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Members of the cluster set [(Tp),Mo,FesSsL4]? contain the core unit MaFeg(us-S)e(u4-S), in which two MoFe;S,
cubanes are coupled by two Fe—(u4-S) interactions to form a centrosymmetric edge-bridged double cubane cluster.
Some of these clusters are synthetic precursors to [(Tp).Mo,FesSqL,]*~, which possess the same core topology as
the PN cluster of nitrogenase. In this work, the existence of a three-member electron-transfer series of single
cubanes [(Tp)MoFesSyLs)? (z = 3, 2—, 1-) and a four-member series of double cubanes [(Tp).Mo,FesSsLal? (z =
4-, 3—-, 2-, 1-) with L = F~, CI7, N3, PhS™ is demonstrated by electrochemical methods, cluster synthesis, and
X-ray structure determinations. The potential of the [4—/3—] couple is extremely low (<—1.5 V vs SCE in acetonitrile)
such that the 4— state cannot be maintained in solution under normal anaerobic conditions. The chloride double
cubane redox series was examined in detail. The members [(Tp).Mo,FesSsCls]**~2~ were isolated and structurally
characterized. The redox series includes the reversible steps [4-/3-] and [3—/2—]. Under oxidizing conditions,
[(Tp)2Mo,FesSsClyJ?~ cleaves with the formation of single cubane [(Tp)MoFesS4Cls]*~. The quasireversible [2—/1-]
couple is observed at more positive potentials than those of the single cubane redox step. Structure comparison
of nine double cubanes suggests that significant dimensional changes pursuant to redox reactions are mainly
confined to the Fey(u4-S); bridge rhomb. The synthesis and structure of [(Tp),MozFesSsF,H,0]*~, a new topological
analogue of the PN cluster of nitrogenase, is described. (Tp = hydrotris(pyrazolyl)borate(1-)).

utilized clusters of this type as precursors in reactions with
sulfide to form MFe;Sy = MaFes(u2-Sk(us-Sk(us-S) clusters
with M = V&7 and Mo%111415These are the first synthetic
molecules shown to possess the core structural topology of
the P! cluster of nitrogenas¥:?° As such, they constitute
part of our biomimetic approach to the clusters of this
enzyme. Of the various clusters employed for this purpose,

Introduction

The edge-bridged double cubane (EBDC) core unit M
FesSs = MoFes(us-Sk(usa-S) is now a familiar structural
motif in weak-field iron-sulfur and heterometairon—sulfur
clusterst Examples with M= FeZ4V,>7 Mo,%8 17 and W*
have been prepared and structurally characterized. We havi
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Table 1. Crystallographic Data for Compounds Containing the Clusters jM@Fe;Ss(PEL)4]*" (7), [(Tp)2M0ozFesSsF4]*~ (8),
[(Tp)2Mo2FesSs(N3)al*~ (10), [(Tp)2Mo2FesSsFa]®~ (1), [(Tp)Mo2FesSsClal®~ (12), and [(TpyMozFesSeF2-H203~ (18)2

[7](CFsS0y) (BusN)4[8]-7TMeCN-2H,0 (EuN)4[8]-7MeCN-3H,0 (BusN)4[10]
formula GaHgoBoF3FesM02N1203P4Sg CoeH189B2F4FE&M02N230-,Sg CeaH12/BoF4F&sM02N2303Sg CgoH164B2FesM02N28Sg
fw 1831.23 2578.78 2147.94 2347.47
cryst syst triclinic monoclinic orthorhombic monoclinic
space group P1 P2, Pnnm Qlc
Zz 1 2 2 4
a(A) 11.690(4) 16.08(1) 14.678(9) 17.38(4)

b (R) 12.858(4) 15.94(1) 29.26(2) 19.10(6)
c(A) 14.298(5) 25.45(2) 11.092(2) 33.68(8)
o (deg) 72.16(2) 90 90 90
p (deg) 79.29(2) 95.53(1) 90 101.7(2)
y (deg) 65.66(2) 90 90 90
V (A3) 1859(1) 6491(3) 4764(5) 10950(50)
GOF F?) 1.06 1.008 1.036 1.072
R1,° WRE 0.042,0.13 0.069, 0.15 0.082, 0.17 0.076, 0.16
(BusN)3[11]-2MeCN (BuN)3[12]-2DMF (EuN)3[18]-0.5MeCN
formula GroH134B2FaFesMo2N17Sg C72H14B2ClsFesM0oaN1702Sg CyaHgz BoF2FesM0o2N150S
fw 2095.02 2224.92 1708.89
cryst syst triclinic triclinic monoclinic
space group P1 P1 P2:/m
Z 1 2 2
a(A) 13.305(3) 15.078(6) 13.902(2)
b (A) 13.884(3) 17.873(8) 17.331(3)
c(A) 15.835(3) 21.30(1) 16.724(3)
o (deg) 65.041(3) 72.33(2) 90
£ (deg) 67.339(4) 72.61(2) 109.696(3)
y (deg) 81.031(4) 72.47(1) 90
V(A3 2447.2(8) 5077.8(3) 3793(1)
GOF F?) 1.06 1.019 1.086
R1,° WRE 0.045, 0.12 0.037,0.099 0.055, 0.20

a Collected using Mo I& radiation ¢ = 0.71073 A) atT = 213 K. R(Fo) = Y[(Fo — FOU/ I (Fo). ¢ Ru(Fed) = {3[W(Fe2 — FA)2/3 [W(Fo?)2]} 12

those with hydrotris(pyrazolyl)borate(1-) (Tp) terminal ligands led to an examination of their redox behavior and other
at the M site have proven to be particularly advantageous. solution aspects and Mebauer properties and structures in
The generic centrosymmetric structure of the Tp-ligated different oxidation states. The leading results of this inves-
double cubane cluster [(T).FesSsls]? is illustrated in tigation, which bear on the reactivity behavior of these
Figure 1 for M= Mo. Clusters with L= PR;, CI~, Br, clusters, are reported here.
Ns~, PhS, and [NC(Me)(CHCN)]~ have been isolated and
structurally characterized. Trigonally symmetric Tp coordi-
nation eliminates isomers originating at the M site, protects ~ Preparation of Compounds. All reactions and manipulations
that site from further reaction, and promotes crystallinity of Were performed under a pure dinitrogen atmosphere using either
tetraalkylammonium salts. These clusters are to be distin- Schlenk techniques or an inert atmosphere box. Solvents were
guished from another type of MBe;Ss cluster in which two passed through an Innovative T.echnology. solvent purlflcatlgn

. - . 1 system prior to use. Volume reduction and drying steps were carried
cubane units are connect(_ad by a Slngle_(ia-_S) brl_dgez. out in vacuo. Because of the small scale of most of the preparations,
They_ are relateq to certan_’l M%_Sg Species In Wh'ch the one representative compound was analyzed. The fluorine content
additional sulfur is present in a single +@:,-S)—Fe bridge of three clusters was obtained by the NMR method described below.
between individual MF¢S, cubane unit822These sulfide-  The seven compounds in Table 1 were characterized by X-ray
bridged double cubanes lagk-S bridging atoms. Elsewhere  structure determinations. In addition, all clusters display distinctive
we have shown that theé'P> EBDC core transformation in  isotropically shiftedH NMR spectra leading to the establishment
either direction can be affectéel. of the identity and satisfactory purity of isolated compounds. (As

Despite our rather extensive use of edge-bridged doublein previous work, not all pyrazolyl proton signals were located

cubane clusters in synthesis, their physicochemical propertieecause of paramagnetic broadening.) When crystallized for
other than crystal structures and severalsszauer spectra structure determination, flye of the compouan were obtained as
have been incompletely examined. In particular, there hassolvates. In the preparations that follow, yields are based on

been no information on solution behavior and the ranae of unsolvated formula weights unless indicated otherwise. Chemical
9 shifts given in the preparations of compounds containing=BDCs

accessible oxidation levels, a ke_y p_roperty in understanding refer to spectra of 3 clusters, as explained in a subsequent section.

M—Fe—S clusters. The recent finding that clusters can be | 4qgition to the compounds used in the following preparations,

isolated in two different oxidation states=€ 4—, 2—)'® has (BUN),[(TP)MOFe:S,Cl], 3 (ELN)[(Tp)MOF&:SuCls], 1 (ELN),-

[(TP)MOF€3Sy(N3)s],** (EUN)4[(Tp)2MOozFesSe(N3)], > and (BuN)s-

[(Tp).MosFesSs(SPh)] > were prepared as previously described.
Single Cubanes. (EfN),[(Tp)MoFe3S4F3]. To a solution of 0.21

g (0.16 mmol) of [(Tp)MoFeS,(PEL)s](BPhy)* in 10 mL of

Experimental Section

(21) Han, J.; Coucouvanis, D. Am. Chem. So2001, 123 11304-11305.

(22) Huang, J.; Mukerjee, S.; Segal, B. M.; Akashi, H.; Zhou, J.; Holm,
R. H.J. Am. Chem. S0d.997 119, 8662-8674.
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nitrile was added 0.34 g (0.085 mmol) of {@es).Fe](BF) in 1

mL of acetonitrile. The mixture was stirred for 30 min and filtered

through Celite. Vapor diffusion of ether into the filtrate afforded

the product as 0.084 g (61%) of black blocklike crysté#sNMR

(CDsCN, anion): 6 7.40(2), 10.2(2), 22.8 (br, 1), 35.3(Method

B. A green solution of 0.042 g (0.097 mmol) of {@es).Fe](BF,)

in 5 mL of acetonitrile was added to 0.096 g (0.051 mmol) of solid

(Et4N)4[(Tp)2MooFe;SCly]. The reaction mixture was stirred for

30 min and filtered through Celite. The product was isolated as in

the previous preparation as 0.068 g (82%) of black crystals. The

IH NMR spectrum is identical to the product of Method A.

[(Tp) 2MoFesSs(PEt3)4](OTf). To a suspension of 0.10 g (0.059

mmol) of [(TpyMo,Fe;Ss(PES)4] in 9 mL of acetonitrile was added

a solution of 0.011 mL (0.061 mmol) of M8IOTf in 3 mL of

acetonitrile. The mixture was stirredrfd h and filtered through a

Celite pod. Diffusion of ether into the filtrate gave the product as
Figure 1. Generic centrosymmetric structure of edge-bridged double 0.074 g (68%) of black blocklike crystaldd NMR (CD3:CN): 6

cubane [(TpMozFesSel4]* 1.36 (18), 5.96 (1), 7.21 (2), 13.05 (br, 2), 13.97 (2), 15.11 (br,1),
o _ 16.01 (6), 17.76 (6), 21.32 (11>, = —0.83 V (acetonitrile).
acetonitrile was added a solution of 0.091 g (0.49 mmol) ofNJE- [(TP) 2M0,FesSe(PEts)](BF ). A suspension of 0.020 g (0.012

2H,0 (Fluka) in 4 mL of acetonitrile. The mixture was stirred for  mo1)"of [(Tp),MosFesSs(PEE)4] in 2 mL of THF was stirred for
4 h; volatile materials were removed in vacuo, and the residue was3 , and treated with a solution of 5.0 mg (0.012 mmol) ofs{(C

washed with ether. The black solid was dissolved in 1.5 mL of \je.),Fe](BF,) in 0.5 mL of acetonitrile. The mixture was stirred
acetonitrile, and the solution was filtered. THF (18 mL) was slowly ¢4 1 h and filtered through a Celite pod. Diffusion of ether into

added to the filtrate, and the mixture was allowed to stand for 2 ¢ fjjtrate caused separation of the product as 0.013 g (61%) of a
days. The solid was collected, washed with ether, and dried in Vacuop|4ck crystalline product, whosél NMR spectrum is identical to
to afford the product as 0.11 g (75%) of black solid.NMR (CDs- that of the triflate salt.

CN, anion): 0 3.64 (1), 18.3 (v bri-1), 20:5 @. (EtaN)3[(Tp) 2M0o2FesSoF,H,0]. To a suspension of 0.10 g

(EtaN)2[(Tp)MoFe3sS«(SPh)]. To a solution of 0.040 g (0.041  (9.060 mmol) of [(Tp)Mo.FesSs(PES)4] in 5 mL of acetonitrile
mmol) of (EN)[(Tp)MoF&S,Cly] in 3 mL of acetonitrile was a5 added (EN)F-2H0 (0.045 g, 0.24 mmol), and the mixture
added a suspension of 0.017 g (0.13 mmol) of NaSPh. The mixture a5 stirred for 6 h. After filtration of the mixture through Celite,
was stirred for 15 h and filtered through a Celite pod. Ether (12 gther was diffused into the filtrate. The black solid that separated
mL) was layered on the filtrate, causing precipitation of the product ;55 5 mixture of (EN)J[(Tp).MosFesSeFs] and  (EtN)au

as 0.032 g (_65%) of a black needlelike crystalline sdlidl NMR [(Tp).MoFesSoF] (2:1 mol ratio on the basis of NMR). This
(CD5CN, anion): 6 —4.36 (1),—3.24 (br, 2), 5.95 (1), 14.83 (1),  material was redissolved in 4 mL of acetonitrile and a solution of
16.49 (2). 1.0 mL of 0.040 M (M@Si),S (0.040 mmol) was added dropwise

Double Cubanes. (BuN)[(Tp) 2Mo2FesSeFs]. A suspension of  gyer 15 min. The reaction mixture was stirred &h and filtered
0.11 g (0.062 mmol) of [(TpMo Fe;Se(PER)s]'*in 8 mL of THF through Celite. Vapor diffusion of ether into the filtrate caused
was stirred for 5 h. To the brown solution was added a solution of separation of the product as 0.045 g (44%) of black crystalline solid.
0.084 g (0.27 mmol) of (BdN)F-3H,O (Acros) in 2 mL of THF. IH NMR (CDsCN, anion): 6 4.83 (2), 6.39 (1), 11.4 (2), 12.6 (1),
The mixture was stirred for 20 min and filtered through Celite. 15 4 (2).

Vapor diffusion of ether into the filtrate gave the product as 0.104  Fjyorine Analysis. Because the fluoride reagents used in cluster
g (74%) of black platelike crystaldH NMR (CD;CN, anion): & synthesis are hydrated and because of the possibility of mistaking
4.39 (2), 13.9 (br, 1), 16.5 (v br), 20.0 (2), 25.4 (1). Anal. Caled.  fiyoride for hydroxide in X-ray structure¥, we analyzed the

for CeoHiedBoFaFeMOoN16Ss: C, 43.67; H, 7.33; N, 9.94; F, 3.37;  yreceding three cluster compounds for fluorine usif§FaNMR

S, 11.37; Fe, 14.86; Mo, 8.51. Found: C, 43.08; H, 6.84; N, 10.02; method based on the reaction-Fe + BuMe,SiCl — Fe—Cl +
F,2.70: S, 11.49; Fe, 15.39; Mo, 8.56. ButMe,SiF. The following is a representative procedure. A solution

(BuaN)4[(Tp) 2Mo2FesSs(N3)a]. To a suspension of 0.16 g (0.095  of 21.7 mg (0.00962 mmol) of (BM)4[(Tp).Mo2Fe;SsF4] and 24.3
mmol) of [(Tp):MozFesSg(PE®)s] in 5 mL of DMF was added 0.11  mg (0.161 mmol) of BiMe,SiCl in 1.5 mL of CRCN was stirred
g (0.38 mmol) of (BuN)(N3) in 3 mL of acetonitrile. The mixture  at room temperature for 24 h. To the solution was added 17.5 mg
was stirred fo 3 h and filtered through Celite. Vapor diffusion of  (0.0629 mmol) of P§SiF. Stirring was continued for 5 min, and
ether into the filtrate yielded the product as 0.80 g (36%) of black the solution was analyzed BSF NMR by integration of the signals
blocklike crystals!H NMR (CDsCN, anion): 4 5.4 (2), 13.5 (br,  of BuMe,SiF (septd —169.4) and the internal standard,BIF (¢
1), 17.1 (v br,=2), 19.2 (2), 26.1 (2). —168.9). The response ratio [Ble,;SiF]/[PhSiF] was 1.31 from

(BuaN)3[(Tp) 2M0o2FesSsCly]. To a suspension of 0.088 g (0.052  control measurements, the relaxation time was 10 s, and the
mmol) of [(TppMo.Fe;Sg(PE&)4] in 5 mL of DMF was added 0.058  chemical shifts were based orFg (6 —163.0). From the relative
g (0.21 mmol) of BYNCI. The black solution that formed within intensities, the percent of cluster fluorine liberated was calculated.
1 min was stirred fol h and filtered through Celite. Vapor diffusion  Each compound was measured in two separate experiments, with
of ether into the filtrate yielded the product as 0.093 g (86%) of the following average values obtained: f&L[(Tp)MoFe;SsF3],
black blocklike crystalslH NMR (CDsCN, anion): 6 5.40 (2), 97%; (BuN)4[(Tp)2MozFesSsF4], 98%; (E4N)3[(Tp).MoFesSoF2],

13.9 (br, 1), 18.2 (v br), 19.0 (2), 26.4(1). 92%.
(EtsN)[(Tp) 2Mo,FesSsCl4). Method A. To a suspension of 0.16
g (0.085 mmol) of (EiN)4[(Tp).Mo.Fe;SsCly] in 5 mL of aceto- (24) Lee, S. C.; Holm, R. Hinorg. Chem.1993 32, 4745-4753.
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Chart 1. Designation of Clusters The principal precursor compound of this investigation is
[(Tp)MoFe;S,Ls]* L=F 1,CI 2'*Ny" 3", Phs™ 4 the phosphine-ligated EBD®G, which has been shown to
[(Tp)MoFe;S,Cl;]" 58 undergo complete phosphine substitution with 4 equiv of
[(Tp)-Mo;FesSs(PEts). T z=0 6" 1+ 7 halide, azide, or benzenethiolate in reactiot*f.
[(Tp).Mo,FesSsL4]* L=F 8,Cl 9, N; 10"

[(Tp)sMosFesSeL]* L=F 11,Cl 12, N, 13, PhS™ 14" [(Tp), Mo FeSy(PEL),] +4L —

[(Tp):Mo,FesSsL4]1> L=CIl" 15, Br 16" [(Tp),Mo,FeSL 4]4’ + 4PEt (1)
[(Tp).Mo,FesSsCly]" 17

[(Tp):MoFegSoF, H,0* 18 This reaction is depicted in Figure 2 for the preparation of
EBDC, edge-bridged double cubane; SC, single cubane; solv, solvate molecule; chloride cluste. ClUSterSl, 8, 11, and18 (See belOW) are
T1O, trifluoromethanesulfonate(1-); Tp, hydrotris(pyrazolyl)borate(1-); Tp*, the Only ﬂuoride'”gated M-Fe—S clusters of any type to

have been prepared. The vanadium cluster [\IgjesSs-
(PE®&)4] supports analogous reactions vyielding [\t
X-ray Structure Determinations. The structures of the seven F&SsL4]*~ (L = CI~, PhS).57 Under strictly anaerobic

compounds in Table 1 were determined. Diffraction-quality crystals conditions, cluster8—10 are isolable as tetraanion salts;
were obtained by vapor diffusion of ether into acetonitrile or DMF  thiolate clusterl4 has thus far been obtained only as a
solutions. Crystals were mounted in Infinium oil on a fiber on a trianion salt!® The previous structures of the,Bt" salts of
gonoimeter head that was placed in a dinitrogen cold stream on agi4 gnd14% and those of two salts of fluoride clust®@mand
Siemens (Bruker) SMAR_T CCD-I_oased diffractometer at 193_ K. (BusN)4[10] determined in this work establish the EBDC
Cell parameters were retrieved using SMART software and refined g, chemistry, which is illustrated by the X-ray structure
using SAINT on all observed reflections. Data were collected in I - f

of 8 in Figure 3. These observations, together with crystal-

0.3 intervals in N and T for 30 s/frame such that a hemisphere of | hi blish fth idized d
data was collected. A total of 1270 frames was collected with a 09raphic establishment of the oxidized compoundsijt

maximum resolution of 0.75 A. The first 50 frames were recollected [15] @and (EiN)[16],** provide sufficient evidence that the

at the end of the data collection to monitor intensity decay; none EDBC motif is capable of supporting at least three total
was detected. The highly redundant data sets were reduced withoxidation states and have led to an investigation of the redox
the use of SAINT and corrected for Lorentz and polarization effects. properties of this family of clusters.

Absorption corrections were applied with SADABS supplied by Redox Reactions of EBDC Clusters. (a) Halide and
Bruker. Structures were solved by direct methods using SHELX- Azide Clusters. As is evident from the voltammograms in
97. The position of the metal atoms and their first coordination Figure 4, SC4—4 sustain the three-member electron-transfer
sphere atoms were located frémaps. Other non-hydrogen atoms  gerjes 2 set out in Table 2. Core oxidation states are indicated.
were foundf.'n altertnatlnlg d'ﬁe;encf? Fg””e.r stynthes”es ché least- pedox potentials, collected in Table 2, establish the oxidiz-
squares refinement cycles and refined anisotropically. Hydrogen ability order L= F- > PhS" > CI- > Na-. The5'Fe isomer

atoms were placed in calculated positions and refined as riding . . .

atoms with a uniform value dfJis,. Crystallographic parameters shift data in Table 3 V?Vea' a qn'ference of 011_3 mm/s between

are collected in Table % clusters2 and5, consistent with a more oxidized core5n
Other Physical Measurements.All measurements were per- and the shifts themselves support the probable oxidation state

formed under anaerobic conditiodst NMR spectra were obtained ~ descriptions [MoFg5,]*" ~ [Mo3*Fe#Fe™,S,*" and

with a Varian AM-400 spectrometer. Electrochemical measurements [MoFesS;]?" &~ [Mo3tFetFet $4)2.13 In solution, the two

were made with a Princeton Applied Research model 263 poten- chloride clusters are distinguishable by the their isotropically

tiostat/galvanostat using a glassy carbon working electrode and 0.1ghifted H NMR spectra, presented in panels a and b of

M (BusN)(PFs) supporting electrolyte. Potentials are referenced to Figure 5, which arise from the paramagnetic cores [MBF&

a standard calomel electrode (SCE)."ddbauer spectra were (S= 3/2) and [MoFgS;]?* (S= 2).! The terminal reduced

collected Wi'Fh a constant-acceleration spectrometer. Data were - ember of series 2 (Table 2) would be an all-ferrous cluster.

analyzed using WMOSS software (WEB Research Corp., Edina, However, isolation of such a species is highly problematic

MN). Isomer shifts are referenced to iron metal atroomtemperature.b f the | . q ials for the I3
In the sections that follow, clusters are designatedl8 ecause of the large negative redox potentials for the |

hydrotris(3,5-dimethyl-pyrazolyl)borate(1-)

according to Chart 1. 2—] couples 1.5t0—1.9 V).
. _ The mean isomer shifts of all EBDC tetraanions occur in
Results and Discussion the range 0.680.71 mm/s (Table 3), fully consistent with

Cluster SynthesisBoth single and double cubane clusters the presence of two all-ferrous cubane subcores [M8iFe

are essential to this investigation. Single cubane (SC) cluster<°f the cluster core [Mg-e;Sg]*". The empirical correlation
are accessible by ligand-substitution reactions of [(Tp)- of isomer shift and oxidation state for ireisulfur clusters
MoFe;S«(PEE)s)** or 2 in acetonitrile. Treatment of the Predicts o = 0.69 mm/s for tetrahedral 8,2 When
former with (E4N)F-2H,0 affords fluoride clustet, whereas ~ (EuN)4[9] was dissolved in acetonitrile under anaerobic
reaction of2 with NaSPh leads to thiolate clustérwhich conditions, the'H NMR spectrum of the resulting solution

is a member of the set [(Tp)MoE®&(SR)]2~ whose single (Figure 5d) showed similarities to that of thiolate cluster
cubane structures have been demonstrited. trianion 14.15 Coinciding observations were made ®and

10, whose spectra (panels b and d, respectively, of Figure

(25) See paragraph at the end of this article for Supporting Information
available. (26) Rao, P. V.; Holm, R. HChem. Re. 2004 104, 527—559.
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REDOX REACTIONS OF EDGE-BRIDGED DOUBLE CUBANES

HLO H [4- H L3
@N—IB' ON=—s @N—,B'
Et,P Tﬁ'\“ cl T‘ﬁ'\‘” cl VEN|
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Figure 2. Scheme depicting the preparation of EBDC [(@Wd2FesSsCla]*~ (9) from phosphine cluste and the oxidation reactions 6f affording 12
and15, and the oxidation ol5to 17 (not isolated). Clusters5 and17 cleave to presumed monosolvated SCs that are conver2dnd5 with chloride.
Oxidation states of individual cubane units within double cubanes are indicated. Similar schemes apply to the clustsH&SIL4]% (L = F~, N3,
and PhS).

Table 2. Electron-Transfer Series and Redox PotertiafsMoFe;S, Single Cubanes and Edge-Bridged Double Cubanes

[(Tp)MoFesSaL 5>~ - [(Tp)MoFesSaL 52~ - [(Tp)MoFeaSaL 3]+~ (2
[MoFe;Sy)+* N [MoFe;Sy)2* [MoFe;Sy) 3t
L=F -1.8 —-0.73V
L=CI~ —1.64 —0.57V
L =N3 —1.54 —0.53V
L =PhS —-1.76 —0.69V
[(Tp) 2M02F65&L4 4- — [(Tp) 2M02F6553L4] 3= - [(Tp) 2M02F9533L4 2= - [(Tp) 2M02F9688L 4] 1= (3)
2[MoFesS,)** [MoFesSy]**[MoFe;Sy) 2 2[MoFe;S,)2* " [MoFesS;]* [MoFesSy**
L=F —1.65 —1.04 —0.38
L=CI- —-1.42 —0.88 —0.28 \»
L =Nz —1.29 —0.75 —0.23 \pc
L =PhS —1.57 —0.98 -0.38 W

aVersus SCE at 298 K in acetonitrileQuasireversibles Poorly defined.

6) resemble each other and thatQofFurther,recrystalliza- Cyclic voltammograms of solutions prepared from salts
tion of structurally authenticated (BN)4[8] from aceto- of EBDCs8 and9 are provided in Figure 7. Rest potentials
nitrile afforded a crystalline product with a spectrum (Figure are ca.—1.2 to —1.3 V. At more negative potentials, the

6b) very similar to that of the solution prepared from (- clusters show chemically reversibigdipa — 1) steps aEi.

[9], yet the crystal structure of this material was that of = —1.65V @) and—1.42 V (9). At more positive potentials,

3:1 EDBC salt containing trianion clustéd. These obser-  three additional processes are observed. The results are
vations were explicated by an electrochemical investiga- interpreted in terms of the four-member electron-transfer

tion. series 3 in Table 2; redox steps are indicated in brackets in
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[(Tp)MoFe;S4(N3)s1> 2

-0.10

-0.49

[(Tp)MoFe;S,Cl;]*

-1.72 -2.00

-0.10
-2.40

-0.21
-0.52

[(Tp)MoFe;S,F3]*

Figure 3. Structures of EBDCs [(TpMo2FesSsF4]*~ (top) and [(Tp)-
MozFesSs(PES)4] 1 (bottom) showing 50% probability level ellipsoids and
atom-labeling schemes for the asymmetric unit. Both clusters have a
crystallographically imposed inversion center.

Figure 7. The preceding two potentials are associated with _ 4o
the [4—/3—] couple. The oxidizability order is the same as
for the SCs. Although 4 clusters can be isolated as
mOdeltatel.y o _sparingly soluble sglts in a.cetonitr“e' attempts Figure 4. Cyclic voltammograms (100 mV/s) of the SCs [(Tp)Me&# 3]>~

to maintain this oxidation state in solution have not been ("= N, I, F) in acetonitrile at 298 K. Peak potentials and the redox
successful; conversion to the—3state by adventitious  couples [2/17] and [37/27] are indicated.

oxidation occurs in all cases. Extreme sensitivity to oxidation
follows from the markedly low [4/3—] potentials, all of
which are <—1.5 V27 Using the chloride clusters as an

-0.31

Table 3. Mdssbauer Parametér®r Clusters [(Tp)MoFgS,Ls]? and
[(Tp)2MozFesSsL4)? at 4.2 K

| E.— —0.87 V for th le O+ & — Oy cluster clusterno. & (mm/spP  AEq (mm/spe
example andy, = ~0. or the couple & € 2 [(TP)MOFesSyF 5|2 1 0.58(1),0.65(2) 0.53(1),1.15(2)
n acetonltrllez, oxidation reaction 4 is Strongly favoreﬁ&l [(Tp)MOFesS,Clz]2ef 2 0.60(1), 0.61(2) 0.51(1), 1.11(2)
= 2.0 x 1, 298 K). Similar results apply to clustesand [(Tp)MoFesSu(N3)s]? ¢ 3 058 0.52(1), 1.23(2)

10. [(Tp*)MoFesS,Cla] 9 0.32(1), 0.59(2) 0.87(1), 1.01(2)

[(Tp)MoFe;S4Cl3]1-dh 5  0.46(1),0.51(2) 0.61(1),1.09(2)
_ [(Tp)2MosFesSeFa]*—© 8 071 0.86
[(Tp),Mo,Fe;S,Cl,*” + O, — [(Tp):MouFerS,Clag ) 9 0.65(1),0.74(2) 0.65(1),0.94(2)
3~ - [(Tp)2MosFesSs(Na)4]4~ 10 0.65(1),0.70(2) 0.67(1), 1.00(2)
[(TP),MoF&SCl]™ + O, (4) [(TP)MosF e 11 0.53(1),0.59(2) 0.59(1), 1.19(2)
[(Tp)2MooFesSeCla] 3~ &n 12 0.58(1), 0.64(2) 0.45(1),0.83(2)
Singly oxidized clusterl2 has been reproducibly isolated [(Tp)zMozFesss(Ng)é]Z’i 13 0.58(1), 0.65(2) 0.49(1), 0.95(2)
it [(Tp)2MosFesSsCla) 2 15  0.53(1), 0.58(2) 0.95(1),0.65(2)
under standard workup (_:ondmons as the/8u _salt (86%). [(Tp)zMozFeaSg(PE o 6 058(1) 056(2) 0.54(1) 1.05(2)
A reproducible preparation of a salt of fluoride clusfer [(TP):MO2Fe:Se(PE®)o] 1! 7 048 1.05

was not sought; however, its structure was determined (see _ _ _

. . L . Relative areas in parenthes@s:0.02 mm/s® £0.03 mm/sd Et;N*
below). Other observations using acetonitrile solutions g,; e gy,N+ salt.f Improved fit from the data in ref 13, See ref 18" At
prepared with (EN)4 9] and reactions monitored biH 77 K. See ref 14i Acetonitrile solutionk See ref 13! TfO™ salt.

NMR substantiate spontaneous one-electron oxidation-of 4

clusters upon dissolution. Chemical and electrochemical

(27) In our experience under anaerobic conditions, reduced clusters with redox and related reactions-37 of chloride-ligated SC and
potentials<—1.5 V vs SCE are formidable to isolate as pure (non- . . .
oxidized) solids and are exceptionally difficult to handle in soluton EBDC clusters are collected in Table 4. Chemical reactions
without oxidation by trace dioxygen. We note, for example, the ytilized [|:e((;5|\/|(35)2]l+ (E1/2 = —0.11 V vs SCE).

successful isolation of such compounds agNE{FesSi(SBU)4] (Ea/ . . . . .

=142 V, DMF}2 and, more recently, (BDsFe:Ss(CN)a (Ev Reaction 5 requires 1 molar equiv of oxidant; EBRE

= —1.42 V, CHCl,).*® However, their clusters are extraordinarily  was identified by itssH NMR spectrum (Figure 5c¢). When

sensitive to oxidation in solution. the reaction was carried out on a preparative basigNj&t
[15] was isolated (61%, Method A). In a variation of this

(28) Sawyer, D. T. IfOxygen ChemistryOxford University Press: New
York, 1991.

2002 Inorganic Chemistry, Vol. 45, No. 5, 2006



Edge-Bridged Double Cubane Clusters [(TAM0,FesSelL 4)?

(a) [(TP)MoFe;SF 312 "

1H
_1H
1 I 1
2052 18.33 3.67ppm
(b) [(Tp)Mo,FegSgF 4> oH
2H
1H
l | 2H 1H
I 1 I | 1
25.37 20.02 16.5513.84 4.42 ppm
(¢) [(Tp)MoFe3S4(N3)sl*
1H *
1H
1H
(] O
17.79 16.59 4.81 ppm
(d) [(Tp)Mo,FegSg(N3)al> oH *
2H
1H
Figure 5. H NMR spectra of the complete set of isolated chloride-ligated j oH 1H
SC and EBDC clusters in different oxidation states in acetonitrile solutions;
: - h P e 4 | | A
relative signal intensities are indicated. 2596 1914 1703 13.41 5.37 ppm

Figure 6. 'H NMR spectra of fluoride- and azide-ligated SC and EBDC
cubane clusters in acetonitrile solutions; relative signal intensites are

procedure, 2 equiv of the oxidant in an acetonitrile solution indicated. (= solvent).

was added to solid (E\)4[9]. Immediately, a dark-colored
solution developed; standard workup afforded the product
(82%, Method B). In this method, the oxidation reaction
proceeds with the stoichiometry of reaction 6. The addition
of excess ENCI to the reaction 5 mixture led to reaction 7
causing cleavage df5 with formation of 2 equiv of SQ
(Figure 5b). Reaction 8 requires 3 molar equiv of oxidant
and also involves cleavage of dianith in the presence of
excess ENCI (10 equiv) to generate oxidized SJFigure
5a). Cluster trianiori2 is not cleaved by excess chloride in

:jhe:[ atbfjnc? otf afr_1 oIX|da3t. tm ??C?. rg_acttlocr;, 'IEEe otnl_y to —2.0 V followed by reversal of the scan to ca0.7 V
etectable cluster Tinal product 1S that indicated. The stol- encompasses the reversible-f8—] and [3—/2—] couples,

chiometry of these reactions necessitates that the reactanfoa tions 10 and 11 respectively. Reaction 11 has been

cluster has t.hee- oxidation state.- In.recent W.0rk’ the, 8t accomplished in the form of chemical oxidation reaction 5.
S‘.”"t of bromide-ligated cluster dianid was isolated by a = 5t jogs negative potentials, the electrochemical behavior
different proceduré? becomes more complicated. The next feature encountered
In the chloride series, the potential of the{@—] stepis  hasE,,= —0.52 V. In scans at 300 mV/s and terminating at

—0.88 V (reaction 11). Correspondingly, both trianih2 —0.35 V in the positive direction, this peak and thaa¢

and dianion15 can be maintained in solution without = —0.60V are essentially eliminated (not shown), indicating
oxidation under normal anaerobic conditions. Howeu&r, that they are coupled. These features must be assigned to
is subject to the comproportionation reaction 9 for which reversible SC reaction 14 whose potentials are identical with
Keom = eXp[(Ez-13- — Ez-4-)F/RT] = 2.9 x 10° (298 K). the authentic couple (Figure 4, Table 2). To account for the

differences among the components of reaction 9 such that
the desired cluster can be isolated.

The redox behavior of EBDC clusters over the entire
region of electroactivity (0 to-2.0 V), deduced from the
voltammograms of Figure 7 recorded at 50 mV/s and related
observations, is schematically depicted in Figure 2 using
chloride clusters as an example. The electrochemical behavior
is best described in terms of a traversal of the cyclic
voltammogram starting at the rest potential. A cathodic scan

Values for the fluoride and azide clusters are 2.010% appearance of this couple, we proposed solvent-assisted
and 1.3x 10 respectively. This equilibrium accounts for cleavage reaction 12 followed by ligand redistribution
the observation that attempted crystallization ofg4[12] reaction 13 between cores of the same oxidation level to
from oxidized solutions prepared with (B&K),[9] resulted, produce the required cluste?, which is oxidized to5.

after ether diffusion, in the isolation of the latter compound, Although we have been unable to observe reaction 12
which is only sparingly soluble in acetonitrile. When reaction separately at NMR concentrations (Figure 5c), oxidation
1 (L = CI7) was carried out in DMF in the presence ofBu  reaction 14, imposed by the electrode potential, would tend
NCI, (BwN)3[12] was isolated and identified crystallographi- to displace reactions 12 and 13 toward the formatiog.of
cally. The use of ByN* evidently diminishes the solubility ~ The final redox event is a quasireversible process &jth
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Figure 7. Cyclic voltammograms (50 mV/s) of EBDCs [(T)JozFesSsL4]®~ (L = F~, CI7) in acetonitrile at 298 K. Peak potentials arising from the
double cubane redox couples{2—], [3—/2—], and [4-/3—] and the single cubane {21—]* redox couples are indicated. (a) Complete voltammograms
from —0.1 to—2.0 V. (b) Voltammograms covering the redox steps of single and double cubanes that (excluplirayé been isolated with & CI~. (c)
Voltammograms restricted to thef43—] double cubane couple. Solutions were prepared from salts of J¢kp)esSsL4]* .

Table 4. Redox and Related Reactions of Chloride- and Phosphine-Ligated Single and Edge-Bridged Double Cubanes

reaction no. reaction Epa(V) Epc(V)
5 [(Tp)2Mo2FesSeCla]® + [(CsMes)oFelt” — [(Tp)aMoaFesSeCla]?~ + [(CsMes)aFe]
6 [(Tp)zMOzFQ;SsCM]‘F +2 [(CsMEs)zFe]lJr - [(Tp)zMOzFQ;SBC|4]27 + 2[(C5Me5)2Fe]
7 [(Tp)zMOzF%SgCM]S_ + [(CsMe5)2Fe]1+ + 2ClI-— 2[(TP)MOFQS4C|3]2_ + [(C5Me5)2Fe]
8 [(Tp)2M0o2FesSsCla]3~ + 3[(CsMes)Fel™ + 2CI- — 2[(Tp)MoF&S,Cls]~ + 3[(CsMes)zFe]
9 [(Tp)2MO2FesSeCla]?>~ + [(Tp)2MO2FesSsCla]*~ == 2[(Tp)2MOo2FesSeCla] >~
10 [(TpXMOo2FesSsCla]3~ + e~ == [(Tp)2Mo2FesSsCla]*~ -1.37 —1.48
11 [(TpMo2FesSsCls]3~ == [(Tp)2MoFesSsClg)2~ + e~ —0.84 —0.91
12 [(Tp)2M0o2FesSsCla] 2~ + 2solv=2[(Tp)MoF&S;Clx(solv)]*~
13 2[(Tp)MoFeS4Cly(solv)]t~ = [(Tp)MoF&S,Cls]?~ + [(Tp)MoFesS«Cl(solv)]°
14 [(Tp)MoFeS/Cls]*~ = [(Tp)MoFesS«Cls]'~ + e —0.52 —-0.60
15 [(TpXM02Fe&sSsCla]>~ = [(Tp)2MozFesSsCla] Y™ + e -0.22 -0.33
162 [(Tp)2M0o2FesSsCla] 1~ + 2solv==[(Tp)MoFeS4Clx(solv)]° + [(Tp)MoFe;S,Cly(solv)]*~
17 [(Tp)MoF&S,Clx(solv)]° + [(Tp)MoFesS4Cla(solv)[t~ = [(Tp)MoFe&S4Cls] 1~ + [(Tp)MoF&S,Cl(solv)]©
18 [(Tp)zMOgF%Sg(PEE;);d + [(C5Me5)2Fe]1+ — [(Tp)zMOzFQ;Sg(PE@)d 4 [(CsMes)zFe]

a Solvate stoichiometry and number bound are arbitrary.

= —0.22 V with a counterpart feature &, = —0.33 V. In negative potential scans from ca. 0 V, th®.60 V
Because the peak at0.22 V appears in 300 mV/s scans in peak is encountered. Whereas at slow scan rates B8y
the positive directiona 0 V when the SC feature at0.52 be generated for reduction at this potential via reactions 12

V is barely observable, it does not arise from a SC. Further, 14, there is clearly another source of this cluster. Fast positive
the authentic SC does not exhibit a reaction in this potential scans® 0 V at 300mV/s show a very weak peak at0.52
range. The process is assigned to the/[2-] couple 15 of V but a strong response at0.60 V in the reverse direction
the EBDC remaining from reaction 11 and producing cluster and also the [2/3—] SC couple atE,c ~ —1.7 V (Figure
monoanionl?7. As noted above, this species has not been 4). If the voltammetry is carried out in a potential range in
isolated. which oxidized clustel7 does not form, peaks of the SC
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redox processes are barely observable. Consequently, we
propose the occurrence of EBDC cleavage reaction 16
followed by ligand redistribution reaction 17, furnishibg

for the observed reduction step. In the latter reaction, chloride
is transferred to the more oxidized cluster, as might be
expected. The remainder of the negative scar-200 V
reverses reaction 11 and affects reaction 10. Under this
interpretation, the formation ¢ for oxidation by reactions

12 and 13 is much slower than the formation ®ffor
reduction by reactions 16 and 17. A reaction scheme
analogous to that in Figure 2 applies to the fluoride and azide
clusters.

When the voltammetry was repeated in the presence of
0.5—-12 equiv of added ENCI, the peaks associated with
reaction 14 intensified relative to other features. With 12
equiv at 100 mV/s, features due to reaction 15 were not
detectable, indicating complete cleavage of the oxidized
EBDCs. All electrochemical observations with added chlo-
ride are consistent with chemical oxidation reactions 7 and
8, which subsume cleavage of both oxidized clusi&rand
17.

(b) Phosphine and Thiolate ClustersNeutral phosphine
cluster6 can be maintained as a suspension in acetonitrile
or as a solution in THF under anaerobic conditions. It is
subject to controlled chemical oxidation in reaction 18 to
afford monocatior?, isolated as the BF salt (61%). Cluster
6 can also be oxidized with M8iOTf to afford the triflate
salt (68%). This [0/%] couple is isoelectronic with the {4/

3] COUpIe_ In Se”es_ 3_ (Table 2) and proceEds_ VEH& - Figure 8. Cyclic voltammograms of the EBDC [(Tg)lo,Fe;Ss(SPh)]3~
—0.83 V in acetonitrile. A structure determination has (50 mv/s) and the SC [(Tp)MoRB«(SPh}|2~ (100 mV/s) in acetonitrile
verified retention of the EBDC construction upon oxidation at 298 K. Peak potentials are indicated.

to 7 (Figure 3).

Thiolate cluster trianioril4 was isolated directly from  parameters involved, mean values of interatomic distances
reaction 1 (L= PhS) under anaerobic conditioAs.Its are used to describe intracubane features except for Fel
voltammetry was examined to ascertain consistency with the S1 bond lengths, which are individual values. Intercubane
behavior of halide and azide clusters. The voltammogram dimensions involving distances and angles of the-F&1-
of Figure 8 confirms analogous behavior; redox steps are Fe1—S1 bridge rhombs are individual values. Data are
assigned on the same basis as in Figure 7. In particular, stepsummarized in Table 5. Comparisons are made between
with E;» = —1.75V and—0.68 V are readily assigned upon corresponding intracubane distances and intercubane dis-
comparison with the voltammetry of S€ Potentials of the  tances and angles.
three-member series 2 and the four-member electron-transfer Case (i) withz = 4— involves cluster$ (two compounds),
series 3 are given in Table 2. Again, it is evident that the 9, and10. Intracubane distances differ by0.06 A and in
very low potential of the [4/3—] couple is responsible for  all but two distances by0.04 A. The largest differences in
the destabilization of the cluster tetraanion. intercubane dimensions are 0.16 A &40 and 0.13 A for

Structural Systematics.The overall structural features of  9/10in Fel-Fel and 4.1-4.8 for 8,9/10in both S1-Fel-
the EBDC motif (Figure 1) have been described in some SI and Fet-S1-Fel. If this case is extended to include
detail previously:®101216rendering unnecessary a similar isoelectronid, intracubane distances differ B50.09 A and
discussion here. We simply note that these double cubanesntercubane dimensions differ by 0:60.11 A and 0.5-3.4°.
have idealized or actual centrosymmetry with the heterometalCase (ii) withz = 4—, 3—, 2— involves fluoride cluster$
M atoms necessarily transoid, trigonally distorted octahedral and11 and chloride cluster§, 12, and15, and withz =0,
MN;S; sites, distorted tetrahedral Feshd Fegl sites, and 1+ phosphine cluster$ and 7. The following distance
intercubane FeS1 bonds that are shorter than intracubane parameters respond in fairly clear trends to increasing
Fel-S1 bonds. oxidation in the chloride series and are described by the span

With the availability of some nine EBDC structures of values over the three clusters: F@&l —0.09 A, Fe-Fe
[(Tp)2MosFesSsLa)? (Figure 1), there are now sufficient 0.07 A, Fet-S1 —0.12 A, Fe:-S1 —0.06 A, Fet-Fel
results to examine features at (i) constant oxidation state —0.14 A. The decrease in terminal bond lengths is a result
and variable terminal ligands L and at (ii) varialdeand of the decreased size of the iron atom, a behavior found in
constant L. Because of the large number of structural cubane-type R&, clusters?® (Radii for tetrahedral Feand
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Table 5. Selected Mean Values of Bond Distances (A) and Angles (deg) for JflapFesSsL4]? Clusters (L= F~, Cl-, N3, PE&)

intracubane intercubane

cluster Mo-N Mo—-S Fe-L2a Fe-S Fe(l}-S(1) Mo-Fe Fe-Fe Fe(1)-Fe(l) Fe(1)-S(Z) S(1)-Fe(1)-S(1) Fe(1)-S(1)-Fe(1)
[(Tp)MozFesSsF4]* ¢ (8) 2.226[5] 2.366[6] 1.879(7) 2.31[5] 2.407(5) 2.73[1] 2.662[4] 2.709(5) 2.262(5) 109.1(2) 70.9(2)
[(Tp)MozFesSsF4]49 (8) 2.23[2] 2.39[1] 1.90[2] 2.32[6] 2.444[5] 2.76[3] 2.64[3] 2.784(5) 2.281[1] 107.85(2) 72.22(3)
[(Tp)aMosFesSeF4)3~9(11)  2.238[6] 2.367[7] 1.863[2] 2.31[6] 2.421(1) 2.726[3] 2.74[4] 2.695(1) 2.269(1) 109.76(5) 70.64(4)
[(Tp):MoFesSCla)4¢€(9)  2.246[2] 2.384[2] 2.32[1] 2.32[6] 2.426(1) 2.74[1] 2.63[3] 2.737(1) 2.286(6) 109.07(4) 70.93(4)
[(Tp)MosFesSeCly)34(12)  2.233[4] 2.36[1] 2.261[6] 2.30[5] 2.372[6] 2.72[3] 2.69[2] 2.690(1) 2.26[2] 109.40(4) 70.60(4)
[(Tp).MosFesSCla)>¢€(15) 2.228[2] 2.362[6] 2.225(2) 2.28[5] 2.312(2) 2.69[2] 2.70[3] 2.603(2) 2.226(2) 110.04(6) 69.96(6)
[(Tp)2MosFesSe(N3)4]4 9 (10) 2.244[7] 2.37[1] 2.019[8] 2.32[6] 2.422(1) 2.72[3] 2.60[1] 2.868(1) 2.284(1) 104.96(3) 75.04(3)
[(Tp).MosFesSg(PER)4]® (6) 2.242[6] 2.38[1] 2.358[2] 2.29[5] 2.455(2) 2.67[2] 2.574[6] 2.757(2) 2.248(2) 108.38(7) 71.62(7)
[(Tp)2MosFesSs(PER) 411+ (7) 2.23[1] 2.37[2] 2.342[3] 2.26[4] 2.375(1) 2.673[6] 2.61[1] 2.651(1) 2.220(1) 111.17(5) 70.40(4)

al = terminal ligand.? Mean value excludes Fe@5(1).¢ Et;N* salt.d BusN* salt.© See ref 14f (CRS0y)~ salt.

Fel' differ by ~0.14 A29) This trend is not reflected by the

fluoride or phosphine clusters. Decreases in the two types

of Fe—S distances likely have a similar origin, and a

shortening of the FeiFel separation is a consequence of

changes in these distances. Similar trends are observed in

the phosphine series. The fluoride set does not manifest these

trends, primarily because of dimensional differences in the

two compounds containirg) Because we are seeking trends,

we have arbitrarily not included esd's in the foregoing limits

and differences, as they would both increase and decrease

these values. From the data of Table 5, we conclude that all

clusters are essentially isostructural, isoelectronic cores

approach an isometric condition, and that, overall, significant

dimensional differences accompanying oxidation or reduction

are largely confined to the bridge rhombs. The cleavage of

oxidized double cubanes to SCs by excess chloride is a

pr(.)b.able Consequence of mcrease.d electrophilicity of the Figure 9. Mdssbauer spectra at 4.2 K of (a) polycrystalline {Bu[(Tp)--
oxidized cluster instead of a weaker intercubane &E&ond. Mo,Fe;SeF.] and (b) an acetonitrile solution prepared from {R[(Tp)z-
Consistent with the behavior of all weak-field mixed-valence Mo,Fe;SsF4] and containing [(TpMo FesSsFs]3~. Spectra were fitted with
Fe—S or M—Fe—S clusters of nuclearity four or higher, there the parameters in Table 3.

is no clear crystallographic evidence of localized iron

oxidation states. Nor are there structurally distinct subcores shifts are biased toward the-Xlusters. The spectra do not
in 7,11, and12, formally described as containing [MafSg**- even partially resolve the two subcores of the 8tate.
[MoFesS,]*. When the fully reduced clusteBsand 10 were examined
5’Fe Isomer Shifts. Isomer shifts §) and quadrupole  in solution (Figure 9a), it was observed that the isomer shifts
splittings (AEg) for five SCs and nine EBDCs are collected decreased compared to those of the solid state and were
in Table 3. Selected spectra are shown in Figure 9. The consistent with the formation of the-3clustersll and13,
majority of spectra were fit satisfactorily with two overlap- respectively. These observations further support spontaneous
ping quadrupole doublets in a 2:1 intensity ratio taken from oxidation in solution, as deduced from voltammetry aHd
the EBDC structure. However, such unresolved spectra resistNMR spectra. For phosphine clust&and7, isomer shifts
unique fits; no conclusions are made concerning the relative also decrease upon oxidation but are not directly comparable
shifts of the two populations of iron atoms. The isomer shifts with the halide and azide clusters. Previous work has
do reflect the different oxidation states of the clusters and established that for isoelectronic cubane-type clusters, shifts
follow the well-established trend of decreasing isomer shift decrease in the order £ CI- > RS~ > R3;P> The isomer
with increasing oxidation state. With the halide and azide shifts of the pair$/9 and7/12 adhere to this trend.
clusters, isomer shifts show no clear dependence on terminal Structural Analogues of PV Clusters. All methods for
ligand. For EBDCs, mean isomer shifts of40.68-0.71 preparing these clusters utilize EBDC precurséi8.One
mm/s), 3- (0.57-0.63 mm/s), and 2 (0.56 mm/s, one  of two initial routes employed a reaction mixture prepared
example) clusters fall into the indicated ranges. The meanfrom (EuN)49] and 3 equiv of NaSH in acetonitrile. The
shift difference between chloride clust&dsand 15 is 0.14 product cluster was one electron more oxidized than ex-
mm/s, which is comparable to the value of ea0.1 mm pected, a matter that is now explained by reaction 19 in which
found between adjacent oxidation states of3relusters at the actual reactant is the-3cluster. The other route involves
the parity of terminal ligand® For reasons unclear, the-3 the reaction of6 with hydrosulfide; to accommodate the
product oxidation state 0.5 equiv of dihydrogen was invoked
(29) Shannon, R. DActa Crystallogr., Sect. A976 32, 751—767. as a product. Reaction 1 with+ F~ proceeds in THF to
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Edge-Bridged Double Cubane Clusters [(TiMo,FesSsl 4)?

Figure 10. Structure of [(TpIMozFesSoF2-H20]3~ showing 50% prob-
ability level ellipsoids and the atom-labeling scheme; primed and unprimed
atoms are related by a crystallographically imposed symmetry plane.
Selected metric parameters (A, deg) for [(IPFesSoF2-H,013: Mo—N
2.247[9] (4), Mo-S 2.380[8] (4), Mo-Fe 2.73[2] (4), Fe-(u2>-S) 2.226[9]

(2), Fe—(us-S) 2.269[3] (6), Fe (us-S) 2.40[2] (4), FetFe3 2.792(2), other
Fe—Fe 2.69[2] (4), Fe-F 1.88[1] (2), F+0 2.70(2), F1-0 2.57(2), Fe-
(uo-S)—Fe 77.70(8), Fe(2)S(6)—Fe(4) 143.1(1), F*O—F1 108.2(6).

afford fully reduced clusteB, isolated as the BT salt
(74%). When the reaction was conducted in acetonitrile with
hydrated (EfN)F, the solid product was found B NMR

to be a 2:1 mixture of (BN),[11] and the EXN' salt of a
new cluster subsequently identified B8 Treatment of the
mixture with (M&Si),S resulted in the conversion @fl to

18 by proposed reaction 20 and the isolation of,{g$[18]
(43%).

[(Tp),Mo,FeS,Cl,]*" + 3HS —
[(Tp),Mo,Fe,Sy(SH),]>~ + HCI + 3CI™ (19)

[(Tp),Mo,Fe.SF,°~ + (Me,Si),S + H,0—
[(Tp),Mo,Fe,SyF,H,0I° + 2Me,SiF (20)

The structure of clustet8, displayed in Figure 10, reveals

it to be a structural analogue of th& Bluster of nitrogenase.
The core consists of two MoE®, cubane units bridged by
sulfide atoms S5 and S&nd theus-S6 atom, resulting in

an Fe2-S6—-Fe4 angle of 143.1(1) The sextuply bridging
sulfide atom and the markedly obtuse bridge angle are the
most distinctive features of the structure. Clusi& is
isostructural and nearly isometric with [(EM)oFesSo(SH)]*~
(141.0) and**[(Tp)2VFesS(SH)]* (140.8)" and is similar

to [(Tp*)WoFesNaS(SH)(MeCN)F~ (138.8).18 The struc-
tural description of [(TpMoFe;So(SH),]® largely applies

to 18 The structure of the latter differs by having two
terminal fluoride ligands in place of two hydrosulfide ligands
on two of the iron atoms bridged by-S. A water molecule

is hydrogen bonded between the fluoride atoms. Reaction
20 is presumably assisted by tk#0 kcal/mol difference
between SiS and Si-F bond energi€$3tand may imply

a synthetic method for the possible introduction into the core
of atom/group X from a (MgSi).X reagent.
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