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A synthetic method affording a topological analogue of the electron-transfer P-cluster of nitrogenase (FesSz(u,-
Scys)2) in the PN state has been devised, based in part on our previous development of cubane-type VFesS,
clusters (Hauser, C.; Bill, E.; Holm, R. H. Inorg. Chem. 2002, 41, 1615-1624). The cluster [(Tp)VFesS4Cls]>~ (1)
is converted to [(Tp)VFesS4(PRa)s]** (R = Et (2), Bu (3)) by reaction with RsP. The phosphine ligands are readily
substituted, leading to [(Tp)VFesS4(SR)s>~ (R = Ph (4), H (5)). Reduction of 2 or 3 with cobaltocene produces the
edge-bridged double cubanes [(Tp).V.FesSs(PR3)s] (R = Et (6), Bu (7)), which are readily converted to
[(Tp)2VoFesSe(SPh)aJ*~ (8). The structures of clusters 3-5 and 8 were proven crystallographically. Cluster 8 has
the double-cubane structure previously shown for 6, in which two cubane units are bridged by two Fe—(u4-S)
bonds. 5’Fe isomer shifts are consistent with the formulation [VFe?33*3S,J2* for the single cubanes and the all-
ferrous description 2[VFe?*3S,)* for the double cubanes. Reaction of 6 with 4 equiv of (Et,N)(HS) in acetonitrile
results in the insertion of sulfide with concomitant structural rearrangement and the formation of [(Tp),V2FesSe(SH)2]*~
(10), obtained in ca. 50% yield as the EtyN* salt. The cluster has C, symmetry, with two all-ferrous VFe;S, fragments
bridged by a common u-S atom and two x-S atoms that simulate the bridging atoms in the two Fe—(u2-Scys)—Fe
bridges of the PN cluster. The bridge pattern VoFes(uo-S)a(us-S)s(16-S) and cluster shape match those of the native
cluster. A best-fit superposition of the cores of 10 and the PN cluster affords a weighted rms deviation in atom
positions of 0.33 A. Cluster 10 and [(Tp).Mo,FesSe(SH)2J*~, prepared by a related route (Zhang, Y.; Holm, R. H.
J. Am. Chem. Soc. 2003, 125, 3910-3920), demonstrate that the topology of the PN cluster can be achieved in
molecular form in the absence of protein structure (Tp = tris(pyrazolyl)hydroborate).

Introduction cally defined catalytic FeMo-cofactor (Mof) and electron-

A structural motif of considerable current interest in weak- transfer P (F&Sy) clusters of nitrogenasé€.*? For this
field M—Fe—S clusters is the edge-bridged double cubane. €ason, we have utilized these clusters in synthetic procedures
Here two MFgS; cubane-type units are bridged by-F® directed toward the biological clusters, which thus far have
interactions to form an 6, rhomb in which the intercubane ~ P€en achieved only by biosynthesis. THe duster is the
Fe—(us-S) bond tends to be shorter than the intracubane bondMOre relevant in this investigation and is depicted in Figure
of the same type. The MQS(/JS_S)B(’MIS)Z core occurs thus (5) Demadis, K. D.; Campana, C. F.; CoucouvanisJDAm. Chem. Soc
far with M atoms transoid in a structure which approaches 1095 117, 7'835_7833'0_ I o T
or achieves centrosymmetry. The structure is illustrated in (6) ggtgg%ﬁ,ggé Segal, B. M.; Achim, C.; Holm, R. khorg. Chem200Q
Figure 1. Clusters are known with M Fe* V,“ and Mo>™ (7) Osterloh, F.; Achim, C.; Holm, R. Hnorg. Chem 2001, 40, 224—

They approach the core compositions of the crystallographi- 232.
(8) Han, J.; Koutmos, M.; Al-Ahmad, S.; Coucouvanis,|Borg. Chem.
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(PEB)4] with hydrosulfide to give the clusters [(Ty)lFe;Sy-
(SHY*~* with M = V6 and Mo?1® We have recently
provided a detailed account of the synthesis and certain
properties of [(TpIMoFesS(SH)]3~.° Here we provide a
corresponding report for the analogous vanadium cluster,

M,Fe.S, (M= Fe, V, Mo) augmenting our earlier brief account of its synthesis and
Edge-bridged Double Cubane structurel®

Experimental Section

Preparation of Compounds.All operations and manipulations
were carried out at room temperature using either Schlenk or
standard glovebox techniques. Solvents were dried by distillation
from sodium/benzophenone (ether, THF, hexanes) or,Gakt
etonitrile) and were thoroughly degassed prior to use. Ether was
introduced into solutions by vapor diffusion. Isolated solids were
washed with ether and dried in vacuo. Because of the small scale
of the preparations, analyses were performed on selected com-
== V,Fe,S, Cluster pounds. IntH NMR spectra, certain pyrazolyl proton signals were
not detected; presumably, those nearest the core are broadened by
cluster paramagnetism.-B1 resonances are broad and in some
Figure 1. Upper: Structure of the core of an edg_e-bridged d_ouble cubane. cases were not located. The spectra of double cubanes\GFp)
Lower: Structure of the core of the P-cluster of nitrogenase in thetde. 4
This structure is shown in a best-fit superposition with th&&Sg core of Faisf?(PBLb)“] anq [(Tp)ZVZF%SB(SPh)‘] are (?omplex and un,lq
[(TP)2V2FesSe(SHY] . require deuteration or methylation (not carried out) for definitive
assignments. However, the identities of all new compounds for

1. It contains two distorted cubane units bridged by o which preparations are given were established by X-ray structure
Scys atoms and on@e-S atom integrated into the bridging ~ determinations (Table 1).
pattern Fe(tz-S)(is-Sk(us-S). [(TP)VFesSy(PBus)sl(PFe). (MeaN)[(Tp)VFesSiCly]-2MeCN# 42
Previous synthetic efforts based on the reaction of the (150 mg, 0.17 mmol) was dissolved in 5 mL of acetonitrile, and
- PBu; (140 mg, 0.69 mmol) was added. After 1 min, NgRE40
edge-bridged double cubane [(€Atp(EtsP)MoFe;S(P-

. . . mg, 0.83 mmol) in 2 mL of acetonitrile was added. The black
5,6 -
Ets)4]>°with hydrosulfide have yielded the clusters [€it) reaction mixture was stirred for 16 h, the solvent was removed,

(EtsP)sMOgFes0S30]°” *° and [(Chcat)(EtsP)uMoaFer;S50Ks- and the residue was washed with hexanes. The solid was dissolved
(DMF)]>".7 Contained within these Comp“CQtEd structures in 5 mL of dichloromethane to give a black solution that was filtered
are two (Clcatp(EtsPpMo.F&sSy fragments with the same  through Celite. The filtrate was layered with 15 mL of hexanes,

mmmm  Fe,S, Core of P-Cluster

bridging pattern as the™Pcluster and in which twaq:,-S and the mixture was allowed to stand for 2 days. The product was
atoms simulate the bridging cysteinates in the latter. A best- obtained as a black crystalline solid (120 mg, 55%).
fit superposition of the MgFe;S, fragment core with that in [(Tp) 2V2FesSs(PBUs)4]. [(TP)VFesSy(PBus)s](PFs) (120 mg,

K. pneumoniaeFeMo proteid! affords a weighted rms 0.091 mmol) was dissolved in 3 mL of acetonitrile, and a suspension

deviation of 0.23 A in atom positions. These results provided gL[CpZCOt]' (30 ”?gt' 0.16 mmc;_') in dzmelof acetorgt;i.:f WZS tiddedh
the first indication that the"Pcluster topology is synthetically € reaction mixture was stirred for & min and fiftered throug

accessible. althouah not necessarily in an all-iron cluster Celite. The filtrate was allowed to stand overnight, during which
’ 9 y " the product separated and was collected as a black crystalline solid

However, the properties of thg fragments cannot be decon-(72 mg, 82%).H NMR (C¢De): & 1.04, 2.71, 2.84, 6.09, 6.92,
voluted from those of the entire cluster. 11.7, 16.2, 17.0, 18.5, 22.5.

More recently, we have prepared trigonally symmetric  (Et,N),[(Tp)2V2FesSs(SPh)]. [(Tp)2VaFesSs(PEL)s] (50 mg,
MFesS, single-cubane clusters, rendered in that condition 0.031 mmol) was suspended in 3 mL of acetonitrile, and a solution
by a tris(pyrazolyl)hydroborate (Tp) ligand at the heterometal of (Et,N)(SPh) (38 mg, 0.16 mmol) in 2 mL of acetonitrile was
site and identical ligands at the iron sit¢4.The first such ~ added. The suspension quickly became a homogeneous black
cluster, with M=V, was prepared by Malinak et &.in solution. The reaction mixture was stirred for 20 min and filtered
1995. These single cubanes have been converted to edgethrough Celite. Slow diffusion _of ethe_r into the filtrate afforded
bridged double cubanes under reducing conditions. They arefe Product as a black crystalline solid (54 mg, 83%).NMR
potential precursors to re;Sy clusters which, if possessing (ACD?C'(\':’ ‘?no'lop)' 0 —&5.1,;14';‘4, 5'2?’,5'?’ 4123 '759”_2&1’52;)';’ §4'4'
the cofactor or P cluster structure, would not have the pos- - ra, ~2¢d 1of GHuBaFeNissiaVa: C, 42.79; H, 5.82; Fe,

- o L 16.13; N, 10.79; S, 18.52; V, 4.90. Found: C, 42.65; H, 5.97; Fe,
sibility of geometric isomers. Lower symmetry coordination 16.27' N, 10.71: S, 18.50: V, 4.68.

at the M site can in principle lead to isomers. This approach  (g¢,N),[VFe;S(SPh)]. Method A. [(Tp)VFesSy((PER)s](PFo)*

has been put into practice by the reactions of [(Vpfe:Se- (42 mg, 0.04 mmol) was dissolved in 5 mL of acetonitrile, and a

(13) Osterioh sanak - " | solution of (E4N)(SPh) (38 mg, 0.16 mmol) in 2 mL of acetonitrile

1 sterloh, F.; Sanakis, Y.; Staples, R. J.7ndk, E.; Holm, R. H. ; ; ; ;
Angew. Chem. Int. Ed. Engl999 38, 2066-2070. was added. _The plack_ solution was stirred o_vernlght and filtered

(14) Fomitchev, D. V.: McLauchlan, C. C.: Holm, R. korg. Chem2002 through Celite. Diffusion of ether into the filtrate afforded the
41, 958-966.

(15) Malinak, S. M.; Demadis, K. D.; Coucouvanis, D.Am. Chem. Soc. (16) zZhang, Y.; Zuo, J.-L.; Zhou, H.-C.; Holm, R. H. Am. Chem. Soc.
1995 117, 3126-3133. 2002 124, 14292-14293.
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Table 1. Crystallographic Data

(EuN)4[8]- (EuN)3[9]- (EuN)4[10]
[31(PFo) (ELN);[4] (EtN)[5] [7]CHsCN 5CH,CN CHCN 6CHCN
formula GsHoiBFe- Cu3HesBFes- CosHs3BFes- CosH131B2F6s- CgaH13BoF6s- CasH7eBFes- Co2H120B2F65-
FesNePsSV NgS7V NSV N13PsSgV 2 N21S15V> N10S7V N22S11V>
fw, g/mol 1311.66 1147.75 919.47 1969.82 2282.45 1090.78 1985.06
cryst syst monoclinic monoclinic monoclinic _triclinic monoclinic _triclinic monoclinic
space group  P2i/n C2lc P2i1/n P1 P2;/n P1 12/a
a A 15.897(15) 45.754(4) 9.4282(9) 13.024(3) 16.4316(18) 12.3508(11) 22.981(7)
b, A 24.33(2) 11.2589(9) 34.912(3) 14.546(4) 19.725(2) 13.8075(12) 16.858(5)
c A 16.750(16) 25.995(2) 11.9207(11) 15.174(4) 16.7771(18) 16.8049(15) 24.753(7)
o, deg 90 90 90 95.991(5) 90 78.638(3) 90
B, deg 98.388(13) 120.709(2) 91.256(2) 112.649(5) 100.236(2) 70.207(2) 96.441(5)
v, deg 90 90 90 109.443(4) 90 73.718(2) 90
Vv, A 6401(11) 11513.2(17) 3922.9(6) 2410.6(10) 5351.1(10) 2571.8(4) 9529(5)
A 4 8 4 1 2 2 4
p (calcd), 1.359 1.324 1.557 1.357 1.417 1.409 1.384
glcm?
26 range, deg 2.9850.00 2.08-56.58 3.62-56.60 3.02-56.64 3.26-56.54 2.66-56.60 2.92-45.00
u, mmt 1.089 1.188 1.721 1.343 1.241 1.326 1.361
GOF (F? 0.934 0.912 1.037 1.060 1.149 0.991 1.246
RiP (WR) 0.0463 (0.1217)  0.0652 (0.1626)  0.0365 (0.0918)  0.0412 (0.1175)  0.0463 (0.1001)  0.0539 (0.1437)  0.0743 (0.1601)

aData collected at 213 K with graphite monochromatized Mw (¢ = 0.71073 A) radiation® Ry = S ||Fo| — |Fcll/3|Fol. cWR: = {[W(Fo2 — F2)
W(FAZ} 2

product as black blocklike crystals (40 mg, 88%Y.NMR (CDs- Chart 1. Designation of (Eluste?s _
CN, anion): & —2.27, 5.99, 13.3, 16.4. ((Tp)VFe,S,CLJ” e

Method B. (EuN)4[(Tp)2V2FesSs(SPh)] (33 mg, 0.016 mmol) [(Tp)VFe,S,(PR;);]" R=Et'2;Bu,3
and PRSbS (5.4 mg, 0.014 mmol) were mixed in 5 mL of [(Tp)VFe;S,(SPh),]* 4
acetonitrile. The reaction mixture was stirred for 20 min and filtered [(Tp)VFe,S(SH),J* 5

through Celite. Diffusion of ether into the filtrate gave black crystals

. . . . [(Tp),V2FesSy(PR;),] R=Et*6; Bu, 7
(12 mg, 33%) with &H NMR spectrum identical with that of the s
product of method A. [(Tp),V,FegSy(SPh),]" 8
(EtaN)2[(Tp)VFesSy(SH)g]. [(Tp)VFesSs(PER)s|(PFs) (51 mg, (Tp)VFe,S (S, ?
0.048 mmol) was dissolved in 5 mL of acetonitrile, and a solution [(Tp),V,FesSo(SH),]* 10
of (EuN)(SH)*” (25 mg, 0.15 mmol) in 3 mL of acetonitrile was [(Tp);Mo,Fe,So(SH),J* 11%16

add_ed. The bIa(_:k sqlution was st_irred ove_rnight and filtered throggh aTp = tris(pyrazolyl)hydroborate@); Clicat = tetrachlorocatecho-
Celite. Vapor diffusion of ether into the filtrate caused separation late(2-). Ligands bound to the heterometal precede V or Mo.
of the product as black crystals (25 mg, 56%).NMR (CDsCN,
anion): ¢ 5.98, 16.9. Anal. Calcd for £HssBF&sNsS;V: C, 32.66; (SH)]-Y/>CHsCN in 3 mL of acetonitrile was added a solution of
H, 5.81; Fe, 18.22; N, 12.19: S, 24.41; V, 5.54. Found: C, 32.48; =6 equiv of benzenethiol in 1 mL of acetonitrile. The dark brown
H, 5.83; Fe, 18.32; N, 12.24; S, 24.36; V, 5.38. solution was stirred fio2 h and filtered through Celite. Slow dif-
(EtN)S[(TP)VFesSy(SH)g]. [(Tp)2VoFesSs(PEE)4» (31 mg, 0.019  fusion of ether into the filtrate resulted in the separation of black
mmol) was suspended in 3 mL of acetonitrile, and a solution of platelike crystals. X-ray structural analysis atdl NMR showed
(ELN)(HS) (39 mg, 0.24 mmol) in 2 mL of acetonitrile was added. that the crystalline product is (B{)[(Tp)VFe;Si(SPh)] (15.4 mg,
The solid dissolved immediately to give a dark brown solution 86%).
which was stirred fo2 h and filtered. Slow introduction of ether In the sections that follow, clusters are designated numerically
resulted in the separation of colorless crystals (exceghl{E&H)) as1—11 according to Chart 1.
and the product as black crystals, which could be mechanically ~X-ray Structure Determinations. Structures of the seven
separated and were identified as the title compound by an X-ray compounds in Table 1 were determined. Suitable crystalS]ef [
structure determination. (PRs), (EuN)2[4,5], (EtsN)4[8]-5MeCN, (EiN)3[9]-MeCN, and
(EtaN)4[(Tp) 2V 2FesSo(SH)2] - /2CH3CN. [(Tp)2V 2FesSs(PER)4] (EtN)4[10]-6MeCN were obtained by ether diffusion into aceto-
(52 mg, 0.033 mmol) was suspended in 1 mL of acetonitrile, and nitrile solutions. Crystals of 7-MeCN were obtained from the
a solution of (EfN)(HS) (22 mg, 0.14 mmol) in 1 mL of acetonitrile  preparative reaction. Crystals were mounted in Infineum oil and
was added. The reaction mixture was stirred Zch and filtered. placed in a dinitrogen cold stream on a Siemens (Bruker) SMART
The black solid was dissolved in 5 mL of acetonitrile. Slow CCD-based diffractometer or a Bruker-AXS P3 diffractometer
diffusion of ether into the solution resulted in the separation of the equipped wih a 1 K CCD area detector. Cell parameters were
product as a black crystalline solid (27 mg, 48%).NMR (CDs- retrieved with SMART software and refined using SAINT on all
CN, anion): 6 5.61 (2), 6.45 (1), 13.4 (1), 15.1 (2), 16.3 (2). The observed reflections. Data were collected at 213 K using the
product analyzed satisfactorily as a hemisolvate. Anal. Calcd for following procedure: 606 frames of 0.8 w with ¢ = 0°, 435
CsoH10BoFesN16S11V 2 ,CHSCN: C, 34.82; H, 5.93; Fe, 19.05; frames of 0.3 in w with ¢ = 90°, and 235 frames of 023n w
N, 13.14; S, 20.05; V, 5.79. Found: C, 34.99; H, 5.84; Fe, 18.36; with ¢ = 18C°. An additional 50 frames of 02:3n w with ¢ = 0°

N, 12.77; S, 20.21; V, 5.97. were collected to allow for decay corrections. The highly redundant

Conversion of [(Tp),VFesSo(SH),]*~ to [(Tp)VFesSy(SPh)?. data sets were reduced using SAINT and corrected for Lorentz and
To a solution of 13.7 mg (0.0078 mmol) of ¢&)[(Tp)2V FesSe- polarization effects. Absorption corrections were applied using
SADABS supplied by Bruker. Structures were solved by direct

(17) Heller, G.; Eysenbach, Wnorg. Chem.1979 18, 380-383. methods using SHELX-97. The positions of the metal atoms and
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Table 2. Mean Values of Selected Bond Distances (A) for Single-Cubane Clu&tés5, and9

V—N V-S Fe-S V—-Fe Fe-Fe Fe-P/S
[(Tp)VFesSy(PBus)a] 3 2.175(3) 2.340(2) 2.225(2) 2.703(2) 2.587(2) 2.357(2)
[(Tp)VFesSy(SPh}]2~ 4 2.193(5) 2.345(2) 2.271(2) 2.761(1) 2.684(1) 2.289(2)
[(TP)VFesSy(SH)]?~ 5 2.198(2) 2.346(1) 2.276(1) 2.776(1) 2.720(1) 2.297(1)
[(Tp)VFesSu(SHYJ3~ 9 2.207(3) 2.376(1) 2.304(1) 2.789(1) 2.700(1) 2.345(1)

their first coordination sphere atoms were located from direct- = H), consistent with the behavior of other Tp-ligated
methodsE-maps; other non-hydrogen atoms were found in alternat- [VFe;S,)2* clusterst* However, phosphine clusteBsand4
ing Fourier syntheses and least-squares refinement cycles, andshow at best quasireversible behavior in acetonitrile. Cluster

during final cycles were refined anisotropically. Hydrogen atoms 3 o, example, exhibits a quasireversible steEat~ —0.60
were placed in calculated positions and refined as riding atoms with V ’

a uniform value olUis,. Crystallographic parameters and agreement
factors are contained in Table'd. _ _
Other Physical Measurements.All measurements were per- [(Tp)VF%S4(SR)3]3 - [(Tp)VF%S4(SR)3]2 =
formed under anaerobic conditioris NMR spectra were deter- [(Tp)VFeS, (SR (1)
mined using a Varian AM-500 spectrometer. Cyclic voltammograms
were recorded at 100 mV/s with a Princeton Applied Research However, these clusters are cleanly reduced by cobaltocene
model 263 potentiostat/galvanos_tat using a Pt Working_ electrode j, reaction 2 to edge-bridged double cubaétand7 (82%)
and 0.1 M (BuN)(PFs) supporting electrolyte. Potentials are i, release of phosphine. The formation of a double cubane
referenced to the SCE. Msbauer spectra were collected with & i’ 1655 abetted by the lability of the phosphines, which
constant acceleration spectrometer. Data_ were ar_lalyzed u_smqS also manifested by facile substitution with chlofidmd
WMOSS software (WEB Research Corp., Edina, MN); isomer shifts ) . : . .
are referenced to iron metal at room temperature. by thiolate in reaction 3. Cluster is substantially more
soluble in dipolar aprotic solvents than és The double-
Results and Discussion cubane nature of the reaction products was established by
the structures of (metric parameters not included because
of their close similarity t&6%) and of8, which is presented
in Figure 4. The cluster has crystallographically imposed
centrosymmetry. It resemble® and [(TphVFesSsCly*,
aving transoid vanadium atoms and intercubane (kg
) bond lengths (Fe3S5, 2.273(1) A) shorter than intracu-
bane bond lengths (Fe®5, 2.341(1) A). Other dimensions
are normal.

Synthetic procedures leading to clustéand 11 with
Vo FesSy and MaFe;Sy cores, respectively, were developed
essentially simultaneously in this laboratory. The method for
10 tends to parallel that fot1 and implicates single- and
double-cubane clusters, whose structures were determine
crystallographically as a means of identification. Owing to
prior detailed structural data and descriptions of these cluster
types containing vanadiut¥*'® or molybdenun?, 7.9.14.20
metric data presented here are limited to the average bon 1+ .
lengths in Table 2 and bond lengths and angles in Figure 492[(Tp)VF%S4(PR3)3] +2CpCo "
Synthetic Scheme and Intermediatesin this and related [(Tp),VFeS(PRy),] + 2[Cp,Col + 2PRs (2)
work,? the goal is the synthesis ofolecularclusters related
in structure to the ® cluster of nitrogenase. The scheme [(TP).V2F&Sy(PRg),] +4PhS —
devised for this purpose is set out in Figure 2; isolated yields [(TP)szFesSs(SPh);]4_ +4PR, (3)
are given below. Trigonally symmetric clusterundergoes
chloride substitution with tertiary phosphines to afford Oxidation States. Upon reduction of F£, or MFesS,
previously reporte@* and3 (55%). As for related VFsS,,* clusters,5’Fe isomer shifts increase, signifying increasing
MoFe;S,,” and FeSs? clusters, the phosphine ligands are quite ferrous character. Among heterometal cubanes, this behavior
labile and are readily substituted by thiolate and hydrosulfide is well documented for MoRS, clusterss142122For each
to produce clustergt (88%) and5 (56%), respectively.  electron added, the isomer shift increases by ca. 0.1 mm/s,
Clusters1—5 are in the [VFgS,]?" oxidation state with an  from which it has been concluded that the added electron
S= 73/, ground staté*' The cubane-type structures of clusters density is located nearly completely on thes;%&ecore
3 and4 are shown in Figure 3. Mean bond lengths 3615 fragment. The latest empirical correlation between isomer
are summarized in Table 2. These reflect the shorteFy shift & and oxidation state (0 = 1.51-0.4% at 4.2 K), based
and Fe-Fe distances found for phosphine versus thiolate on extensive isomer shift data for synthetic analogdes,
clusters in the same oxidation stét€luster dimensions are predicts a 0.42/3= 0.14 mm/s change in isomer shift per
unexceptional. Clustesand5 exhibit the reversible three-  jron atom in a tetrahedral F§SR)-, coordination unit upon
member electron-transfer series 1 in acetonitrile, for which one-electron reduction of the & fragment. This relation
Eiz = —1.50,-0.41 V (R= Ph), and—-1.56,-0.37 V (R does not take into account whatever small effect a heteroatom

(18) See paragraph at the end of this article for Supporting Information (21) Carney, M. J.; Kovacs, J. A.; Zhang, Y.-P.; Papaefthymiou, G. C;

available. Spartalian, K.; Frankel, R. B.; Holm, R. Hhorg. Chem.1987, 26,
(19) Kovacs, J. A.; Holm, R. Hinorg. Chem.1987, 26, 711-718. 719-724.
(20) Malinak, S. M.; Coucouvanis, [Prog. Inorg. Chem2001, 49, 599— (22) Mascharak, P. K.; Papaefthymiou, G. C.; Armstrong, W. H.; Foner,
662. S.; Frankel, R. B.; Holm, R. Hnorg. Chem.1983 22, 2851-2858.
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Figure 2. Synthetic scheme affording monocubane clusgr§ and9, edge-bridged double cuban@s8, and clusterL0 with PN-cluster topology.

[(Tp)VFe;S,(PBus),]'™* [(Tp)VFe;S,(SH);1*> [(Tp)VFe;S,(SPh),]*

B1 ‘> NS V1
%

Figure 3. Structures of [(Tp)VFeS4(PBw)]" (3), [(Tp)VFesSu(SH)]®~ (9), and [(Tp)VFeSy(SPh}]2~ (4), showing 50% probability ellipsoids and partial
atom labeling schemes. The alkyl groups3ihave been omitted for clarity.

(.

may have on the intrinsic isomer shift of a neighboring atom. terminal ligand trend in (mean) isomer shift= ClI~ > RS"
While data are less extensive for \4Sg clusters, the be- > RsP, is evident. In chloride clusters, the isomer shift
havior is quite similar. Elsewhere, we have argued that the difference betwee and [(Tp}V2FesSsClg]* is 0.09 mm/s
0.12 mm/s difference between the isomer shifts of [(TpYFe and between phosphine clust@rand6/7 is 0.12-0.13 mm/
S,Cls]*~ and 1 indicates fragment reduction and as3[V s.

Fe&3%38,)** core formulatiorf. Assembled in Table 3 are From the empirical relationshig,= 2.2 for thiolate cluster
isomer shift data for VRS, clusters in the three oxidation g ith these results, we conclude that double cub#a@s
states known for isolated clusters. These are the statesgre pest formulated as PVFe*3S,) .

included in electron transfer series 1. The previously observed Topological P! Cluster. Reaction of double cubargawith

(23) Venkateswara Rao, P.. Holm, R. HChem. Re., submitted for 4 equiv of hydrosulfide in reaction 4 in acetonitrile affords
publication. cluster10, obtained as the Bt salt hexasolvate in 48%

4628 Inorganic Chemistry, Vol. 42, No. 15, 2003



V—Fe—S Clusters with a Cubane-type Core

Figure 4. Structure of edge-bridge double cubane [eWp)FesSs(SPh)]*~,
showing 50% probably ellipsoids and a partial atom labeling scheme. Primed
and unprimed atoms are related by crystallographically imposed centrosym-
metry. Selected bond distances (A) and angles (deg)NM2.211(2); \-S,
2.367(1); V-Fe, 2.761(1); FeFe, 2.695 (mean of 3); FeS, 2.262(1) (mean

of 6 for S3, S4, and S6); Fe1S5, 2.361(1); Fe2S5, 2.347(1); Fe3S5,
2.341(1); Fe3-S5, 2.273(1); Fe3Fe3, 2.678(1); Fe+S1, 2.327(1); Fe2

S2, 2.314(1); Fe3S5-Fe3, 70.93(3); S5Fe—S5, 109.07(3).

Table 3. Zero-Field Mssbauer Parameters of \4Sg Clusters

6P (mm/s) AEQ® (mm/s) ref
[VFesSq3*

[(Tp)VFesS,Cls] 1~ 0.43 1.17 4
[VFesSq2+

[(TP)VFesSCla)? € (1) 0.65 (1), 0.50 (2) 1.15(1),1.10(2) 4

[(Tp)VFesSu(PEL)s]1 ¢ (2)  0.38 1.02 4
[VFesSq*t

[(Tp)2V2FesSeCla] 4~ 0.64 0.83 4d

[(Tp)oVoFesSs(PER)] (6)  0.49 (1), 0.51(2) 1.32(1),0.90 (2) 4
[(Tp)2VoFesSe(PBW)d] (7)  0.49 (1), 0.52 (2) 1.61 (1), 0.96 (2)d

[(Tp)2VoFesSs(SPh)]*~(8)  0.60 (1), 0.56 (2) 0.73 (1), 0.96 (24

[(Tp)2V2FesSo(SHY]4 (10)  0.52(2),0.59 (1) 1.23(2), 0.65 (1d
[(Tp)2MozFesSs(SHY]3~ (11) 0.55 0.62 9,16

apata at 4.2 K unless otherwise indicatédrelative intensities of
quadrupole doublets in parenthese80 K. 9 This work. ¢ Broadened quad-
rupole doublet.

yield. Previously, we reported isolation of the hexasolvate
in 70% vyield by ether diffusion into an acetonitrile solution
for the purpose of obtaining single crystéiskepetitions of

[(Tp),V,FesSy(SH),1*

Figure 5. Structure of [(Tp)V2FesSs(SPh)]*~ displayed with a side view
(upper) and a top view (lower) and showing 50% probability ellipsoids
and a partial atom labeling scheme. Primed and unprimed atoms are related
by a crystallographic twofold axis.

Table 4. Selected Bond Distances (A) and Angles (deg) for
[(Tp)2V 2FesSo(SH))*~

V1-N1 2.213(6) VEN3 2.210(7)
V1-N5 2.226(7) Vi-S1 2.374(2)
V1-S2 2.373(2) VES3 2.372(2)
Vi-Fel 2.833(2) ViFe2 2.833(2)
V1-Fe3 2.754(2) Fe1S1 2.274(2)
Fel-S2 2.288(2) Fe1S4 2.420(2)
Fel-S5 2.244(2) FeiFe3 2.694(2)
Fel-Fe2 2.783(2) Fe2Fe3 2.764(2)
Fel-Fe2 2.778(2) Fe2S3 2.274(2)
Fe2-S2 2.292(2) Fe2s4 2.401(2)
Fe2-S5 2.238(2) Fe3S3 2.276(2)
Fe3-S1 2.266(2) Fe3S4 2.372(2)
Fe3-S6 2.327(3)

Fel-S5-Fe2 76.59(7) FetS4-Fe2 70.51(6)

Fel-S4—Fe3 68.40(4) Fe1S4-Fel 109.6(1)

Fel-S4—Fe2 70.36(6) FelS4-Fe3 138.99(6)

Fe2-S4-Fe3 70.79(4) Fe2S4-Fe2 109.0(1)

Fe3-S4—Fe3 140.8(1) Fe3-S4-Fe? 135.92(5)

twofold axis which contains atom S4 and is perpendicular
to the plane Fe(1;JFe(2,2). Comparison with Figure 1

the bulk preparation described here consistently gave yieldsimmediately reveals thatO possesses the topology of the
near 50%. The compound is obtained as a black air-sensitivePN cluster of nitrogenase. The core bridging arrangement is

crystalline solid. Reaction 4 results in the insertion of a
sulfide atom into the [WFe;Ss)?t core of6 without change

in oxidation state (vide infra). The structure of the cluster is
presented in two views in Figure 5. Selected metric param-
eters are collected in Table 4.

[(Tp),V FeSy(PEY),] + 4HS —
[(TP),VFeSy(SH)I" + H,S + 4PES (4)
Cluster10is isostructural with its molybdenum analogue

11,216 which is nearly isoelectronic (112 vs 113 valence
electrons). The cluster has a crystallographically imposed

[V 2Fes(u2-Sk(usz-Sk(us-S)]°. Each iron has distorted tetra-
hedral coordination. Atoms Fe(1,2) are coordinated entirely
by sulfide, while atom Fe3 has a terminal hydrosulfide ligand.
Two cubane-type VRS, species are bridged through an
uncommorue-S4 atom, the most conspicuous feature of the
structure, and by,-S(5,3), which simulate cysteinate bridges
in the native cluster. The (Tp)VE®; cuboidal fragments of
precursor6 are evident inl0, although we do not know if
they remained intact during reaction 4. In the conversion of
6 to 10, several large structural changes occur. The bridge
rhomb Fe(us-S), is disrupted, two Fe(u-S)—Fe bridges
are formed, and six Feus-S)—Fe bridges are created
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Figure 6. 'H NMR spectra of [(Tp)VFeSi(SH)]?~ (upper) and

[(Tp)2V2FesSo(SH)]4~ in CDsCN solutions at 25C (C* = cation).
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Figure 7. Mossbauer spectrum of [(Tp)FesSo(SH)]4~ as the poly-

crystalline EfN* salt at 4.2 K. The spectrum fitted with two quadrupole

doublets using the parameters in Table 3.

involving atoms on the Refaces of the two cuboidal
fragments. Bond lengths follow the usual ordere,-S)
(2.241(2) A)< Fe—(us-S) (2.278(3) A)< Fe(us-S) (2.40(2)

A); mean values are indicated. Other dimensions are

Zuo et al.

formulation [VeT,Fet6%]Y; i.e., the conversio® — 10 is
not a redox process. Whéhwas treated with excess (12
equiv) of (E4N)(HS) in acetonitrile, (EfN)3[9] was isolated
and identified by an X-ray structure determination (Table 2,
Figure 3). Attempts to achieve the JMe;S] core by reaction

of 8 with 1 equiv of PRSbS and accompanying reduction
of sulfur to sulfide by two thiolate ligands resulted instead
in oxidative cleavage td in low yield (33%).

Relation of the Synthesis of [(Tp)Mo2FesSs(SH)z]3.
Cluster 11 has been synthesized by a reaction sequence
similar to that of Figure 2.In the final reaction, it was found
that 3 equiv of hydrosulfide are optimal, affording {N}s-
[11]-2MeCN in high yield (86%). We interpret this result in
terms of reactions 5 and 6, leading to overall reaction 7.
Under this scheme, the fully reduced cluster reducegS H
formed in the first step and becomes oxidizedLfioin the
second step. (There being no evident alternative in a
stoichiometric reaction, dihydrogen is invoked as the reduc-
tion product.) In reaction 4, clust&f, with its highly reduced
core, might be expected to react similarly with,SH
However, we have not detected [(P¥MFesSo(SH)3;
voltammetry of10 in acetonitrile results in at least three
irreversible oxidations at1.4 to O V.

Possibly the cluster does react with3o afford species
removed in workup, which could account for the smaller
yield of ca. 50%. Using a more easily quantitated protic
substrate]10 was found to reduce benzenethiol in the two-
electron reduction reaction 8. With6 equiv of benzenethiol,
(EtN),[4] (86%) is obtained. The same cluster is formed in
reduced yield with 2 equiv of thiol. Elsewhere we have
shown thatl1 undergoes a similar cluster cleavage reaction
with 6 equiv of thiol? These results may be another
manifestation of a behavior we have encountered repeatedly,
viz., the cluster stability order Mok&, > VFe;S, for clusters
with the same or similar ligand environments and differing
by one or more valence electrons.

[(Tp) Mo FeSy(PEY),] + 4HS —
[(Tp),Mo,Fe;Sy(SH),|*~ + H,S+ 4PEY (5)

unexceptional. Additional structural features described in the [(Tp),Mo,Fe.So(SH),]*” + H,S—

more detailed treatment of clustet® apply to10with slight

changes in bond angles and distances; these are not repeated

here. The structure df0 is maintained in solution. ThtH
NMR spectra of trigonally symmetrigand10are compared

in Figure 6, which clearly demonstrates the 2:1 inequivalence

of pyrazolyl rings required by th€, symmetry of the latter.

[(Tp),MO,Fe,Sy(SH)I® + HS™ + /,H, (6)

[(Tp),Mo,Fe;Sy(PEL),] + 3HS —
[(Tp),Mo,Fe,Sy(SH)I®™ + 4PEL + Y/,H, (7)

(One pyrazolyl resonance was not located for each cluster.)[(TP),V,F&Sy(SH),]*™ + 6PhSH—

The M&ssbauer spectrum of clust#®, shown in Figure

7, consists of two quadrupole doublets fitted in a 2:1 intensity
ratio. Given the symmetry of the cluster, we associate the

smaller doublet with atoms Fe(3)3arrying terminal hy-

2[(Tp)VFeS,(SPhY*™ + 3H,S+ H, (8)

In addition to core bridging patterns, clustédf@ and11
have the same overall shape as does thellster. A best-

drosulfide ligands. The individual coordination units are all fit superposition of the Ye&Sy core of 10 with the core

very similar. The empirical relationship with, = 0.54 mm/s
givess = 2.3. Further, the FeSH bond length of 2.327(3)
A is essentially the same as that in all-ferrdug2.345(1)
A) and longer than the distance #(2.297(1) A). Conse-
quently, we describe the core df0 by the all-ferrous
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atoms of the native cluster (Figure 1) leads to a weighted
rms deviation of 0.33 A in atom positions. The corresponding
deviation for11 is 0.38 A? These results confirm that the
topology of the P cluster can be achieved in molecular form
in the absence of protein structure. The next objective is to
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achieve an all-iron cluster with this topology, possibly and P. Venkateswara Rao for useful discussions and experi-
through rearrangments of §° or other high-nuclearity = mental assistance.

clusters. In this context, we note the very recent synthesis Note Added after ASAP: Due to a production error, the
of the cluster [Fe5/(N(SiMes))((SC(NMey),).], whose FeS; version of this paper posted ASAP on June 25, 2003,
portion has the Pcluster topology, in a self-assembly contained an error in the Figure 6 caption. The caption is
systenm?* This procedure bears no obvious resemblance to ¢orrect in the version posted on July 2, 2003.

that implemented here. Supporting Information Available: X-ray crystallographic files
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