.238(7) Mo2-N11 2.251(8)
Mo1-S1 2.377(2) Mo2-S4 2.370(2)
Mo1-S2 2.358(3) Mo2 S5 2.356(2)
Mo1-S3 2.376(2) Mo2-S6 2.393(2)
Mol—Fel 2.697(1) Mo2 Fe4 2.707(1)
Mol—Fe2 2.726(1) Mo2 Fe5 2.731(1)
Mol—Fe3 2.741(1) Mo2 Fe6 2.724(1)
Fel-S1 2.264(3) Fe4S4 2.262(3)
Fel-S3 2.253(3) Fe4S6 2.275(3)
Fel-S8 2.391(2) Fe4S8 2.357(2)
Fel-S10 2.280(3) Fe4S11 2.295(3)
Fe2-S1 2.260(3) Fe5S4 2.251(3)
Fe2-S2 2.270(3) Fe5S5 2.271(3)
Fe2-S7 2.221(3) Fe5S7 2.225(3)
Fe2-S8 2.391(2) Fe5S8 2.396(3)
Fe3-S2 2.266(3) Fe6S5 2.255(3)
Fe3-S3 2.261(3) Fe6S6 2.265(3)
Fe3-S8 2.398(2) Fe6S8 2.383(3)
Fe3-S9 2.232(3) Fe6S9 2.220(3)
Fel-Fe2 2.739(2) Fe4Fe5 2.724(2)
Fel-Fe3 2.726(2) Fe4Fe6 2.756(2)
Fe2-Fe3 2.750(2) Fe5Fe6 2.764(2)
Fe2-Fe5 2.697(2) Fe3Fe6 2.718(2)
Fel-Fe4 4.444(3)

Fe2-S7-Fe5 74.69(8) Fe3S9-Fe6 75.24(9)

Fe4-S8-Fe5 69.93(7) Fe1S8-Fe3 69.91(7)

Fe4-S8-Fe6 71.10(7) Fe1S8-Fe2 70.41(7)

Fe2-S8-Fe3 70.08(7) Fe5S8-Feb 70.66(7)

Fe2-S8-Fe5 68.57(7) Fe3S8-Feb 69.28(7)

Fe2-S8-Fe6 109.1(1) Fe3S8-Fe5 106.3(1)

Fel-S8-Fe5 137.2(1) Fe2S8-Fed 135.3(1)

Fel-S8-Fe6 136.2(1) Fe3S8-Fed 138.8(1)

Fel-S8-Fed 141.0(1)

atomue-S8 there are 15 independent-F&—Fe angles, which
under idealizedC, symmetry reduce to seven equivalent pairs
and one unique angf&.Members of an equivalent pair are

[(Tp),Mo,Fe Sg(SH),I™

-1.16

-0.39
—

' T T v T ¥ T T T T T
-0.20 -040 -060 -080 -1.00 -1.20 ~-1.40

Figure 8. Cyclic voltammogram (100 mV/s) of [(Tpy102FesSo(SH)]3~
in acetonitrile solution at ambient temperature. Peak potentials are in-
dicated.

(b) Selected PropertiesWith the structure of7 clarified,
the advantage of a trigonally symmetric terminal ligand at the
molybdenum sites becomes apparent. This ligand serves two
purposes. It acts as a protecting group, directing reactions to
the more labile iron sites. In the construction of sulfide-bridged
double cubanes, we had employéanethylimidodiacetate(2)
for a similar purposé’-2® Tridentate ligands EL'—L at
heterometal sites can potentially generate two diastereomers with
the PY cluster topology. A trigonally symmetric ligand does not
lead to isomers, a matter that may contribute to the high
crystallinity of the isolated salt of. In acetonitrile solution,
cluster 7 exhibits thelH NMR spectrum shown in Figure 7,
containing two sets of pyrazolyl proton signals in an intensity
ratio of 2:1, consistent with the solid state structure. The
Mdossbauer spectrum af consists of a broadened quadrupole
doublet. The isomer shift = 0.55 mm/s (4.2 K, Table 3) shows

located on the same line in Table 4. Four pairs, exemplified by that the cluster is substantially reduced and presumably describ-

Fel-S8-Fe3, Fe1S8—Fe2, Fe2-S8—-Fe3, and Fe2S8—Fe5,
measure the acute angles at S8 and cover the range BB.B
with a mean of 70.0(8) Another pair, Fe2 S8—Fe6 (109.1)
and Fe3-S8—-Fe5 (106.3), describes the triangular faces in the
central FgS pyramid. Two other pairs, represented by +el
S8—-Fe6 and Fe2S8—Fe5, are at 135:3138.8 with a mean
of 137(1y and delimit angles involving Fe(1,4) and Fe(2,3,5,6)
of the interior rectangle. The angle Fe$8—Fe4= 141.0(1)

is unique and is the largest F8—Fe bonded angle in the
structure. Comparison of the core @fwith the MoFeSe
fragments ofl0'> and11'2 leave no doubt that the former is an

able as [M@M,Fe&¢sFe¢T S| 1, although this formulation cannot
be demonstrated from the isomer shift alone. However, one
implication is that7 should be susceptible to oxidation. Indeed,
7 shows three oxidation stepskf, = —1.09,—0.71, and-0.43

V in the cyclic voltammogram of Figure 8.

In an attempt to substitute the hydrosulfide ligandsyas
treated with 2 equiv of either of the weak acids pyridinium
triflate or (EgNH)(BPhy) in acetonitrile. Black platelike crystals
of (EuN),[3], identified crystallographically, were obtained in
ca. 20% yield. Given this relationship betwe8rand 7 and
electrochemical detection of a2cluster derived fronv, the

isostructural molecular version of these fragments. The angle conceivable reaction 2[(Tp)MoEB(SH)]2~ — [(Tp)Mo2-

analogous to Fe1S8—Fe4 is 135.3(2)in 10and 138.9(Ain
11. A best-fit superposition of the M&e;S core of7 with the
FesSy core of the P clustep affords a weighted rms deviation
in atom positions of 0.38 A. The corresponding value for the
Fes(ue-S) portion is 0.24 &6 The differences of an M&e;
instead of an Remetal content and tw@,-S instead of two
u2-Scys bridges notwithstanding, we conclude that clugtand

its vanadium analogue [(Tp)FesSo(SH)]4~ 14 are the initial
examples of molecular topological analogues of tNeclRister

of nitrogenase.

FesSo(SH)Y]?~ + 2HS™ + H,S was investigated. However, no
tractable cluster product was obtained. In a further experiment,
7 was reacted with 2 equiv gktolylthiol in acetonitrile. A small
quantity of black crystals was obtained and shown by an X-ray
crystal structure to be (RY);[8], whose anion has a single
cubane structure (Figure 5). The cluster is isometric ®igémd

6 (Table 2). Reaction of with >6 equiv of the thiol afforded
the product compound in 72% yield. In the formation3cdnd

8 from 7, the observed oxidative conversion is [p@sSo]*"

— 2[MoF&Sy)?™ + S~ + e . It is interpreted in terms of

(25) The number of independent +&«-S)—Fe angles is eight, not nine as
previously stated?
(26) For an example of a best-fit superposition, cf. Figure 9 of ref 12.

3918 J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003

(27) Huang, J.; Mukerjee, S.; Segal, B. M.; Akashi, H.; Zhou, J.; Holm, R. H.
J. Am. Chem. S0d.997, 119, 8662-8674.
(28) Huang, J.; Holm, R. Hinorg. Chem.1998 37, 2247-2254.
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T Mo.Fe.S.Se.l.5 Table 5. Selected Bond Distances (A) and Angles (deg) for
[(TP)MooFesS,Sesl, [(Tp)2Mo2FesS7Ses]o5~
Mo—N 2.243(8) Mo-S 2.365(3)
Mo—Fe 2.712(2) Fe (us-SyP 2.248(3)
Fe-Fe 2.761(2) Fe2Fe5 2.722(2)
Fe3-Fe6 2.681(2) FetS7 2.370(2)
% Fel-Se3 2.303(2) Fe2S7 2.436(2)
s6  Sel s3 Fe2-Sel 2.340(2) Fe3s7 2.439(3)
SSETNT NG -;z%@ Fe3-Se2 2.324(2) Fe4S7 2.385(2)
G ‘N";- '\ L = Fe4-Se3 2.312(2) Fe5S7 2.420(2)
] Mo2 Fo Se2 Fe2\ /7 N1 | Fe5-Sel 2.331(2) Fe6S7 2.416(2)
Qi ot Fe6-Se2 2.329(2) FeiFed 4.507(2)
s4 Foo s2 -~ Fel-Fe4 4.190(2) FetFel 6.187(3)
\ Fe3 N3 Fe4-Fed 6.111(3)
S5 57 s1
Fed Fel Fel-S7-Fe4 142.8(1) Fe2S7-Fe5 68.18(7)
Fe3-S7—Fe6 67.05(7) Fe2Sel-Fe5 71.28(6)
5e3 Fe3-Se2-Fe6 70.39(6) FetSe3-Fe4 130.4(1)
Se3’ e Se3-Fe4-S7 122.4(1) Se3Fel-S7 119.5(1)
Fel' Fed' aMean value of intracubane distances.
s7'
- / \ formation of the bridged doubtedouble cubane structure and
~ . . . o
‘ could not predict the formation of mixed core oxidation states.
o= e, — _‘_,_l\ Evidently, the putative core oxidation state [p@Qq]° is a
L > strong reductant. We do note, however, that the doubly bridged

- ~ . : : -
architecture oB is also found inl1, where potassium ions also
occupy bridging position&

Figure 9. Structure of [(TpIMooFesS;Se],>~ showing 50% probability _
ellipsoids and the atom-numbering scheme. Primed and unprimed atom52[(Tp)2M02F6658(PET3)4] + 6HSe —

are related by a crystallographically imposéglaxis. [(Tp)4MO4Felzsl4 589545_ + 8PE§+ 3/2 H2 + HZS—i-

l — —
reaction 5 (R= p-tol, H), in which dihydrogen is invoked as a l,HS 1HSe (6)
reduced product.

a X-ray structure refinement indicates dominant occupancy of
[(Tp) ;MO Fe;Sy(SH)|™ + 6RSH— selenium atomsx90%) at the doubly bridging positions Se-
2[(Tp)MoFgS,(SR)*™ + 3H,S+ H™ + Y/,H, (5) (1,2,3) and full occupancy by sulfur atoms at other positions.
For simplicity, in this figure, in Table 5 containing selected
(c) Selenide Substitution.We have sought to address one metric data, and below, the cluster is referred to as (Wip}-
question about the obviously complicated pathway of reaction Fe;S;Sej].5~, the composition if the foregoing three sites were
4, namely, what is the fate of the externally added sulfide in occupied solely by selenium. We interpret the combined X-ray
the structure of product clusté? Because it is well established  and analytical results in terms of the half-cluster formulation
that cubane-type FeS/Sé&930and M—Fe—S/Sé! clusters are MozFes(ta-S)e(us-S) uz-Sed 75(ua-Sh.2s that is, the doubly
isostructural (but not isodimensional), the same outcome canpyridging positions are occupied by10% sulfur. ThetH NMR
be expected for any selenide variant©fConsequently, 3.3 spectrum of9, with two sets of pyrazolyl resonances in a 2:1
equiv of HSe was employed in place of HSin reaction 4. intensity ratio and similar chemical shifts (Figure 7), resembles
The product isolated fit the analytical compositiony{t[(Tp)- the spectrum of. Most of the signals are accompanied by very
Mo4F€12514.556. with the experimental atom ratio S/Se2.58:  yeak signals nearby (e.gd 8.04 neard 7.80), which we
1. The structure of product clust@rset outin Figure 9, consists  ¢ribyte to species containing sulfide in one or more bridging
of two fragments [(TpMo,Fe;Qo]%1 doubly bridged byu,- positions.
Q(@3,3) (Q =S, Se) and related by@ axis. The bridge atoms .
occupy the positions of the hydrosulfide ligandgifhe cluster The structyre OT clustéilfeatures a central nonplanlar glght-
contains the [MeFe:Q¢:* and [Mo,FesQq]2* cores, which are membered ring with four. |ndependent angles. The ring is bent
one and two electrons more oxidized, respectively, thanfMo ~&/0ng the Se(3;Bvector with a dihedral angle of 147.6etween
FesSe]2* + Sé. The 1 core is present i and the 2 core the plane Mo(1,2)Fe(1,4)S(7)Se(3,8nd its symmetry-related
is its first oxidation product, detected electrochemically. The counterpart. The two largest are Fede3-Fed = 130.4(1)
formation of 9 is rationalized by reaction 6, in which the and FelS7—Fe4=142.8(1}, the latter being nearly the same
simplifying assumptions that 3 equiv of‘Hare reduced and @S FetrS8-Fe4 = 141.0(1) in 7. The remainder of the

that HS and not HSe is formed. We cannot account for the Structure closely resembl@sThe assigned positions of selenium
atoms are consistent with observed bond lengths, as may be

(29) Bobrik, M. A.; Laskowski, E. J.; Johnson, R. W.; Gillum, W. O.; Berg, J. seen by the followina comparisons of mean valuesSfos 7:
M.; Hodgson, K. O.; Holm, R. Hlnorg. Chem.1978 17, 1402-1410. y g p

(30) Nelson, L. L.; Lo, F. Y. K,; Rae, A. D.; Dahl, L. B. Organomet. Chem. Fe—(u>-Se)= 2.323(13) A (mean of 6) vs Fe(u»-S) = 2.225-

1982 225 309-329. . Q) —
(31) Greaney, M. A.; Coyle, C. L.; Pilato, R. S.; Stiefel, Elnorg. Chim. Acta (5) A (mean of 4)’ Fe(u:" S) 2'248(3) Avs 2'263(7) A (mean
1991, 189, 81-96. of 12); Fe-(ue-S) = 2.378(11) A vs 2.359(2) A (mean of 2),
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2.428(11) A vs 2.392(7) A (mean of 4). The difference between in 7. Because this relationship between the elements is credible
Shannon radii for e and $~ is 0.14 A32 but not actual, we can only offer what are possible but not
A plausible conclusion from the selenide substitution results rigorously proven conclusions. The procedure by which the
is that the source of thes-S atom in7 is a sulfide atom existent ~ pathway of construction of cluster coré from 4 may be
in the core precursor clustérather than external sulfide, which  illuminated is not obvious.
we take to be the intuitive source in reaction 4. A further  Future reports will describe the vanadium analogue of cluster
intimation (and nothing more) is that the twg-S atoms of7 7, further reactions and properties of double cubdrend the
need not arise solely from core sulfide, a corollary being that PN cluster analogu&, and experiments aimed at the FeMoco
the hydrosulfide ligands may not derive only from the added topology.
reagent. We also recognize that, through a complicated interplay
of bond distances and angles (with selenium in general
sustaining slightly smaller bridge angles), it may be energetically
preferable to incorporate selenide rather than sulfide in doubly
bridging positions, at least in a structure such9asiere we Supporting Information Available: X-ray crystallographic
treat selenium as a surrogate isotope of sulfur in order to decidefiles for the eight compounds in Tables 1 and 2. This material
the source-external or internatof certain core sulfur atoms s available free of charge via the Internet at http:/pubs.acs.org.

(32) Shannon, R. DActa Crystallogr.1976 A32, 751-767. JA0214633
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