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The electron-transfer P cluster @S¢ and the catalytic cofactor (7). Slow diffusion of ether into the reaction mixture leads to
cluster (MFeSg; M = Mo, V) of the MoFe protein of nitrogenasé separation of (BN)3[7]-9MeCN (73%). The reaction sequernze
have been assembled only by biosynthesis. Noting spectroscopic— 4 — 6 of vanadium-containing clusters has been demonstrated
evidence that the protein as normally isolated contains substantiallyrecently’?2 The double cubane [(TpYFesSs(PER)4] (6) is isos-
reduced clusters (majority of Fe(Il})¢ we are investigating the  tructural with5 and is also strongly reduced (2[\V43]**). It reacts
reactivity of reduced FeS’ and M—Fe—S8-12 clusters, often with similarly with 4 equiv of (EfN)(HS) to form [(Tp}V FesSs(SH) 1+~
tertiary phosphine ligation as a device to stabilize low oxidation [8], isolated as (EN)4[8]-6MeCN (70%).
states. We describe here the use of reduced clusters in the synthesis Clusters7 and 8 are isostructural and nearly isometfcThe
of the initial molecular topological analogues of the P cluster in structure of vanadium cluste8, which has crystallographically
the crystallographically defined“Pstate!®14 The synthetic proce- imposedC, symmetry, is set out in Figure 1. The core exhibits the
dure, outlined in Scheme 1, includes both molybdenum- and
vanadium-containing clusters; heterometal M and chargee
specified. To ensure regioselective reactions and avoidance of
potentially isomeric final products, tris(pyrazolyl)hydroborate)1
(Tp) at the heterometal site is a protecting group and in single
cubanes a stipulator of trigonal symmetry. All structures have been
proven by X-ray structure determinatioHs:215
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axis passes through-S(4) and the center of square Fe({2,2) and relates
primed and unprimed atoms. (Lower) Best-fit superposition of tffee\5y
core of 8 and the FgS7(ua-Scys)2 core of theKlebsiella pneumonia@®
cluster}* which in its entirety is F&S(u2-Scy92(Scyds. The bridging

Treatment of [(Tp)MoFgS,Cls]*~ 1 (1, [MOF%&]H) with 5 cysteinate atoms are simulated by S(behd two terminal cysteinates by
equiv each of PiEtand NaBPh for 12 h results in reductive sub- S(6,6) of 8.

stitution and formation of [(Tp)MoFsy(PEL)q] ' (3, [MoFesS*"), bridging pattern [\Fes(u2-S)(us-Sk(us-S)], which reduces to two
isolated as the BRh salf® (80%). Reduction o8 with 1.3 equiv distorted cuboidal fragments VEes-S); sharing the common

of (BuyN)(BH,4) for 16 h gives the neutral edge-bridged double bridge atomue-S(4) and externally bridged bys-S(5,5). Each iron
cubane [(TpMozFesSs(PEE)4] (5, 70%). Its structuré resembles atom has distorted tetrahedral stereochemistry, with terminal

that of [(Clicath(EtsP)Mo-FesSs(PEE)s]** (9) but is more reduced, hydrosulfide ligands at Fe(3)3and trigonally distorted octahedral

) ; ) " :
being the first example of an isolated [MafSg™" cluster. Reaction .5 ination at the vanadium atoms with parameters typical of Tp
of a slurry of 5 with 4 equiv of (EiN)(HS) causes the solid to . 4ing11.12The most conspicuous individual featureTand8 is

dissolve immediately with formation of [(TEYoFesSo(SH)]®~ the infrequently encounteregs-S atom, at which there are nine

*To whom correspondence should be addressed. E-mail: holm@ independent FeS—Fe angles. Three of these are notably obtuse,
chemistry.harvard.edu. Fe(3»-S(4)-Fe(1,2,3) = 136-141°, and convey the open nature
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of the structure along the Fe(33(4) edge at which the angle is
140.8(1}. In 7 the range is similar (1351471°), and the edge angle
is 141.0(1). Other parameters in both structures occur in the
intervals normally found for cubane-type f&S¢ and MFeS,
structured.1-12.16However, the most important result is that the
core shapes of and8 are clearly similar to that of the\Reluster

as determined in two different enzym&s# Shown in Figure 1 is

a best-fit superposition of the 17 atoms of thgF&S; core of8
and the FgS/(uo-Scyg)2 core of the B cluster, described by a
weighted rms deviation of 0.33 A. For the Mte;S, core of7 and

the P! cluster, the corresponding value is 0.38 A. Notwithstanding

< —1.1V), the cluster is isolated in a one-electron oxidized form;
the oxidant is currently unknown. While clustessand 6 have
nonphysiological Tp ligands and a core structure yet to be found
in a protein-bound condition, this reaction does raise a provocative
question in biosynthesis. Can two closely juxtaposeffausters

be induced to coalesce into thé' Fopology by reaction with
hydrosulfide? Further, is the P cluster a precursor to the all-iron
nitrogenase cofactor, and are ong$ecluster and one MRS,
cluster component building blocks to the FeMo- and FeV-cofactor
clusters of nitrogenase? Last, we note the contributions of others
in the synthesis of clusters relevant to nitrogenase clusters by use

the less precise protein data, obtained at resolutions of 2.0 and 1.60f reduced Me-Fe—S double cubanéd:2°

A for the proteins fromAzotobactervinelandiit® and Klebsiella
pneumoniag* respectively, we conclude thdhe synthetic and
native cluster cores approach congruen®ther than the presence

of six-coordinate heterometals, a number of apparent differences

contribute to the structural deviations. Among these is a much larger
edge-bridge angle (188n the P cluster) and its attendant effect
on atom positions. Of lesser influence is the presence of two Fe
(u2-S)—Fe bridges at the periphery 8fand8 (74.6-77.6°) instead

of two Fe—(u2-Scy)—Fe bridges (73 76°) as in the protein.

The core structure of has been observed before as sulfide-
bridged fragments in the high-nuclearity clusters J(@ty(EtsP)s-
MogFexSsl® 17 and [(Chcath(EtsP)MosFer-SoKs(DMF)]5~.10
These clusters were prepared by the reaction of edge-brifiged
with (EyN)(SH) under specific reaction and workup conditions.
Their formation also illustrates the value of reduced double cubanes

as precursors to new structures. However, because of the compli-

cated and tight sulfide-bridged cluster structures, properties intrinsic
to the fragments of interest, such as oxidation level, charge distri-

bution, and redox states, cannot be deconvoluted from those of the

whole clustersMolecularclusters7 and8 provide that opportunity.
Oxidation states of metal atoms in heterometal clusters are often
difficult to assess. Terminal FESR bond lengths increase as the
oxidation level of FgS, clusters decreases. The-F8H distances
in 7 (mean 2.291 A) an@ (2.327(3) A, when compared with the
values in [Fe@Sy(SH)]? (mean 2.262 A® and [Fe@Sy(SH)]3"
(2.317(2) A)6 are consistent with substantial Fe(ll) character at
these sites. The Msbauer spectruthof 8 at 4.2 K consists of
two overlapping doublets fitted in an intensity ratio of 3:1. The
majority/minority doublet hagé = 0.52/0.59 mm/s (mean 0.54 mm/
s) andAEq = 1.23/0.65 mm/s. The spectrum dfis a broadened
quadrupole doublet witlh = 0.55 mm/s and\Eq = 0.62 mm/s.
While comparison with isomer shifts of other reduced clugtedd
is not precise because of differences in structure and terminal
ligands, we do note the values for [S(SEt)]®~ (0.59 mm/s),
double cubané(Tp).Mo.Fe;Sg(SPh)]*~ (0.64 mm/s), and the\P
cluster ¢~0.64 mm/s) and conclude thaf and8 are substantially
reduced clusters. In keeping with its reduced natishows three
quasireversible oxidations &, = —1.09,—0.71, and—0.43 V;
redox steps o appear to be irreversible. Electronic structural
properties of these clusters will be described subsequently.

The apparent means of formation®&nd8 can be summarized
by the reaction [(TpMFesSs(PER)4] + 4HS™ — [(Tp)MFesSe-
(SH)]* + H,S + 4PEt. In the case of (for which Ey, (4—/3—)
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