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Figure 1. Plot of kobs vs [NaOH] for base hydrolysis of [Co(NH,),(N- 
02),]. [complex] = 2.0 X IO4 M at 50 "C. 

0 0  I 2  3 L 5 6 7 0 9 1 0  

I~___~~_______~~_ 
Figure 2. Base hydrolysis of [CO(NH,)~(NO,),]  by N a O H  presented as 
l /kobs vs I/[OH-] 

a-bonding ligand in the complex would tend to stabilize the 
transition state Co-NH2- - -H- -OH- by enhancing the delocali- 
zation of the p electrons on the amido nitrogen.12 

[complex] = 2 0 X lo4 M a t  5 0  "C 

(12)  Palmer. J .  W.; Basolo, F. J .  Phys. Chem. 1960, 64, 778 

This clearly demonstrates the Dcb nature of the mechanism. 
Whether it is D(ish)cb or Dcb (or even Id(ish)cb) mechanism (in 
the purist's sense)13 will be subject of detailed report on the base 
hydrolyses of other nonelectrolyte complexes of types [Co(SC- 
N)3("3)31, [Co(N3)3("3),], and 1. 

Acknowledgment. Financial support from the University Grants 
Commission, New Delhi, is gratefully acknowledged. 

(13) Reference 1, p 14. 
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It is now apparent that the heterometal cubane-type clusters 
[MFe3S4L,]' with anionic terminal ligands L (n = 3-5) and overall 
negative charge z = 1- to 4- exhibit a stability plateau a t  the 
50-52e cores [MFe,S4]q (q  = I +  to 4+).  Under the conditions 
of cluster assembly systems, which contain an Fe(I1) or Fe(II1) 
salt, [VS413- or [MS412- (M = Mo, W), and L = RS- or halide, 
the heterometal is reduced, a portion of the iron reactant is reduced 
or oxidized, and the isoelectronic (5 le)  core oxidation levels 
[VFe3S412+Is2 and [MFe3S4]3+2-5 are formed without exception.6 
Oxidation levels differing by one electron are recoverable from 
these by redox reactions. Since the initial syntheses of MoFe3S4 
and WFe3S4 clusters in 1978-80:+4 the stability range of MFe3S4 
clusters has been tested only by the synthesis of those with M = 
V.',2 We report here a significant extension of this range, with 
implications for the stabilities of as yet unrealized clusters. 

The findings that [ReS4]-9-11 in acetonitrile undergoes a 
chemically reversible one-electron reductionI2 a t  El12 = -1.12 V 

( I )  Kovacs, J .  A.; Holm, R. H. Inorg. Chem. 1987, 26, 702, 711. 
(2)  Carney, M. J.;  Kovacs, J.  A.; Zhang, Y.-P.; Papaefthymiou, G. C.; 

Spartalian, K.; Frankel, R. B.; Holm, R. H. Inorg. Chem. 1987,26,719. 
(3) Holm, R. H .  Chem. SOC. Reu. 1981, 10, 455. 
(4) Holm, R. H.; Simhon, E. D. In Molybdenum Enzymes; Spiro, T. G.,  

Ed.; Wiley-Interscience: New York, 1985; Chapter 1. 
(5) Kovacs, J. A.; Bashkin, J. K.; Holm, R.  H. J .  Am. Chem. SOC. 1985, 

107. 1784; Polyhedron 1987, 6, 1445. 
(6) When L = R2NCS2', a more highly oxidized core ([MoFe3S4!'+) has 

been obtained;' this result is another manifestation of the stabilization 
of high oxidation states by dithiocarbamates. The compound 
[ ( O C ) , M O F ~ , S , ( S E ~ ) ~ ] ~ - ~  contains a more reduced core ( [MoFe,S4l0) 
but was not made by an assembly reaction of the above type. On a 
structural basis, this cluster is a weak complex between [Fe3S4(SEt),I3- 
and the Mo(CO), fragment, whereas in other MoFe3S4 cubanes the Mo 
atom is tightly integrated into the c ~ r e . ~ - ~  

(7) Liu, Q.; Huang, L.; Kang, B.; Yang, Y.; Lu, J.  Kexue Tongbao 1987, 
32, 898. 

(8) Coucouvanis, D.; AI-Ahmad, S.;  Salifoglou, A.; Dunham, W. R.; Sands, 
R. H. Angew. Chem., In t .  Ed. Engl. 1988, 27, 1353. 

(9) Muller, A.; Diemann, E.; Jostes, R.; Bogge, H. Angew. Chem., In t .  Ed. 
Engl. 1981, 20, 934. 

(10) Do, Y . ;  Simhon, E. D.; Holm, R. H. Inorg. Chem. 1985, 24, 4635. 
( 1  1 )  Muller, A,; Krickemeyer, E.; Bogge, H.; Penk, M.; Rehder, D. Chimia 

1986, 40, 50. 
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Figure 1. Structure  of [Re2Fe7S8(SEt),2]2-, showing 50% probability 
ellipsoids and the atom-labeling scheme. Primed and unprimed atoms 
a re  related by an inversion center a t  Fe(4). Ranges of selected distances 
(A) and angles (deg) are  listed as  follows. Bridge unit: Re-Re' = 6.850 
(2) ,  Re-Fe = 3.425 ( I ) ,  Re-S = 2.490 (7)-2.493 (8), Fe-S = 2.495 
(7)-2.524 (8) ,  S-Re-S = 78.1 (3)-79.0 (2), Re-S-Fe = 86.1 (3)-86.8 
(2). S-Fe-S = 77.1 (3)-78.5 (2), S-Fe-S' = 101.5 (2)-102.9 (3). 
Subclusters:  Re-S(I-3) = 2.325 (8)-2.340 (7) ,  Re-Fe = 2.680 
(4)-2.713 (5) ,  Fe-Fe = 2.693 (7)-2.717 (6) ,  Fe-S(1-3) = 2.243 
(9)-2.259 (9) ,  Fe-S (4) = 2.267 (11)-2.307 (lo), Fe-S (5-7) = 2.198 
(12)-2.211 ( 1  I ) ,  S-Re-S(8-10) = 86.2 (3)-89.0 (3), S-Re-S = 102.7 
(3)-104.0 (3), Res-Fe  = 71.6 (3)-72.5 (3), S-Fe-S = 102.8 (4)-109.3 
(3). Fe-S-Fe = 72.1 (3)-74.1 (3) .  The  data involve atoms S(5-7) only 
in terminal Fe-S distances. The angles Fe-Re-Fe, Re-Fe-Fe, and Fe- 
Fe-Fe a re  within * l o  a t  60'. 

and a second reduction a t  E l j 2  = -1.99 V and that linear 
[CI2FeReS4FeCI2l2- can be preparedI3 imply feasibility of this 
tetrathiometalate in cluster synthesis. A reaction system initially 
containing (Et4N)[ReS4]I1/6 FeCI2/13 NaSEt/Et4NC1 in 250 
mL of methanol12 afforded after 24 h a suspension of a dark brown 
solid in a green-brown solution. The solid was collected, washed 
with methanol, and suspended in acetonitrile. The mixture was 
stirred for 2 h, its filtrate was evaporated to dryness, and the 
residue was recrystallized from acetonitrile/ether to give 0.27 g 
of black crystalline product 1. The green-brown solution was 
evaporated to dryness, the residue was suspended in acetonitrile, 
and the mixture was stirred for 2 h. Removal of solvent from the 
filtrate of the suspension followed by recrystallization as above 
gave 1.80 g of very dark green microcrystalline product 2. 

Product 1 crystallizes in orthorhombic space group Pcab (No. 
61) with a = 12.316 (6) A, b = 15.951 (5) A, c = 38.44 ( I )  A, 
and Z = 4 and was identified by a structural determination12 as 
(Et4N)2[Re2Fe7Ss(SEt)12]. The structure of the anion, shown in 
Figure 1, consists of two ReFe3S4(SEt), cubane-type subclusters 
bridged by a trigonally distorted octahedral Fe(SEt), unit with 
the Fe atom at a crystallographically imposed inversion center. 
This unusual structural type has been encountered previously with 
clusters [M2Fe7Ss(SR)12]3-,4- (M = Mo, W).1431s The mean 
bridge Fe-S distance of 2.5 1 1 (1 5) 8, is consistent only with Fe(I1). 
Further, the less intense of the two doublets observed in the 
Mossbauer spectruml23l6 with 6 = 0.72 mm/s and AEq = 2.04 

Experimental details are as follows. All operations were performed 
under a pure dinitrogen atmosphere. The cluster assembly reaction was 
conducted at ambient temperature; in this system, 1 equiv = 2.25 mmol. 
Redox potentials were determined by cyclic voltammetry (50 mV/s, 0.2 
M (n-Bu,N)(PF,) and are referenced to SCE. X-ray diffraction data 
of 1 were collected at  25 "C with use of graphite-monochromatized Mo 
K a  radiation; d,,,, (doh) = 1.77 (1.79) g/cm3 (CH2Br2/CCI,). An 
empirical absorption correction (PSICOR) was applied. From 7448 total 
reflections, the structure was solved with 2623 unique data ( I  > 30(l)). 
All Re, Fe, and S atoms were located by direct methods (MULTAN), and 
other non-hydrogen atoms, by Fourier techniques (CRYSTALS). The Re, 
Fe, S, and N atoms were described anisotropically. Carbon atoms, some 
of which appeared disordered, were isotropically refined by using block 
cascade least-squares refinement. Anisotropic refinement converged at 
R ( R , )  = 7.4% (10.8%). Mossbauer spectra were recorded with a 
constant-acceleration spectrometer equipped with a 57Co source in Rh 
matrix. Isomer shifts (6) are referenced to Fe metal at 4.2 K .  
(a) Muller. A.; Krickemeyer, E.; Baumann, F.-W.; Jostes, R.: Bogge. 
H. Chimia 1986, 40. 310. (b) Muller, A,; Krickemeyer, E.; Bogge, H. 
Z .  Anorg. Allg. Chem. 1987, 554, 61. 
Wolff. T. E.:  Berg, J .  M.;  Power, P. P.; Hodgson. K. 0.; Holm, R. H .  
Inorg. Chem. 1980, 19, 430. 
Wolff. T. E.; Power, P. P.; Frankel, R. B.; Holm, R. H. J .  A m .  Chem. 
Soc 1980. 102. 4694. 
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Figure 2. Redox reactions of [Re2Fe7S8(SEt)12]4- in acetonitrile solu- 
tion:I2 left, cyclic voltammogram; right, differential-pulse voltammo- 
gram. Peak potentials and redox processes a r e  indicated. 

mm/s at 80 K requires high-spin Fe(II).15,'7 Were the bridge 
atom Fe(III), Fe-S distances near 2.31 %, and a smaller quad- 
rupole splitting and an isomer shift of ca. 0.30 mm/s, as found 
for [M2Fe7Ss(SR),2]3-,14,15 would be expected. Consequently, the 
core oxidation level of the subclusters is [ReFe3S4I4+; Le., it is 
isoelectronic with the 51e cores containing V, Mo, and W. For 
the more intense doublet, 6 = 0.25 mm/s a t  80 K. On the basis 
of the empirical relationship between isomer shift and mean ox- 
idation state s of a Fe atom in a tetrahedral FeS4 siteIs (6 = 1.44 
- 0.43s), s is intermediate between 2.67+ and 3+, leading to a 
Re oxidation state of 3+ or 4+. Delocalized electronic structures 
are a consistent and distinctive feature of all heterometal cubanes2 

Excluding orientations of the ethyl groups of bridging (b) and 
terminal (t) thiolate ligands, [Re2Fe7S8(SEt) 12]2- is nearly con- 
gruent structurally with the Fe(I1)-bridged Mo and W double 
cubanes [M2Fe7Ss(SR)12]4-.14 The bridge is slightly contracted 
in the Re cluster, mainly as a consequence of the shorter mean 
Re-Sb bond distance of 2.491 (2) A (2.56-2.57 8, in the other 
clusters). This leads to Re--Feb and Re.-Re separations of 3.425 
( I )  and 6.850 (2) A, respectively, compared with 3.46-3.47 and 
6.92-6.94 A in the Mo and W cases. Demonstration of product 
1 as (Et4N),[Re2Fe7SS(SEt),,1 allows evaluation of the purified 
yield as 12%, quantitation of the UV/visible spectrum, and as- 
signment of the isotropically shifted 'H NMR spectrum.16 Indeed, 
the latter spectrum is sufficiently similar to that of [W2Fe7S8- 
(SEt),,I4- to have permitted recognition of structure prior to 
the X-ray determination. 

Product 2 has been identified primarily by its electrochemical 
behavior. Diffraction-quality crystals have not yet been obtained. 
Cyclic and differential-pulse voltammogramsI2 are shown in Figure 
2. The compound shows three chemically reversible oxidations, 
at E ,  = -0.72, -0.58, and -0.09 V. When [Re2Fe7Ss(SEt)12]2- 
was similarly examined, the cluster also displayed three one- 
electron reactions, an oxidation at -0.10 V and successive re- 
ductions at -0.60 and -0.73 v. Hence, both clusters support the 
four-membered electron-transfer series below, which serves to 
identify product 2 as the two-electron reduction product of 1, viz., 
(Et4N),[Re,Fe7Ss(SEt)12]. The compound was obtained in 71% 

Properties of compound 1 are as follows. Mossbauer spectra at 80 ( 1  80) 
K: 6 = 0.72 (0.68) mm/s, AE = 2.04 (1.91) mmjs (bridge Fe); 6 = 
0.25 (0.22) mm/s, AEq = 0.8670.77) mm/s (subcluster Fe). A,,, (eM) 
(DMF):  290 (91 000), 392 nm (57000). ' H  NMR (MeCN, 297 K ) :  
6 77.6 (t-CH,), 10.8 (t-CH,), -25.1 (b-CH,). In this spectrum and that 
of compound 2,  the broad b-CH2 signal is not observable at 297 K but 
has been located at higher temperatures ( 6  84, 332 K). 
(a) de Vries, J.  L. K.  F.; Trooster, J. M.; de Boer, E. Inorg. Chem. 1973, 
12. 2730. (b) Yong, C. A,; Fitzsimmons, B. W.;  Larkworthy, L. F.; 
AI-Muktar, S. E. Inorg. Chim. Acta 1979, 33, 249. 
Christou, G.;  Mascharak, P.  K : Armstrong, W. H.; Papaefthymiou, G. 
C.: Frankel, R .  B.: Holm, R. H.  J ,  A m .  Chem. Sot. 1982. 104. 4373. 
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purified yield. Its IH N M R  spectrum19 is analogous to that of 
1 and supports the structural assignment. 

[ Re2 Fe7S8( S E t ) 2] 4- 6 [ Re2 Fe7S8 (s Et) 2] 3- 
E E2 

[ Re,Fe7S8( SEt) ,  2]  2- & [ Re2Fe7S8(SEt) ,]- 

I f  we start from the dianion, step E ,  most probably corresponds 
to the oxidation of bridge Fe(I1) to Fe(III),20 and steps E,  and 
E,  are due to reductions of the subclusters. Further demonstration 
of subcluster reduction follows from the Mossbauer spectrum a t  
80 K.I9 Reduction influences the isomer shifts of both bridge 
Fe(l1) and subcluster Fe, indicating some delocalization of the 
added electron density onto the bridge. The difference in isomer 
shift of subcluster Fe between [Re2Fe7S8(SEt),,]4- and 
[Re2Fe7S8(SEt),,]2- is 0.09 mm/s. From the empirical rela- 
tionship, this corresponds to ca. 65% of that required for reduction 
of a subcluster Fe3 set by one electron. While the argument is 
rather approximate,21 we consider the data sufficient to demon- 
strate subcluster reduction to the [ReFe3S4l3+ level, isoelectronic 
with [MOF~,S , ]~ '  as found in several isolated reduced clusters. 
The range of [ M o F ~ , S , ] ~ + ~ ~ +  isomer shift 
(0.1 1-0.16 mm/s) borders on the high side of the [ReFe3S4]3+,4+ 
value of 0.09 mrn/s. Thus, in both the Mo and Re  clusters, 
reduction occurs largely on the Fe atoms, a behavior now un- 
derstandable in terms of the electronic structure of a [MoF~,S , ]~+ 

While similarities between [Re,Fe,S8(SEt)12]2-,4- and struc- 
turally analogous Mo and W clusters have been noted, there are 
significant differences. The [Res,]-:Fe( 1I):RS- mole ratio of 
1 :6: 13 in the foregoing assembly system subsumes the stoichio- 
metric ratios required for the formation of [Re2Fe,S8(SEt),,]2-,4- 
(1:3.5:7,8) as well as that for the thiolate-bridged double cubanes 
[M,Fe6S8(fi2-SEt)3(SEt)6]-~3- (1:3:5.5,6.5). The latter are readily 
prepared by assembly  reaction^.,^ In systems closely approaching 

-072 V 4 5 8  V 

-0 09 V 
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Properties of compound 2 are as follows. Mossbauer spectra at 80 (200) 
K:  6 = 0.92 (0.81) rnm/s, AE = 1.80 (1.69) mrnjs (bridge Fe); 6 = 
0.34 (0.27) mm/s, AEQ = 0.9320.85) mm/s (subcluster Fe). A,, (eu) 
(DMF):  276 (88000), 384 nm (54000).  'H  NMR (MeCN, 297 K): 

This assignment is made of the basis of the behavior of [M2Fe7S8- 
(SR),2]3-.4- c l ~ s t e r s , ' ~  which show bridge reduction before cluster re- 
duction; Le., E ,  > E2,  E,. This redox sequence could be proven because 
both Fe(I1) and Fe(lI1) clusters were isolated. Isolation of a similar 
Fe( Ill)-bridged cluster here is problematical because of the partial 
overlap of E ,  with multielectron oxidation at  a slightly more positive 
potential (Figure 2). 
The empirical 6/s relationship, which affords a rough indication of 
charge distribution in  a cluster, was derived from data at 4.2 K.I8 
Because of only smail changes in isomer shifts between the two tem- 
peratures, it can be applied, but somewhat less accurately, at 80 K. The 
spectra of the two clusters are corrrplicated at very low temperatures by 
relaxation effects and distribution of the cluster Fe atoms over two 
subsites. 
Mascharak, P. K.; Papaefthymiou, G. C.; Armstrong, W. H.;  Foner, S.; 
Frankel, R .  B.; Holm, R. H. Inorg. Chem. 1983, 22, 2851. 
Cook, M.; Karplus, M. J .  Chem. Phys. 1985, 83, 6344. 
(a)  Wolff, T .  E.; Berg, J .  M.; Hodgson, K. 0.; Frankel, R. B.: Holm, 
R. H. J .  Am.  Cheni. SOC. 1979, 101. 4140. (b) Christou, G.: Garner, 
C. D. J .  Chem. SOC.. Dalton Trans. 1980, 2354. 

6 72.8 (t-CH,), 13.1 (t-CH,),  -25.1 (b-CH3), 81 (b-CH2, 318 K). 

these mole ratios, we have observed formation of black insoluble 
material, one or both of the clusters [Re2Fe7S8(SEt)12]2-.4-, and 
two other paramagnetic species with t-CH, shifts of 6 60-70. 
Current work is directed toward the isolation and identification 
of these species. The formation of a mixture of clusters containing 
bridge Fe(I1) in the original assembly system is a consequence 
of the El, E,, and E ,  potentials. These are shifted by a t  least 
0.7-0.8 V to less negative values vs those for [M2Fe7S8- 
(SEt),,]3-.4-,s-,6- be cause of the smaller negative charge of iso- 
electronic clusters. Subclusters with M = Mo and W are not 
reduced chemically under preparative conditions owing to the very 
negative potentials required (-1.5 to -1.7 VIs). Further, the E2 
and E,  steps of these clusters are not resolved,15 whereas E, - E ,  
= 0.14 V for the resolved steps of the Re clusters. This difference 
cannot result from the slightly smaller subcluster separation but 
rather arises from the larger incremental increase in cluster 
negative charge upon reduction. 

With the preparation and structural proof of four 51e clusters 
MFe3S4 with M = V, Mo, W, and Re, it is now highly probable 
that some or all of the unknown clusters containing the five 
remaining heterometals from groups 5-7 will be stable. Certainly, 
the present work strongly implies stability of TcFe3S4 clusters. 
However, [TcS4]- is unknown. All MFe3S4 clusters have been 
prepared from the corresponding tetrathiometalates in assembly 
systems or from precursors requiring these anions. Inasmuch as 
[MS413- (M = Nb, Ta) are unknown in discrete, soluble forms,2s 
and [CrS4I2- and [MnS4]- cannot be prepared, the challenge that 
remains is the synthesis of these MFe3S4 clusters by methods that 
do not require tetrathiometalates. The electronic, structural, and 
reactivity properties of ReFe,S, clusters will be the subjects of 
future reports. 
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