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Abstract: A new class of clusters, sulfide-bridged double cubanes containing the unitg/S% (M = Fe, Mo),
has been investigated as possible synthetic precursors to thenmmgbdenum cofactor (FeMoco) of nitrogenase.
Clusters containing the symmetric core structures@QzeQ-FeQ4)2" (11-13, Q = S, Se) have been prepared by
the coupling of separate cubane clusters {f€l4]%2, [FesQ4(LS3)Cl)2~, where LS = 1,3,5-tris((4,6-dimethyl-3-

mercaptophenyl)thio)-2,4,6-trigtolylthio)benzenate(3)).

Similarly, the cuboidal cluster [VR&(PEL)4Cl] was

coupled to form [VFgSs(PEg)4]2S (14). The cluster [(F§5,Cl3),S]*~ (11) is the first structurally proven example

of the class (Challen, P. R.; Koo, S.-M.; Dunham, W.

R.; Coucouvanig. Bim. Chem. Sod.99Q 112 2455).

Bridged structures have also been established crystallographicajlfFaBe,(LSs)].Se 4~ (13) and14. Other criteria

for identification of this structure developed usitf—14 are coupled redox processes in cyclic voltammetry and

the detection of intact double cubane ions by electrospray mass spectrometry. For the coupling of heterometal
cubanes, the Mo site was protected by chelation with Méidiméthylimidodiacetate(2)) as in [(Meida)MoFgS,Cls]2~

(6), thereby directing the bridging reaction to the Fe sites. The structures of twg\/Fecubane clusters containing

the tricoordinate (Meida)V fragment are reported. The reaction sy&tein8 afforded{ [(Meida)MoF&S,Cl],S}4~

(15. The symmetrical sulfide-bridged double cubane structurésdfias been established by the electrochemical

and mass spectrometric criteria and by the existence of the four isomers consistent with this structure. The equimolar
reaction systens/[Fe,;S4Cls]2~/Li,S produced a mixture dff(Meida)MoFeS,Cly]S(F&S,Cls)}4~ (17), 15, and11
Clusterl7is also formed in the systetrt/[Fe;S,Cls]>~. The unsymmetrical sulfide-bridged double cubane structure

of 17 was established by mass spectrometry and detection of the two isomers consistent with this structure. In the

first reaction system, the product mole rafi@:15 ~ 3:1

is explained in terms of differential steric hindrance of

conformations arising from rotation around thef&-Fe bridge. The core composition of double cubabéMo,-
FesSy) approaches that of FeMoco (MofSg). The core composition dif7 is exactly the same as FeMod is the

first synthetic cluster with this property.

Introduction

cofactor cluster (FeMoco) is constructed of MgEsand FeS;
cuboidal fragments bridged by three-F8—Fe interactions in

We have described previously a group of native metal sites a core of composition MoF&. On the basis of EXAFS results,

in proteins and enzymes badged biological metal assemblies

it is probable that vanadium-containing nitrogenase has an

consisting of two discrete fragments juxtaposed wholly or in - ana10g0us structufe It remains to be seen if other native iren

part by one or more covalent bridgesAssemblies of this sort
containing metatsulfur clusters includ&scherichia colsulfite
reductasé,in which an FgS, cluster is coupled to siroheme
through a CysS bridge, and the A and C clusters@ibstridium
thermoaceticumcarbon monoxide dehydrogenase (CODH),
where an Fg5; cluster is connected by an unknown bridge(s)
to a nickel site® Although not demonstrated by protein

crystallography, there is reasonable evidence that the assimi-

latory sulfite reductase fromesulfaibrio vulgaris contains the
sulfide-bridged assembly F&—S-sirohemé. The remaining
examples are found with the clusters of nitrogerfageThe P
cluster consists of two cuboidal £ units connected through
aum-S atom and two CyS$ bridges, with bridging multiplicity
m dependent on the oxidation level of thegGgcore? The
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sulfur clusters with nuclearity exceeding that of the familiar
Fe,Sy cubane-type clusteramost notably, the putative “pris-
mane” FgSs clusteP—are bridged assemblies or tightly inte-
grated units.

Synthesis of bridged metal assemblies containing metal
sulfur clusters for the purpose of physicochemical and reactivity
_investigations provides a significant challenge, in considerable
part because the fragments to be bridged are usually not
identical. F@S;—(u-SR)—Ni bridges have been constructed
as an initial structural version of a CODH clustr.In this
case, one or two preformed tetradentate Ni(ll) aminothiolate
complexes displaced iodide from [al4]%~ to afford the
product assembly. Thus far, representations of the sulfite
reductase site in the form of & —S—heme assemblies have
been achieved with the heme group in the normal porphyrin
oxidation stat& or at the physiological isobacteriochlorin
oxidation level’? In both cases, new reactions had to be

(8) Eady, R. RChem. Re. 1996 96, 3013 and references therein.
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Chem. Soc1996 118 2766.
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Molybdenum-Iron Sulfide-Bridged Double Cubanes

{4 isomers )
-4

‘core rearrangement

3 MoFegSg

{ 2 isomers )

Figure 1. Conceptual scheme for a synthesis of theirormolybdenum
cofactor of nitrogenase involving the sulfide-bridged double cutzane
The number of isomers refers to moleculeand 3 in which the M
site does not have trigonal symmetry, as shown.
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structure2 was demonstrated 44 NMR and the regiospecific
reactivity engendered by the [1:3] site-differentiated precursor
cluster. Reaction 2 resulted in a crystalline product whes®

2[Fe,S,(LS)C> + Li,S— {[Fe,S,(LS)],SH + 2Lic(:1|)

2[Fe,S,Cl,]* + Li,S— {[Fe,S,Cl,,S}* + 2LiCl (2)

double cubane structure was proven by an X-ray structure
determinatiorf In addition to reactions 1 and 2, there is strong
evidence for the formation in solution of the clustersJze-
X—FeSy with X = 0O?7/OH~ and Sé-, utilizing [1:3] site-
differentiated precursor clusteYs. These precedents raise the
possibility of a new family of cubane-type clusters, essentially
uninvestigated, in which component clusters are connected
through a single-atom bridge. In the course of pursuing the
scheme in Figure 1, we found it necessary to develop means of
synthesis and characterization of sulfide-bridged double cubanes,
especially of type2. The results of our first phase of
investigation of this problem are reported here.

developed for these unsymmetrical sulfide-bridged assemblies
a problem that is inherent to the synthesis of FeMoco with its
different fragments and single-atom briddésHere an initial Preparation of Compounds. All operations and manipulations were
approach leading to symmetrically bridged assemblies may beperformed under a pure dinitrogen atmosphere. Solvents were purified
more practical. Further, in the absence of the desired cuboidalas appropriate and degassed prior to use. Compounds were identified
fragmentst4 another tactic based on known clusters susceptible :%::p&""aia gzifrosfhe;t;gxtryy and, in certain cases, by crystal-
to one or more of the subsequent reactions of bridge formation (EIN)s[(Meida)VFesSiCla.

"Experimental Sectiori®

A

and structural rearrangement may be entertained. A. Single Cubane Clusters.

The cofactor core may be written as,MsS, where M=
Mo/V + Fe in the native state and M Mo/V or Fe in

solution of 0.543 g (1.34 mmol) of (BY),(Meidaf! in 5 mL of Me,-
SO was added to 1.00 g (1.34 mmol) of (\Me[(DMF)3VFe;S,Cls]%?
dissolved in 12 mL of MgSO. The reaction mixture was stirred for

conceivable symmetrized synthetic versions. Elsewhere, we 30 min, treated with 100 mL of THF, and filtered, affording the mixed

have depicted the eight known structural types of bridged
heterometal MF¢S, double cubane® All but one utilize one
or more bridge bonds involving M= V or Mo and thus are
unsuitable for conversion into a cofactor-like structure. We are

currently examining the conceptual reaction scheme in Figure

1. Single cuband, constrained from forming bridge bonds at
the M = Fe, V, or Mo site by a tight tridentate ligand or
equivalent device, is converted to sulfide-briddgealy reaction

at tetrahedral iron sites, whose substitutional lability is well-
documented®1” Ligand loss and induced core rearrangement
recovers the FeMoco core structi8e The cores o and 3

cation salt of the product cluster as a black powder. This material
was washed with ether and dried in vacuo. To a solution of 0.300 g
(0.32 mmol) of (MaN)(EuN)[(Meida)VFeS,Clg] in 100 mL of
acetonitrile was added 53.3 mg (0.32 mmol) ofNEEl. The mixture
was stirred overnight and filtered, and 100 mL of ether was layered
onto the filtrate. The product was isolated by filtration and dried in
vacuo to afford the product as 240 mg (72%) of a black crystalline
solid. IR (KBr): vcoo 1649 (s), 1610 (s) cmt. *H NMR (CDsCN,
anion): 6 14.9 (H), 6.01 (H). (The N-Me resonance was not located.)
This compound was further identified by an X-ray structure determi-
nation.

(EtsN)s[(Meida)VFesS,(O-p-CsHaMe)s]. A solution of 0.480 g

are isomers. This procedure depends on the formation of the(0.486 mmol) of (EiN)s[(Meida)VFeS,Cls] in 50 mL of acetonitrile

double cubang, preferably as an isolated intermediate. Two
precedents exist for this cluster type. The initial example was
provided by reaction 1 in DM1® The product cluster could
not be obtained as diffraction-quality crystals. However,

(12) Zhou, C.; Cai, L.; Holm, R. Hinorg. Chem.1996 35, 2767.
(23) It is improbable that the complex structures of the metal clusters in

was treated with 0.190 g (1.46 mmol) @MeCsH,ONa as a suspension
in 25 mL of acetonitrile. The reaction mixture was stirred overnight
and filtered, and the volume of the filtrate was reducedchyone-
third in vacuo. An equal volume of ether was layered onto the filtrate.
Dark brown needlelike crystals were collected by filtration and dried
in vacuo to give 0.45 g (77%) of product. IR (KBr)coo 1633 (s),
1603 (s) cm®. *H NMR (CDsCN, anion): 6 18.6 (m-H'), 15.7 -

nitrogenase can be reached in systems relying solely on spontaneous selfM€), 14.2 (n-H"), 10.7 p-Me"), 5.44 (H), —1.04 ©-H"), =5.79 ©-

assembly.

(14) Cuboidal Fg5; clusters are known, but in the form [fS(NO)s-
(PRs)3], which has not proven useful for further chemical manipulation:
Scott, M. J.; Holm, R. HAngew. Chem., Int. Ed. Engl993 32, 564.
Goh, C.; Holm, R. HInorg. Chim. Actain press.

(15) Huang, J.; Goh, C.; Holm, R. Hnorg. Chem.1997, 36, 356 and
references therein.

(16) (a) Weigel, J. A.; Holm, R. HJ. Am. Chem. S0d991, 113 4184.
(b) Zhou, C.; Holm, R. Hlnorg. Chem.1997, 36, in press.

(17) Palermo, R. E.; Holm, R. HI. Am. Chem. S0d.983 105, 4310.

(18) Stack, T. D. P.; Carney, M. J.; Holm, R. B. Am. Chem. Soc.
1989 111, 1670.

(19) Abbreviations: cat= catecholate(2); Clscat= tetrachlorocatecho-
late(2-); ESMS= electrospray mass spectrometry; FAB-MSast-atom-
bombardment mass spectrometry; (HBbz = hydrotris(pyrazolyl)borate-
(1-); lda = imidodiacetate(2); LSz = 1,3,5-tris((4,6-dimethyl-3-
mercaptophenyl)thio)-2,4,6-trigolylthio)benzenate(3); Meida = N-
methylimidodiacetate(2).

H'). (The N-Me and H signals were not located.) This compound
was further identified by an X-ray structure determination.
(EtsN)z[(Meida)MoFesS,Cls). This compound has been previously
prepared® The following procedure leads to a significantly higher
yield. (EuN),[(Clscat)(MeCN)MoFeS,Cls] was prepared by the reac-
tion of (EuN)J[(ClscathMoFesSe(SEs]?* with benzoyl chloride in
acetonitrile using an established procedtasd was isolated as black
microcrystals in 90% yield. To a solution of 1.94 g (1.86 mmol) of

(20) Challen, P. R.; Koo, S.-M.; Dunham, W. R.; CoucouvanisJD.
Am. Chem. Sod99Q 112, 2455.

(21) Zhou, J.; Hu, Z.; Mack, E.; Holm, R. HJ. Am. Chem. Sod.996
118 1966.

(22) Kovacs, J. A.; Holm, R. Hinorg. Chem.1987, 26, 702, 711.

(23) Demadis, K. D.; Coucouvanis, Ihorg. Chem.1995 34, 436.

(24) Palermo, R. E.; Singh, R.; Bashkin, J. K.; Holm, RJHAm. Chem.
S0c.1984 106, 2600.
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Table 1. Crystallographic Dagafor (EtN)s[(Meida)VFeSsCls]-CHCN (1), (EuN)s[(Meida)VFeSs(O-p-CeHiCHs)g) (11),
(EtN) A [FesSey(LS5)].S6 -0.75THF4DMSO (lll), and{[VFesSy(PE%)4].S}-EtO (V)
| Il 1l \

formula GiH7oClsFesNs04SV CsoHssFesN1.O7SV CaasH221F&N404 755,558 CsoH13Fes0R:S13V 2

formula wt 1030.01 1203.97 3880.18 1984.84

T,K 213 213 213 223

crystal system orthorhombic orthorhombic _ triclinic _triclinic

space group Pna2; Pna2; P1 P1

z 4 4 2 2

a A 18.2910(8) 23.899(4) 18.9754(3) 14.200(6)

b, A 13.5142(6) 20.101(6) 19.4617(3) 17.10(1)

c, A 20.0329(9) 12.370(4) 49.5694(1) 19.133(7)

o, (deg) 90.4752(9) 95.32(4)

B, (deg) 91.1262(6) 101.81(3)

y, (deg) 114.636(1) 101.50(4)

Vv, A3 4951.9(4) 5942(3) 16595(4) 4414(4)

eai, glc® 1.382 1.346 1.575 1.487

WR2P, R1¢ 0.1454, 0.0618 0.1698, 0.0886 0.2960, 0.1324 0.1320, 0.0527

aObtained with graphite-monochromatized MaxKA = 0.710 73 A) radiation® wR2 = {J[W(F2 — FA/S[W(F2F} Y2 ¢ Rl = S ||Fo| —

Fell/%1Fol.

(EtsN),[(Clscat)(MeCN)MoFeS,Cl;] in 20 mL of DMF was added
0.274 g (1.86 mmol) of solid BMeida. The mixture was stirred at 55
°C overnight, cooled to room temperature, and filtered. Upon addition
of 200 mL of ether to the filtrate, a dark sticky solid precipitated. The

(93%) of a dark brown solid.*H NMR (CDsCN, anion): 6 8.66 (5-
H), 7.22 (2-H), 5.80 (3-H), 4.53 (6-Me), 4.10 (4-Me), 2.27 (Me).
This spectrum is very similar to that of the /M salt in MeSO?8
(The ligand numbering scheme for this and the following cluster is

almost colorless supernatant was decanted, and the dark brown residugiven elsewheré?:19

was washed with ether and extracted with 50 mL of acetonitrile. The
extract was taken to dryness in vacuo, leading to 1.56 g (93%) of
product as a dark brown microcrystalline solid. IR (KB#oo 1670

(), 1644 (s) cmt. FAB-MS (W2): 644 (MP~-H™), 773 (MP—-EtuN™).

I1H NMR (Me;SO): 6 14.9 (H), 5.85 (H,). (The N-Me resonance was
not located.)

(EtaN) [(Ida)MoFesS4Cls]. This compound was obtained by a
procedure similar to the preceding preparation. The reaction of 0.194
g (0.186 mmol) of (EiN),[(Clscat)(MeCN)MoFeS,Cls] with 24.7 mg
(0.186 mmol) of solid Hida produced 0.152 g (92%) of product as a
dark brown crystalline solid. IR (KBr)ycoo 1665 (s), 1640 (s) cr.
FAB-MS (m2): 630 (M2 -H"), 759 (M -ELN*). H NMR (Mey-
S0): 6 14.4 (H), 5.65 (H). (The N—-H resonance was not located.)

(EtaN)2[(Meida)MoFesS4(O-p-CeHsMe)3]. To a solution of 0.100
g (0.110 mmol) of (EiN)[(Meida)MoFgS,Cls] in 5 mL of acetonitrile
was added 43 mg (0.33 mmol) of soliEeMeCsH,ONa. The reaction
mixture was stirred overnight and filtered. Addition of 20 mL of ether
to the filtrate caused the separation of a dark brown microcrystalline
solid. This material was collected by filtration, washed with ether,
and dried in vacuo to give the product as 110 mg (89%) of a dark
brown solid. IR (KBr): vcoo 1649 (s) cmt. *H NMR (CDsCN): o
20.1 (m-H'), 18.4 p-Me'), 15.2 (n-H'""), 13.6 (Hy), 12.8 p-Me"), 5.21
(Hp), —3.23 -H'""), —9.50 ©-H").

(EtaN)2[(Meida)MoFesSs(SR)] (R = Et, p-C¢H4F). To a solid

mixture of 0.300 g (0.330 mmol) of (Et);[(Meida)MoFgS,Cls] and
3 equiv of NaSR was added 15 mL of acetonitrile. The mixture was
stirred fa 4 h and filtered. Addition of 100 mL of ether to the greenish-
brown filtrate resulted in the separation of a dark brown microcrystalline
solid, which was collected by filtration, washed with ether, and dried
in vacuo to afford the pure product in ca. 85% yield. IR (KBvkoo
1649 (s), 1629 (s) (R= Et), 1652 (s), 1638 (s) (R p-CeH4F) cnrt.
IH NMR (CDsCN, R = Et, anion): 6 87.4 (nW-CH,), 43.4 (n"'-CH,),
7.09 (-Me), 4.00 (M'-Me), 11.4 (H), 5.00 (H). *H NMR (CDsCN,
R = p-C¢H4F, anion): 6 16.3 (m—H), 11.8 fm'-H), 11.4 (H), 5.10
(Hp), 0.0 @"-H), —6.2 @-H). °F NMR (MeCN): 6 —80.9 ), —99.5
(m'").

B. Sulfido-Bridged Double Cubane Clusters. (BuN){[FesSs-
(LS3)]2S}. A solution of 73 mg (40umol) of (BusN)2[FesSs(LSs)-
CI]*®25in 20 mL of acetonitrile was treated with 1.6 mg (2thol) of
anhydrous Ng& dissolved in a minimal volume of methanol. The

(BusN)A{ [FesSey(LS3)1.Se. A solution of 47 mg (24umol) of
(BusN),[FesSey(LS3)CI]1e25in 12 mL of acetonitrile was treated with
1.1 mg (12umol) of Li,Se* dissolved in a minimal volume of methanol.
The procedure in the preceding preparation was followed, resulting in
41 mg (87%) of product as a dark brown soliH NMR (CDsCN,
anion): 6 8.87 (5-H), 7.11 (2H), 6.64 (3-H), 5.12 (2-H), 4.61 (6-
Me), 4.49 (4-Me), 2.24 (4Me). This compound was further identified
by an X-ray structure determination.

{[VFesSs(PEts)4]2S}. A solution of 0.20 g (0.21 mmol) of
[VFesSs(PE)4CI]?” in 20 mL of acetonitrile was treated with 5.6 mg
(0.12 mmol) of LpS dissolved in a minimal volumes& 0.5 mL) of
methanol. The reaction mixture was stirred overnight, and the solvent
was removed in vacuo. The black residue was extracted with 200 mL
of ether and the extract filtered. Slow evaporation of the solvent caused
separation of the product as 57 mg (28%) of a highly crystalline black
solid. *H NMR (CgDg): 6 2.53 (V-PCH), 1.61 (V-PCHCHj3), 0.46
(Fe-PCHCHj3), —4.69 (Fe-PCH). This compound was further identi-
fied by ESMS and an X-ray structure determination.

(EtaN)4[((Meida)MoFesS,Cl,),S]-2LICI. To a solution of 0.240 g
(0.260 mmol) of (EfN),[(Meida)MoFeS,Cl3] in 5 mL of acetonitrile
was added 6.1 mg (0.13 mmol) of solid,6i The mixture gradually
developed a dark brown precipitate upon vigorous stirring, which was
continued overnight. This material was collected by filtration, thor-
oughly washed with acetonitrile, and dried in vacuo to give 0.150 g
(64%) of product as a dark brown solid. IR (KBrycoo 1639 (s)
cm L. H NMR (Me;SO, anion): ¢ 21.0, 20.2, 20.0, 17.2, 16.7, 16.6
(Ha), 6.95, 6.25 (i), —3.6 (br, N-Me). Anal. Calcd for &Hg,Cls-
FesLioMo,NsOsSs: C, 27.22; H, 5.11; Cl, 11.48; Fe, 18.08; Mo, 10.35;
N, 4.53; S, 15.57. Found: C, 27.08; H, 5.03; Cl, 11.32; Fe, 18.15;
Mo, 10.28; N, 4.65; S, 15.65. This compound was further identified
by ESMS.

X-ray Structure Determinations. Structures were determined for
the four compounds listed in Table 1. Single crystals of I, II, and IV
were taken from the reaction products. A (marginally) suitable crystal
of Ill was obtained as a decomposition product ofgiFe:Se(LSs)]2
in Me;SO solution into which THF and ether were diffused; crystals
appeared afteca. 1 month. Crystals were coated with Apiezon L
grease, attached to glass fibers, transferred to either a Nicolet P3F (1V)
or a Siemens SMART CCD diffractometer (all others), and cooled in
a dinitrogen stream to either50 °C (V) or —60 °C (all others).

reaction mixture was stirred overnight, and the solvent was removed Lattice parameters were obtained from least-squares analysis of more
in vacuo. The dark brown residue was extracted with a minimal volume than 25 machine-centered reflections. The raw intensity data (including
of acetonitrile. The extract was filtered twice through Celite to remove corrections for scan speed, background, and Lorentz and polarization
NaCl and reduced to dryness in vacuo to afford the product as 67 mg effects) were converted to structure factor amplitudes and their esd’s

(26) Gladysz, J. A.; Hornby, J. L.; Garbe, J.EOrg. Chem1978 43,
1204.

(25) Stack, T. D. P.; Weigel, J. A.; Holm, R. khorg. Chem199Q 29,
3745.
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using the program XDISK (IV) or SAINT (all others). None of the
compounds showed significant decay over the course of data collection.
Absorption corrections were applied using the program SADABS except
for structure IV which was corrected using XABS2. Space group
assignments were based on analysis of systematic absEratasstics,

and successful refinement of the structures. The final resolution for
all structures was 0.90% Structures were solved by direct methods
with the aid of successive difference Fourier maps using the SHELXS-
90 program, and were refined by the least-squares meth&d osing
SHELXTL-93, incorporated into the SHELXTL-PC V 5.03 suite. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were not included for the disordered ether molecules in IV. All other
hydrogen atoms were assigned to ideal positions and refined using a
riding model with an isotropic thermal parameter 2.2hat of the
attached carbon atom (Ix5for methyl hydrogens).

The asymmetric unit of | consists of one anion, three cations, and
one acetonitrile solvate molecule. The asymmetric unit of Il contains
one anion and three cations, while that of Il includes two independent
cluster anions and eight cations, one of which was severely disordered,
requiring that its position be constrained. Also present were eight Me
SO molecules, all of which were disordered and required constraints,
and 1.5 THF molecules. One of the THF molecules was severely

disordered and was refined at one-half occupancy. Several peaks of

electron density (above TH3) in the vicinity of the disordered cation
could not be modeled effectively. The lafigeand WR; residual factors

are due to minimal crystal quality. The asymmetric unit of IV consists
of one cluster and one ether solvate molecule. One of the triethylphos-

J. Am. Chem. Soc., Vol. 119, No. 37, 888b

[(Meida)VFe,S,CL]" 4
[(Meida)VFe,S(0-p-CH,Me),]" 5
[(Meida)MoFe,SCl,* &
[(Ida)MoFe,S,CL T 7
[(Meida)MoFe,S,(0-p-CoH,Me), I 8
[(Meida)MoFe,S,(SEt),]* 9
[((Meida)MoFe,S,(S-p-CsH,F),]* 10
[(Fe,S.ClL),(1,-8)]* 1
{[Fe,Sy(LS))y(uy-8))* 12"
{[Fe,Se.(LS)](1,-5e) | 13
{[VFe,S¢(PEt,),],(1,-S)} 14
{[(Meida)MoFe,S,CL,],(1,-S)}* 15
[(Meida) MoFe,S,Cl(u,-S)],™ 16

{[(Meida)MoFe,S,CL](1,-S)(Fe,S,Cly) }* 17

previously!® and clusterl2 as its BUN™ salt, pure by affH
NMR criterion, were isolated in 93% vyield. Formation of a

phine ligands on the cluster was highly disordered. Attempts to model Pridged structure is indicated by the appearance of an NMR
this disorder were unsuccessful, resulting in two peaks of electron Spectrum with isotropic shifts substantially larger than those of
density (above 1 €A3) near the carbon atoms of ethyl arms of the the single cubanes [F&(LS3)L']?~ with L' = RS™ and HS 1618

ligand. The ether molecule was refined over two positions, each of For example, in acetonitrile the 5-H resonance of the coordinat-

which refined successfully in one-half occupancy. One of the ether

oxygen atoms was positioned directly on a 2-fold axis while the other

had an oxygen and a carbon atom in half-occupancy split across a 2-fold
axis. Crystallographic data are listed in Table 1. In the last cycles of

refinement, all parameters shifted by less than 1% of their esd’s and
the final difference Fourier maps showed no significant electron density

except where previously noté#l.

Other Physical Measurements. All measurements were performed
under anaerobic conditions'H NMR spectra were obtained using a
Bruker AM-500 and AM-400 spectrometers. Electrochemical measure-
ments were performed with a PAR Model 263 potentiostat/galvanostat
using a Pt working electrode and 0.1 M (B)(PF) supporting

electrolyte. Potentials are referenced to the SCE. FAB mass spectra

were measured on a JEOL SX-102 instrument using 3-nitrobenzyl

ing arm of the tridentate LS3igand incorporated inté2 appears

at 8.66 ppm whereas the 5-H shifts of both {E£LSs)-
(SMe)P 180 and [FS4(LSs)(SH)JZ 18 are 8.16 ppm. This
amounts to a 35% larger isotropic shift 12 compared to the
single cubanes. Despite numerous attempts, we have been
unable to obtain diffraction-quality crystals of a saltld# As

a result, reaction 3, affording the analogous selenide-bridged
double cuband3, was examined.

2[Fe,Se(LS,)Cl* + Li,Se—
{[Fe,Se(LS,)],S6* + 2LiCl (3)

alcohol as the matrix. Electrospray mass spectra were recorded using The!H NMR properties ofL3 are analogous to those b2,

a Platform 2 mass spectrometer (Micromass Instruments, Danvers, MA).
Samples (ca. 5@M) were introduced at a flow rate of 3 mL/min from

a syringe pump (Harvard Apparatus). The electrospray probe capillary
was maintained at a potential of 3.0 k8.0 kV for negative ion
measurements) and the orifice to the skimmer potential (cone voltage)
was varied from 10 to 40 V, as appropriate for each measurement.
Spectra were collected in the multichannel acquisition mode; spectra
were acquired at 5 s/scan, and 12 scans were accumulated for eac|
spectrum.

Results and Discussion

The following single cubanel{-10) and double cuband {—
15, 17) clusters are of primary interest in this investigation. Of
these§, 11, and12 have been reported previously; the remainder
are new species, all of which have been isolated.

Sulfide- and Selenide-Bridged Double Cubanes. (a)
Preparation and Structure. We initiated an investigation of
these cluster types in order to develop criteria, apart from X-ray
crystal structures, for the formation of bridged double cubanes.

Reaction 1 has been repeated under different conditions than

(27) Nordlander, E.; Lee, S. C.; Cen, W.; Wu, Z. Y.; Natoli, C. R.; Di
Cicco, A,; Filipponi, A.; Hedman, B.; Hodgson, K. O.; Holm, R. H.Am.
Chem. Soc1993 115 5549.

(28) See paragraph at the end of this article concerning Supporting
Information.

with its 5-H isotropic shift being 27% larger than that of
[FesSey(LS3)(SMe)R.180 Further, the 5-H isotropic shift df3

is 11% larger than that df2, consistent with usual property of
larger isotropic shifts for selenide vs sulfide clusters because
of the smaller antiferromagnetic coupling and larger paramag-
netism of the [FgSe]?" core. These properties have been

glocumented at length elsewhéf@. In a related study of the

stability of the cuboidal cluster [R8ey(LS3)]3~,2 we observed
slow decomposition in M&SO solution. Diffusion of ether and
THF into this solution resulted in the crystallization of a solvated
salt of 13 (compound Ill, Table 1), identified by an X-ray
structure determination. Because superior crystals were not
obtained from reaction 3 despite our best efforts, we report the
refined structure of the crystal for which data were collected.
The asymmetric unit contains two complete cluster anions. The
structure of one anion and its core are contained in Figure 2;
the bridged double cubane arrangement is immediately apparent.
Metric parameters are summarized in Table 2. Because the bond
angles and distances in the individual cubanes are not signifi-
cantly different from those in [R8e]?" single cubane¥?.18.29
ranges and mean values of selected distances are tabulated and
angles are omitte#® In each double cubane, the 4 Bgands
have the conformatiorsbababandababag?® meaning that the
coordinating arms and buttressing legs alternate in position
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Table 2. Selected Interatomic Distances (A) and Angles (deg) fBesSe(LSs)].S6 4

Bridge
Anion 1 Anion 2
Fe(11)y-Se(1) 2.274(8) Fe(31)Se(2) 2.277(8)
Fe(21)-Se(1) 2.282(9) Fe(41)Se(2) 2.275(9)
Fe(11)y-Se(1)-Fe(21) 115.5(4) Fe(31)Se(2)-Fe(41) 112.7(4)
Core
Fe—Se range 2.312(8)2.397(8) Fe-Se range 2.308(16)2.381(8)
mean of 24 2.36(2) mean of 24 2.36(2)
Fe—Fe range 2.690(9)2.803(10) Fe-Fe range 2.652(16)2.801(10)
mean of 12 2.75(3) mean of 12 2.74(4)
Fe—S range 2.21(22.27(2) Fe-S range 2.21(252.24(2)
mean of 6 2.23(2) mean of 6 2.22(1)

Sel23}

.
Foiza) o4 Seli3)

Figure 3. Structure of [VFeSs(PER)4].S showing 50% probability
ellipsoids and the atom labeling scheme. Bond distances (A): Fe(4)
S(13), 2.194(2); Fe(8)S(13), 2.189(2); Fe(4yFe(8), 4.03 A; Fe(4,8)
(us-S), 2.26(1) (mean of 6). Bond angles (deg): Fe(@{13)-Fe(8),
134.0(1); S(13)Fe(s-S), 110.1(1)-122.1(1) (range of 6). The indi-
Figure 2. Structure of{ [Fe;Sex(LSs)].S64 showing one of the two ~ Vidual clusters are further separated by the following distances:5(5)
inequivalent anions in its entirety (lower) and the core structure with (S11), 5.57 A; S(6)-S(12), 6.98 A; S(4)-S(10), 7.15 A.

50% probability ellipsoids, the atom labeling scheme (anion 1), and
Fe—Se—Fe bridge angles (upper). The individual cubane on the lower the core faces Fe(11,12)Se(12,13) and Fe(21,24)Se(21,22),

right has ligand conformatioababal and that on the lower left has containing the bridged iron atoms, are roughly OPPOS“? each
conformationababaa other. Consequently, of the 12 -SEe—Se angles involving

the two bridging iron atoms, the four largest involve Se(1) and
above and below the central benzene ring in the first instance S€(12,13,21,22) and occur in range 111.9(B1.9(3}. Of
but an adjacent arm and leg are on the cluster side of this ringthese, the largest angle is SetBe(11)-Se(13). All other
in the second. Individual [RS&]?* cores in the two clusters ~ angles at Fe(11,21) are in the interval 102.8(B)8.1(3J. A
are unsystematically distorted from idealized cubic symmetry. similar situation holds for anion 2, where the four largest angles
Terminal Fe-S distances are in the normal range, but the mean are 111.9(3)-121.7(3) and the remaining angles are in the
values are somewhat less (0-0804 A) than in the two other ~ range 104.4(3y107.1(3). The bridge/cubane conformation and
[FesSey(LS3)L'11 2 clusters of known structuréb:18 pattern of distortion of SeFe—Se angles at the bridging sites
Principal interest attends the bridge structure. The bridge €an only be ascribed to intercubane repulsion. For comparison,
bonds average over the two clusters to 2.277(4) A. As would N the double.cubanial, the individual cubanes are also twisted
be expected for bonds involving-Se rather thaps-Se atom, about the bridge bonds b_y a correspondlng dihedral angle of
bridge bonds are shorter than all core bonds, whose mean value?0:0 and the Fe-S—Fe bridge angle is 102:2° )
is 2.36(2) A in both clusters. Bridge angles are 115 5&id The clusters [MFgS(PEg).L] (L = CI7, RS’) contain the
112.7(43, leading to Fe-Fe separations of 3.85 and 3.79 A, fragment Fe(us-S)h(uo-S)k; therefore, they are the closest
respectively. Across the bridge, the cubanes in anion 1 are@pPproaches to the FeMoco structure currently availébie.
juxtaposed at the dihedral angles Se@B¥(11)-Se(1)-Fe- N_otlng that the L= RS_“ clusters can be prepared by thlol_ate
(21)= 20.7 and Se(22)Fe(21)-Se(1}-Fe(11)= 27.2, which displacement of chlorid® we examined the related reaction
are measures of the twist of the cubanes out of the Fe(11,21)-4-
Se(1) bridge plane. The two cubanes are twisted out of . .
aliénanent gcrois the bridge by the angle Se{F)(11)-Fe- 2[VFe,Sy(PEY),CI] + Li,S— [VFe,Sy(PEY),],S + 2LiCl
(21)-Se(22)= 7.1°. (4)
The corresponding angles in anion 2 are $a8d 21.9 and
a bridge twist angle of 3°8 This conformation places Se-
(13)--Se(22) at 3.74 A in anion 1 and Se(31%e(41) at 3.67
A in anion 2 as the closest intercubane distances. In anion 1

While the product cannot be a double cubane, it does provide
another case of an F&—Fe bridge between clusters. The
product is the sulfide-bridged assemi}; as demonstrated by
'the structure in Figure 3. The metric features of the individual
clusters are unimportantly different from those of the single

(29) (a) Bobrik, M. A.; Laskowski, E. J.; Johnson, R. W.; Gillum, W.

0.; Berg, J. M.; Hodgson, K. O.; Holm, R. thorg. Chem197§ 17, 1402. clusters [VFgSs(PEk)aL] (L = CI~,?” PhS %9 and are not
(b) Fenske, D.; MaueP.; Merzweiler, KZ. Naturforsch1987 B42, 928. further considered. The mean -8 bridge distance is 2.192
(c) Rutchik, S.; Kim, S.; Walters, M. Anorg. Chem1988 27, 1513. (d)

Ahle, A.; Dehnicke, K.; Maichle-Mosmer, J.; Shia, J.Z. Naturforsch. (30) Cen, W.; MacDonnell, F. M.; Scott, M. J.; Holm, R. IHorg. Chem.

1994 B49, 434. 1994 33, 58009.
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Figure 4. Measured negative-ion ESMS ffFe;S:Cl3]»S-2BuN} 2~ (A) and positive-ion ESMS of[VFesSs(PE)4] .S H} 1T (B). Measured spectra
are at the top and theoretical isotope patterns below. The compougd)¢Bifre;:S:Cls].S} was sampled from an acetonitrile solution and [Y&e

(PEb)4]2S from a dichloromethane solution.

A, essentially identical with that i1 (2.206(4) &9. The Fe-

S—Fe bridge angle of 134.0(1)is much larger than the
corresponding angles ihl and 13 and appears to arise from

repulsions across the bridge involving the thregPHigands

shown in Figure 4B, the measured pattern correspondb4to [
H]*. These results demonstrate that clustdrand14 maintain
their integrity in solution.*H NMR demonstrates this behavior
for 12and13. ESMS is clearly useful in establishing cluster

on the individual clusters. Earlier we have demonstrated that nuclearity of Fe-S—Fe double cubanes; additional examples
Fe—S—Fe angles are “soft”, being deformable by steric factors follow.

operating across the bridge.

(b) Mass Spectrometry. With X-ray structural proof of the

Fe—S—Fe bridge in14 and the Fe-Se—Fe bridge in13, and

NMR similarities betweeri2 and13 leaving no doubt that the
former has an FeS—Fe bridge, we sought alternate and more

rapid means of establishing the presence of th@FeQ—FeQa

double cubanes (& S, Se) in solution without reliance on

X-ray structures. Because of the probable fragility of-ke-

(c) Voltammetry. Covalently bridged clusters whose com-
ponent clusters are separated by 4& or less usually show
coupled redox steps. For heterometal N#zelouble cubanes,
two or three bridging interactions connect the component
cubanes. The classic examples of this type of behavior are the
clusters [MFeSs(SRY]*~ (M = Mo and W34 Re*®) which
contain M{«>-SR):M bridges and show fully reversible coupled
redox reactions whose potentials are separatechb200 mV.

Fe bridges, unsupported by any additional ligation, we have The question arises as to whether individual cubanes are
turned to electrospray mass spectrometry. An advantageoussufficiently coupled by one single-atom bridge to manifest

feature of ESMS is the transfer ekistingions into the gas
phase for analysis. The method has been profitably applied toacetonitrile, shown in Figure 5 (lower), reveal two discrete redox
metal cluster® and iron-sulfur proteins®® Two results are
considered here. We have reinvestigated reaction 2 and isolated@nd other clusters are set out in Table 3; the data include
the products as BT salts. The negative ion ESMS of

(BusN)4[11] sampled in acetonitrile solution contains an intense
feature centered neawz 716. This is shown to correspond to

[11:2BwN]?~ by comparison of the observed spectrum with

the theoretical isotope pattern in Figure 4A.

In another

experiment, the ESMS of4 in dichloromethane was deter-
mined. An intense feature arounulz 1908 was observed. As

(31) Mukherjee, R. N.; Stack, T. D. P.; Holm, R. Bl.Am. Chem. Soc.

198§ 110, 1850.

(32) (a) van den Bergen, A.; Colton, R.; Percy, M.; West, Blrrg.

Chem.1993 32, 3408. (b) Andersen, U. N.; McKenzie, C. J.; Bojesen, G.

Inorg. Chem.1995 34, 1435.

(33) Péillot, Y.; Forest, E.; Meyer, J.; Moulis, J.-MAnal. Biochem1995

228 56.

resolvable potentials. The voltammograms 1@ and 13 in
steps separated by 24@50 mV. Redox potentials for these

individual clusters for comparison. The clusters B&LSs)-
(SEtF~ (Q = S, Se) show only a single reduction step in the
same potential range. The potentials I8rare 46-50 mV less
negative than those fdr2, consistent with the behavior found
upon substitution of sulfide with selenide in other clustébs.
We have never encountered an exception to this direction of
potential shift in any pair of clusters. We next examirigdn
dichloromethane, in which medium the bridged structure was

(34) (a) Wolff, T. E.; Power, P. P.; Frankel, R. B.; Holm, R. H.Am.
Chem. Socl98Q 102, 4694. (b) Christou, G.; Garner, C. D.Chem. Soc.,
Dalton Trans.198Q 2354. (c) Christou, G.; Mascharak, P. K.; Armstrong,
W. H.; Papaefthymiou, G. C.; Frankel, R. B.; Holm, R. H.Am. Chem.
Soc.1982 104 2820.

(35) Ciurli, S.; Carrie M.; Holm, R. H.Inorg. Chem.199Q 29, 3493.
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[(Fe4S4C13)2ST% -1.49 o4
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[FesSea(LSa)Sel*— — — -1.60 {[{Meida)MoFe3S,Cly],S)* -1.41

[(Meida)MoFesS,Cls]> — —
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Figure 5. Cyclic voltammograms (100 mV/s) of [F®&Cls]?>~ and Figure 6. Cyclic voltammograms of [VE&Ss(PE&)4]>S in dichlo-
[(FesSsCl3)2SI*~ (upper) and{[FesQ4(LS3)]2Q}* (Q = S, Se) in romethane at 100 mV/s (upper) and [(Meida)Mg&€Els]%~ and
acetonitrile (lower). Peak potentials are indicated. {[(Meida)MoFeS4Cl,],S}* in Me,SO at 400 mV/s (lower). Peak

) potentials are indicated.
Table 3. Redox Potentials of Clusters

cluster solvent Eap, V2 was also detected in solution by ESMS. The remaining two
[FesSu(LS:)(SEYR MeCN —1.1% steps, separated by 310 mV, are assigned to the coupled
{[FesSy(LS3)]2S}H4~ MeCN —1.26,—1.50 reductions of1l. Consequently, there emerges for bridged
[FesSe(LSs)(SEP MeCN —1.09 clustersl1—14, whose nearest metal atom distances across the
{[Fe48@i(|_2§3)]28e}4* MeCN —1.21,-1.46 bridges are 3.44.0 A, the consistent behavior of coupled redox
F(:%S&‘l‘l)zs]‘l, mgg“ :(1):28,_1_ a1 processes. For double cubanes, potentials of sequential reduc-
[VFe,So(PEt)«(SEDP MeCN —0.05,—0.91 tions are separated by 24310 mV. We take the coupled
[VFesSs(PE)4]2S CH,Cl, —0.09,—0.40' reactions and differences of potentials within or near this range

—0.99,-1.1& as diagnostic of sulfide-bridged double cubanes. This behavior,

{8\‘}2?(’;’;()”';%%;8'2]5] . BME _8-2‘1‘ together with ESMS, provides secure means of identifying such
{[(Meida)MOFeS:Cli]»SH DMF ~1.01,~1.34 clusters in solution.

- - — Molybdenum—Iron-Sulfide-Bridged Double Cubanes. Pros-
eRe\éSucﬁng' 297 K> Reference 16t Reference 30! Oxidation. ecution of the scheme in Figure 1 first requires the conversion
: of heterometal MF¢5, cubanel to sulfide-bridged double

demonstrated by ESMS. The voltammogram in Figure 6 (upper) CuPane2 with E)tal core composition iFesSe. As observed
reveals two reductions and two oxidations separated by 190 andt/li€r, the M=V or Mo site must be protected in order to
310 mV, respectively. The individual cluster [ViSs(PEb)s- subvert bridge formation at that site. Noting the formation of
! i i 3-21 i i i

(SEt)] shows only one reduction and one oxidation step. The [(Me'gﬁ);e‘s“(l‘sﬂ] “ and, in particular, [(Meida)MFe
first reductions of bridged clusters occur at more negative Clal®”,**we have utilizedac-tridentate Meida as the protect-
potentials than those of closely related individual clusters. With 9 ligand. . )
these results in hand, we decided to reexamine the products of (&) Formation and Structure of VFesS, Single Cubanes.
reaction 2, for which this shift of potentials was not apparent For VFeSs clusters, the Meida ligand is readily introduced at
from the reported dat®. the vanadium site utilizing [(DMRBVYFe&S,Cls]l~ 22 as the

A microcrystalline solid containing B salts, isolated from ~ Precursor cluster. The reaction readily occurs in$18/THF
reaction 2 and used for ESMS (Figure 4A), was examined by Solution at room temperature, affording {B}s[4] in 72% yield.
cyclic voltammetry in acetonitrile. The result, reproduced in Related reactions of the (DM§ site have been demonstrated
multiple experiments, is displayed in Figure 5 (upper). Three Previously?»337 Treatment of the latter compound with 3 equiv
steps are observed, B, = —0.80,—1.10, and-1.41 V. The of sodium p-cresolate in acetonitrile gave @@&b)s[5] (77%).
first two steps were previously attributed to double cubahe (36) Ciurli, .. Holm, R. Hinorg. Chem 1989 28, 1685,

and the third was not reporté8l.However, the-0.80 V feature (37) Malinak, S. M.; Demadis, K. D.; Coucouvanis, D. Am. Chem.
is identical with that of precursor cluster Cls)2~, which So0c.1995 117, 3126.
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Figure 7. Structure of [(Meida)VFgS,Cl3]®~ (upper) and [(Meida)-
VFe&;S4(0-p-CeH4CHz)3)% (lower), showing 50% probability ellipsoids
and the atom labeling schemes.

J. Am. Chem. Soc., Vol. 119, No. 37, 888D

L =E15(9)
F)—s (10}
Me—{_)—0" (8)

{2 isomers )

Figure 8. Reaction scheme showing the formation of single culéane
from [(Clscat)MoFeSCls]?~ and HMeida, the conversion 06 by
chloride substitution t&—10, and the formation of symmetrical%)
and unsymmetricall(?) sulfide-bridged double cubanes. The additional
cluster reactant in reactions 11 and 12 issfz€l,]?"; note that these
reactions have additional products (see text).

Cl 17

(b) Formation of MoFe3sS, Single and Double Cubanes.
(i) Reactions. These clusters are obtained by the reactions set
out in Figure 8. No solvated analogue of [(DM7Fe;S,Cls] 1~
exists in molybdenum cluster chemistry. The catecholate ligand
exchange reactior®5(L = RS-, CI—; L' = solv or other ligand)
is the basis for introducing the Meida ligand into a [Me&43"
cluster by reaction 6. These clusters h&se 3/,,%8 affording

These clusters were prepared in this work to demonstrate the[(cat)MoFgS,L,L']* " + *catH, —

formation and structure of the (Meida)V cluster fragment;
reactions of4 and5 will be reported subsequently. Structure

proof of the two clusters is presented in Figure 7, and selected

[(*cat)MoFeS,L,L"1> % + catH, (5)

metric details are summarized in Table 4. Because bond [(Cl,catyMoFgS,Cly]*” + H,Meida—

distances and angles of the [\4Sg2" cores are very similar
to those of previously reported structufég’the tabulated data
emphasize the vanadium sites.

[(Meida)MoFgS,Cl,]* + Cl,catH, (6)

isotropically shifted NMR spectra; resonances dfand n¥

These clusters have three important structural features. (i) ligands are always well-resolvéd243° Coucouvanis and co-

The Meida ligand coordinates in tfec mode, forming distorted
octahedral VENO, coordination units. The distortions are
somewhat different in the two clusters. (ii) Each cluster has
idealizedCs symmetry, resulting in two types of iron sites. Using
previous nomenclaturé these are fm(Fe(3), in the mirror plane)
and mt’ (Fe(1,2), related by the plane). (iii) Each Meida ligand
contains two equivalent methylene groups (ur@dgsymmetry),
but the protons of each are diastereotopig, (H,). These
features are evident iAH NMR spectra (cf. Experimental
Section), which are isotropically shifted because of the j@if&"
cluster spinS= 3,.3% In the spectrum o#, the H, (14.9 ppm)

workerg34%have demonstrated a number of reactions in which
bound catecholate can be substituted by the conjugate base
chelate anion of di- or triprotic acids in proton transfer reactions.
Cluster6 has been prepared in this w&¥in our hands, DMF
rather than acetonitrile is the preferable solvent, affording higher
yields and a cleaner product. Note that clusterslO, as 4
and5, possess mirror symmetry and and ni' iron sites, as
shown for6 in Figure 8. Clustes, for example, shows thand

Hp resonances at 14.9 and 5.85 ppm, respectively, ipS@e

as seen in Figure 9A. ClusteBs-10 were obtained in high
yield by the standard ligand substitution reaction 7 (Figure 8).

and H, (6.01) resonances are well-resolved. The spectrum of For 9 in particular, mirror symmetry is emphasized by the 44

5 contains two sets op-tolyl signals in a 2:1 intensity ratio
and H, at 5.44 ppm; the Kresonance is obscured by other

ppm difference of the isotropically shifted Sgprotons at the
m’' and n’ positions.

signals. At ambient temperature, neither these clusters nor the

isoelectronic [MoFg5)" clusters 6—10 (vide infra) are
fluxional. Thus, rigid tridentate binding by Meida provides the
desired coordination saturation at the vanadium site.

(38) Carney, M. J.; Kovacs, J. A.; Zhang, Y.-P.; Papaefthymiou, G. C;
Spartalian, K.; Frankel, R. B.; Holm, R. Hnorg. Chem.1987, 26, 719.

(39) (a) Mascharak, P. K.; Armstrong, W. H.; Mizobe, Y.; Holm, R. H.
J. Am. Chem. S0d.983 105, 475. (b) Zhang, Y.-P.; Bashkin, J. K.; Holm,
R. H. Inorg. Chem.1987, 26, 694.

(40) (a) Coucouvanis, D.; Demadis, K. D.; Kim, C. G.; Dunham, R. W_;
Kampf, J. W.J. Am. Chem. Sod 993 115 3344. (b) Demadis, K. D.;
Coucouvanis, DInorg. Chem1994 33, 4195. (c) Demadis, K. D.; Malinak,
S. M.; Coucouvanis, Dlnorg. Chem.1996 35, 4038.
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Table 4. Selected Interatomic Distances (A) and Angles (deg) for [(Meida)8/e:]3~ and [(Meida)VFgS,(O-p-CsHsMe)s]3~

[(Meida)VF&S,Cl3]3~ [(Meida)VFe&Sy(O-p-CsHaMe)s] 3~
V(1)—0(3) 2.070(12) V(13O(3) 2.065(10)
V(1)—0(4) 2.080(11) V(1)-0(4) 2.095(9)
V(1)—N(1) 2.271(7) V(1N(1) 2.297(11)
V(1)-S(2) 2.368(6) V(1¥S(2) 2.326(4)
V(1)-S(3) 2.337(6) V(13S(3) 2.357(4)
V(1)—S(4) 2.343(3) V(1)¥-S(4) 2.366(4)
mean of 3 2.35(1) mean of 3 2.35(2)
V(1)—Fe(1) 2.779(3) V(1) Fe(1) 2.799(3)
V(1)—Fe(2) 2.807(2) V(L)Fe(2) 2.785(3)
V(1)—Fe(3) 2.801(4) V(1Y Fe(3) 2.804(3)
mean of 3 2.795(12) mean of 3 2.796(8)
O(3)-V(1)—N(1) 77.6(5) O(3)V(1)—N(1) 77.2(4)
O(4)-V(1)—N(1) 75.8(5) O(4¥V(1)—N(1) 77.3(4)
0(3)-V(1)-S(3) 89.3(4) 03y V(1)-S(3) 88.7(3)
O(4)-V(1)—S(4) 89.0(4) O(4¥V(1)-S(4) 86.5(3)
S(2F-V(1)-S(3) 100.4(1) S(2}V(1)-S(3) 102.1(2)
S(2-V(1)-S(4) 103.0(2) S(2V(1)-S(4) 102.5(2)
Fe—Fe range 2.690(3)2.752(2) Fe-Fe range 2.706(3)2.754(3)
mean of 3 2.72(3) mean of 3 2.74(2)
Fe—Srange 2.259(6)2.318(3) Fe-S range 2.267(4)2.328(5)
mean of 9 2.29(2) mean of 9 2.29(2)
Fe(1)-CI(3) 2.228(7) Fe(1rO(6) 1.872(10)
Fe(2)-CI(1) 2.288(5) Fe(2}0(5) 1.894(9)
Fe(3)-CI(2) 2.258(3) Fe(3}0(7) 1.897(10)
mean of 3 2.26(2) mean of 3 1.89(2)
A _ , formulation (E4N)4[15)-2LiCl. The compound is freely soluble
[(Meida)MoFe;S,Cll in DMF and MeSO, but is very sparingly soluble in acetonitrile.
H, [6] Because of this property, we were unable to separate the cluster
product salt from LiCl. However, (BN),[6], the precursor
Hy[6] cluster salt, is freely soluble in acetonitrile. Any significant
/\ amount of this compound remaining from reaction 6 was
removed by washing the reaction product with acetonitrile. The
149 585 ppm IH NMR spectrum in MgSO is complex, showing six separate
B {l(Meida)MoFe;S,Cl,],S}* signals (H) at 16-21 ppm, at least two signals at-@ ppm
(Hp), and also the §Hp signals of single cubar@(Figure 9B).
220 o H_[15] c The identity of the reaction product is demonstrated by two lines
c172 : H15] of evidence. As shown in Figure 10, the observed pattern in

d: 16.7, 16.6 d F,(6] the negative-ion ESMS centered at abovz 754 corresponds
©629.589 a e . S N-Me{15] to the ion [L52E4N*]2~. The cyclic voltammogram of the
b al6] A reaction product in MgSO, available in Figure 6 (lower),
exhibits two well-defined reductions at1.01 and—1.34 V.
149 6.95 36 pem Consistent with the behavior of bridged double cubahks
c 13, the first step is shifted strongly negative of the precursor
[(Meida)MoFe;S,Cl (S)]*™ single cubané (by 170 mV, Table 3) and the two reductions
are well-resolved with the potential separation (330 mV) close
to the preceding range. These results identify the reaction

o
Hy [16]

H,[16] product as sulfide-bridged double cubat® (Figure 8), the
e N-Me[16] desired product. Despite numerous attempts, we have thus far
not been able to achieve diffraction-quality crystals of any
/\ material containind5. Because of this situation, involviri
209 6.23 -8.0 ppm and other double cubanes (not reported here), the ESMS and

Figure 9. H NMR spectra of the indicated clusters in }8© solutions voltammetric criteria for sulfide/selenide-bridged double cubanes
at ambient temperature {G= cation, S= solvent). In spectrum B, were developed.

signals a-e are associated with[(Meida)MoFeS,Cl2],S}*". Other We have also examined the origin of single cub&nin
signal assignments in spectra-& are indicated. solutions of15. The 'H NMR spectra of a MgSO solution
prepared from (BN)4[15]-2LiCl at 307377 K in the H,region

are presented in Figure 11. The signal assignédsat exactly

the same position as in a solution prepared fromyNE{6]
separately. At 307 K, the mole ratia9)/[6] ~ 3.2:1. As the
temperature is increased, this ratio decreased, and at 377 K,
[15]/[6] ~ 0.6:1. Given the minor amount or absence ofE4-

[6] in the isolated product of reaction 8, we conclude that double
cubanel5is cleaved td by chloride; i.e., the reverse of reaction
neous because of the insolubility of,Bi, which was added as 8. In Me,SO solution, where all components are soluble, this
a solid. Over the course of the reaction, the product separatedreaction is an equilibrium process. Addition of sufficient
as a dark brown solid. Its analysis is consistent with the chloride reduces or eliminates the resonanced%f These

Reaction 8, conducted stoichiometrically in acetonitrile, was
utilized to prepare a symmetrical sulfide-bridged double cubane
containing molybdenum. The reaction system was heteroge-
2[(Meida)MoFgS,Cl,]*™ + Li,S—

{[(Meida)MoFgS,Cl,],S} 4+ 2LiCl (8)
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Figure 10. Measured negative-ion ESMS d{Meida)MoF&S,Cl;].S 2E4N"}?~ (A) and{[(Meida)MoFeS,Cl]S(FeSCls)-2EuNT}2~ (B). Measured
spectra are at the top and theoretical isotope patterns below. The compad{(Btleida)MoFeS,Cl,].S} -2LiCl and the isolated product from
reaction 11 were sampled from DMF solutions.

[(Meida)MoFe,S,Cl Figure 12. Three isomers arise because the individual cubanes
can be bridged through'fm’ (Cy,), m"/m" (C,, Cs), and n¥/

m'" (C,) sites. (The point groups refer to the most symmetric
cluster conformations.) The'ttm' bridging mode develops two
isomers because in the indicated conformations the two Meida
chelate units can be related by either a 2-fold axis or a mirror
plane (equivalently, the Meida nitrogen atoms can be transoid
or cisoid around the FeS—Fe bridge). This situation generates

a total of nine H and nine K resonances. As previously noted,
six H, features are resolved in the spectrum at ambient
temperature.

To provide further confirmation of the presence of isomers
of 15, we prepared single cubaid® by reaction 7 (Figure 8)
and thereafter generated in situ in }3© the double cubane
product of reaction 9. These experiments were predicated on

{I(Meida)MoFe,S,Cl,L, S}

377 K

367 K

357K

347K

317K
{[(Meida)MoFeS,Cl,],S}*~ + 4p-FCH,S —
307 K
{[(Meida)MoFgS,(SGH,-p-F),],S} 4 ac (9)
210 200 190 180 17.0 160 150 140  ppm the extreme sensitivity of isotropically shifté® resonances

Figure 11. H NMR spectra at 307377 K of a MeSO solution to Clust.er structuré’#** The ni (—80.8 ppm) and t (—99.4 .
prepared from (BN)4[(Meida)MoFeS,Cl],S}-2LiCl, proving the ppm) signals ofl0 are separated by 18.6 ppm and appear in
coexistence ofl5 and 6, with the proportion of the latter increasing  the spectrum of reaction 9 (not shown) as a secondary product.
with increasing temperature. The spectra are in theegfon (cf. Figure Also present are some eight additional sigrfalsot all of equal
9). intensity; these are sensibly assigned to the double cubane
reaction product, a full isomeric mixture of which would
observations provide the informative result that pure solutions generate nine signals. Because we used 5 equiv of thiolate in
of sulfide-bridged double cubanes cannot accommodate certainthe reaction, it is unlikely that any of these signals arise from

exogenous species (e.q., chl_orlde_, th|ol_ate, phenolate) that are (41) Mascharak, P. K.. Smith, M. C.. Armstrong, W. H.: Burgess, B,
competitive ligands at the bridge iron sites. K.; Holm, R. H.Proc. Natl. Acad. Sci. U.S.A.982 79, 7056.
(ii) Isomers. The multiple H,H, NMR signals evident in (42)19F resonances assigned to the double cubane reaction product:
Figure 9B are rationalized upon further consideration of the ;731 €, =77.7,~77.8,-80.3,—80.5 (), ~83.1,~83.9 (1), ~84.8
. . (C1) ppm. Those assigned to tk&k isomer are indicated. Of these signals,
structure of15. This double cubane cluster can exist as a gyt that at—80.5 ppm were fully resolved and shown to have a 1:1:1

mixture of four geometrical isomers, which are specified in intensity ratio.
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number of
Hap
rescnances

®
diastereoiopid
CH, group

total 9

Figure 12. Geometrical isomers of sulfide-bridged double cubanes in
which the M site is not trigonally symmetric. In these examples, the
Meida ligand is used. Note that each ligand has two diastereotopic
methylene groups with protons,tand H,. The number ofH NMR
resonances refers to eitheg br H.

Huang et al.

multiply bridged clusted 6, which is expected to have foun (

= 2) or numerousr{ > 2) geometrical isomers. This cluster
can also be prepared directly by reactionéofith 1 equiv of
solid Li,S in MeSO in reaction 10b and isolated as a dark brown

(n/2){[(Meida)MoFeS,Cl,],S}* + (W/2)Li,S—
{[(Meida)MoFgS,Cl]|S} nz"_ + nLiCl (10a)

n[(Meida)MoFgS,Cl,]*~ + nLi,S—
{[(Meida)MoFeS,Cl]S} > + nLiCl (10b)

solid in 67% yield. The IR spectrum df6 is very similar to

that of 15; in the carboxylate region, a single strong but
broadenedcooband is observed at 1636 cf It is important

to observe that, when £$ is less than 1 equiv in reaction system
10a, no change occurs in the intensity ratio of NMR peakd a
(Figure 9B). This observation supports the assignment of these
signals to the four isomers df5 rather than of clusters with
different numbers of sulfide bridges.

At the current stage, we do not know the structurel6f
However, its multiple sulfide-bridged polycubane nature is
consistent with the following observations. (i) Reactioriléf
with n equiv of 6 in Me,SO immediately produces an NMR
spectrum identical with Figure 9B, indicating the formation of
15 as thesole detectable product. Evidenth6 sacrificially
functions as a sulfide source, converting single culégertially
to 15. (ii) In Me,SO at elevated temperaturds is unstable
and passes to a mixture éfand 15. (iii) Two irreversible
reductions are observed in cyclic voltammetryegt = —1.49
and—1.72 V in DMF. The first reduction occurs at a potential
estimated at about 80 mV more negative than the second
reduction of15. In keeping with trends in potentials (Table
3), this indicates a cluster negative charge exceeding We
regardl16 with n = 4, a cyclic tetracubane with no evident ring
strain, as a likely formulation. Tha = 2 structure requires

incompletely substituted clusters. Excess thiolate contributesthe roughly parallel orientation of cubane faces across twe Fe

to the formation ofLl0. Upon standing for 2 days at ambient

S—Fe bridges, bringing these faces into an arrangement

temperature, the reaction mixture retained the same eight signalglisfavored by intercubane repulsive interactions.

but the relative intensities of some changed. From this
observation, it was possible to assign four signals toGhe
isomef? (Figure 12), which has no symmetry and, therefore,
one m site and three different fsites. Inspection of the
conformations of the four isomers (vide infra) indicates tBat

(c) Formation of an Unsymmetrical Sulfide-Bridged
MoFesSJ/FesS; Double Cubane. Although a number of
symmetrical bis-MoF5, double cubanes have been prepdfed,
only one cluster containing two different bridged cubanes has
been claimed. The species [(€Cat)MOF@S,Cla(uz-ShFesSs-

isomer does not possess as sterically crowded conformationsCl,],5>~ obtained by a sulfide coupling reaction in acetonitrile,
as do the other three and should be the most stable. Theis described as containing M&—Fe and Fe-S—Fe bridges

collective 'H and 1%F NMR results are fully consistent with
isomeric sulfide-bridged double cubanes; the existence of
isomers contributes to the structure proof.

The existence of an isomeric mixture presumably contributes
to our inability to obtain single crystals of a salt b5. The

between individual cubane clustépfs This formulation is based
solely on elemental analysis of a,St" salt; the atom ratio Mo:
Fe:S = 1:6.5:9.1 approaches the desired Mghe core
composition. The analysis cannot distinguish pure clusters and
certain mixtures of clusters; the solution behavior of the cluster

NMR complexity and, perhaps, the difficulty in obtaining single product has not been described. Any ultimately successful
crystals of a double cubane compound would be removed by prosecution of the scheme in Figure 1 requires an unsymmetrical
the introduction of a 3-fold symmetric ligand at the molybdenum cluster 2 with M = Mo and Fe. Consequently, we have
site. However, given the currently available synthetic routes investigated the matter of unsymmetrical double cubane forma-
to MoFe&$S, single cubane¥243the synthesis of a Mo site-  tion in solution.
protected cluster of trigonal symmetry is not an elementary  Reactions 11 and 12 in MBO solutions were examined. For
matter. For now, we choose to investigate the more readily reaction 11, an equimolar ratio of reactants afforded a homo-
available clusters. geneous dark brown solution. Addition of THF/ether (1:1 v/v)
(iii) Multiply Bridged Cluster. Double cubanel5 reacts to the solution caused the separation of a dark brown solid which
further with LS. Treatment of the cluster in M®&O with was shown to contain the unsymmetrical double cubine
slightly more than 1 equiv of solid b abolishes all signals of  (Figure 8) and the symmetrical coupling prod@ét We have
15, causing the appearance of a new set of signals. At leastdemonstrated that both reactions are reversible equilibria. The
eight H, and four H, signals are discernible together with a broad (43) (a) Coucouvanis, D. Challen, P. R.: Koo, S.-M.. Davis, W. M.:

N-Me feature at-6.0 ppm (Figure 9C); no other résonances pyter, W.; Dunham, W. Rinorg. Chem1989 28, 4183. (b) Coucouvanis,
were detected. We formulate the product of reaction 10a as aD. Acc. Chem. Re$991, 24, 1.
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3[(Meida)MoFgS,Cl,]*” + 3[Fe,S,Cl,]*” + 3Li,S=
{[(Meida)MoFgS,Cl,]S(FgS,Cly)}*~ +
{[(Meida)MoFeS,Cl,],S}*~ + [(Fe,S,Cl,),SI'™ + 6LICl
(11)

{[(Meida)MoFeS,Cl,],S}*~ + [Fe,S,Cl,)> =
{[(Meida)MoFeS,Cl,]S(FeS,Cl)} ™ +
[(Meida)MoFeS,Clj >~ (12)

IH NMR spectrum of the isolated solid from reaction 11 is
presented in Figure 13A. In addition to a minor quantity6of
and a larger amount df5, new species are present that afford
Ha signals at 22.0 and 28.8 ppm, ap $ignal at 8.60 ppm, and
N-Me resonances at5.8 and—8.4 ppm (compare with Figure
9A,B). The appearance of two,ldndtwo N-Me signals, both

in an intensity ratio of ca. 4.1, is entirely consistent with the
formation of 17, which can exist as two isomers (Figure 13)
depending on whether the bridge is made at ammm'’ site.
The mole ratiol7:15:6 ~ 9:3:1 at the concentration specified
in Figure 13A. When the solid is treated with acetonitrile, the
solution contains onl\L7 as detected by NMR, owing to the
low solubility of (Et4N)4[15]. Reaction 11 is written with the
simplest stoichiometry, showing equimolar amounts of cluster
products, but this need not be the case. The clustesS{Ek]2~

and 11 are not detectable by NMR. When reaction 12 is
conducted with equimolar reactants and examined in situ, the
spectrum of Figure 13B is observed. Double cubbnis again
formed together with a larger amount ®@than in reaction 11,

J. Am. Chem. Soc., Vol. 119, No. 37, 8893
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inasmuch as it is a product and not a reactant. Residual reactanf:igure 13. H NMR spectra in MgSO: (A) te solid product (40

15 was also detected.

mg/mL) isolated from reaction 11; (Bi situ products of reaction 12.

In addition to the foregoing NMR evidence, the formulation  spectrum A was recorded with 20 mg of the reaction product in 0.5
of 17 as an unsymmetrical sulfide-bridged double cubane is mL of Me,SO. At lower concentrations, the impurity signals (x) are
supported by other evidence. (i) The negative-ion ESMS of absent. € = E4N* and BuN™, and S= solvent. The two isomers of
the product of reaction 11 develops a prominent pattern centered{ [((Meida)MoFe&S.Cl,]S(F&SiCls)} 4~ are depicted.

nearm/z 679 whose isotope pattern matches very well that
calculated for 1 7-2E4N*]. Experimental and theoretical spectra
in this region are compared in Figure 10. The spectrum also
contains small amounts of [F&Cls)%2~ and 6 and a trace of
15. ESMS spectra, however, do not necessarily reflect equ
librium solution compositiond2244 (ii) The cyclic voltammo-
gram of the material in i shows three well-defined peakis;at

= —0.82,—1.03, and—1.27 V in DMF solution. The first
feature corresponds to the reduction6ofwhile the other two
are consistent with the reduction of a mixture I& and 17.
Given the potentials of the single cubanessf&z€l4]2~ and6,
the potentials of double cuban&s and17 are unlikely to be
resolvably different.

(d) Relative Stabilities of Sulfide-Bridged Double Cubanes.
From>“Fe isomer shifts, we have proposed the oxidation state
description METFe26™ for [MoFesS)3" clusters’*c45 The
clusters [FgS4L4]%~ contain F&5. On this basis, sequence 13

[MoFe;S,]*"—S—[MoFe,S,)*" >
[MoFe,S,]*"—S—[Fe,S,*" >
[Fe, S, —S—[Fe,S]*" (13)
is a reasonable stability order for F8—Fe bridges. On the
other handl5and17 are potentially destabilized by conforma-

tions which bring the rigid Meida chelate ring moiety into
proximity with another such moietyL ) or with a chloride atom

(44) Leize, E.; Van Dorsselaer, A.; Kreer, R.; Lehn, J.-MJ. Chem.
Soc., Chem. Commuth993 990.

(17) across the bridge. We have examined this matter by
computer modeling. Because the structures of the double
cubanes are not available, we have employed the structural
parameters 0822 and [FeS4Cly]?~,%6 and taken the FeS bridge
bond lengths in the fragments /Sz—S and MoFgS;-S as 2.21

and 2.19 A, respectively, as reported ftt2° and {[(C204)-
MoFe&Sy]2(u2-CN)(u2-S)>~.22 We define the “least-crowded”
Fe—S—Fe bridge angle as that which corresponds to the smallest
intercubane angle consistent with free rotation of the individual
cubanes about the bridge+8 bonds. This angle is determined
by setting the distance between the closest nonbonding atoms
in the most crowded conformation as the sum of their van der
Waals radii.

The most useful conclusions from the steric analysis are
summarized in Figure 14. Of the four isomers1d the C;
isomer has the smallest noncrowded angle in the most congested
conformation and thus is the most stable isomer. Both isomet3 of
have less crowded angles tha, and that for theC, isomer is the
lesser of the two. Under the proposition that the increasing deviation
from the essentially unstrained bridge angle of?1i@2L1is the direction
of steric obstruction, the stability sequence 14 follows.

17(C)) > 17(C) > 15(C)) > 15(C,,, C,,C) (14)

The mole ratidl 7:15~ 3:1 for the products of reaction 11 is consistent

(45) Mascharak, P. K.; Papaefthymiou, G. C; Armstrong, W. H.; Foner,
S.; Frankel, R. B.; Holm, R. Hnorg. Chem.1983 22, 2851.

(46) Bobrik, M. A.; Hodgson, K. O.; Holm, R. Hnorg. Chem.1977,
16, 1851.
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cr

C; (A7)

Figure 14. Depictions of the most crowded conformations of €
isomer of symmetrical double cubarib and the two isomers of
unsymmetrical double cubard. Distances (A) corresponding to van
der Waals contacts are indicated. Bridge angles with and without

Huang et al.

(2) For the clusters in 1, additional criteria for the-F&-Fe
double cubane structure were developed using cyclic voltam-
metry, which revealed coupled reductiodd{14) and oxida-
tions (L4) and electrospray mass spectrometry, which detected
intact clusters 11, 14). With the double cubanes, successive
reduction steps are separated by 2300 mV (@11—-13).

(3) The [VFeSy)?" single cubaned and5 were prepared.
Together with the [MoF$5,]3+ single cubané,23 their structures
define the tight tricoordinate (Meida)M structural fragment
imposed to confine the bridge-forming reactions in 4 and 5 to
iron sites.

(4) Given the results in 1 and the structural feature in 3, single
cubane6 was coupled using kL8 to afford the symmetrical
double cubanel5, which was isolated. The double cubane
structure was established by the criteria in 2. Also, the existence
of four isomers ¥H NMR) augments the structure proof.
Isomers arise because of the mirror symmetry of individual
clusters; the absence of isomers requires trigonal symmetry at
the heterometal site. In the presence of excess chlatilis,
partially cleaved td in an equilibrium reaction.

(5) The equimolar reaction systefi[Fe;S4Cls]?~:Li,S af-
forded 15, 17, and, presumablyll Cluster 17 was also
produced in the systerb5:[Fe;S4,Cls]2~. The sulfide-bridged
double cubane structure & is supported by the criteria in 2
and by the existence of two isomefsi(NMR).

(6) The core composition of double cubabh® (MosFesSg)
approaches that of FeMoco (MofSg). The core composition
of 17 is exactly the same as FeMocby is the first synthetic
cluster with this property.

This research provides the first comprehensive study of the
synthesis, structures, and properties of a new class of clusters,

parentheses correspond to the inclusion or noninclusion, respectively,the sulfide-bridged double cubanes. In future reports, we will
of a hydrogen atom in the pair of closest atoms across the bridge. Thefurther develop this cluster class and describe the efficacy of
difference in angle is unimportant to the argument. The van der Waals core rearrangement reactions, suctRas 3 (Figure 1).

radii (A) used: C, 1.65; O, 1.40; Cl, 1.80; H, 1.20.
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