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Figure 1. ESR spectrum of [ (~-bptz){Cu(PPh~)~l~]'+ at  300 K in di- 
chloromethane solution with amplified low-field wing section (top) and 
computer simulation (bottom, 875 theoretical lines). Intensity differences 
at the periphery are due to selective line broadening of components with 

larkation,& the large 31P coupling in the PPh3 complex results 
from good hyperconjugatives overlap between Cu/P a bonds and 
the A system; a smaller PCuP angle of only -90° in the diphos 
complexlo diminishes that kind of hyperconjugative interaction.* 

In the reaction between excessS C U ( P P ~ ~ ) ~ + B F ;  and 4,7- 
phenanthroline-5,6-dione (phdo), the binuclear radical complex 
is the only stable product and can thus be conveniently isolated 
and identified (Table I)." 

M~ # 0.4b-c 

phdo H O E '  
methoxatin 

The phdo ligand is of particular interest because it may serve 
for the dehydrogenase12b and copper-containing as a 

(10) (a) Cf.: Albano, V. G.; Bellon, P. L.; Ciani, G. J. Chem. Soc., Dalton 
Trans. 1972,1938. (b) The angle P-Cu-P is about 120° in Cu(PPh& 
complexes of chelate ligands: Kirchhoff, J. R.; McMillin, D. R.; Rob- 
inson, W. R.; Powell, D. R.; McKenzie, A. T.; Chen, S .  Inorg. Chem. 
1985, 24, 3928. See also ref 5. 

(1 1) [(phdo-N.C2N'.O')(Cu(PPh~)2]2]+ BF4-: 26% yield, red crystals. Anal. 
Calcd for C84H66BC~2F4N202P4: C, 68.48; H, 4.52; N, 1.89. Found: 
C, 68.97; H, 4.98; N, 1.67. UV/vis/near-IR: vmaX = 18 800, 23470 
cm-I. I R  1580, 1475, 1430, 1420 cm-l (uc4), in dichloromethane. 

(12) (a) Sleath, P. R.; Noar, J. B.; Eberlein, G. A.; Bruice, T. C. J .  Am. 
Chem. SOC. 1985,107,3328. (b) Duine, J. A.; Frank, J. Trends Bio- 
chem. Sci. (Pers. Ed.) 1981,6, 278; Jongejan, J. A.; van der Meer, R. 
A,; Duine, J. A. Ibid. 1986,11, 511. (c) Moog, R. S.; McGuirl, M. A,; 
Cote, C. E.; Dooley, D. M. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 
8435. (d) Ernst, S.; Kasack, V.; Bessenbacher, C.; Kaim, W. Z .  Na- 
turforsch., B: Anorg. Chem., Org. Chem., in press. 
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amine oxidase'2c cofactor methoxatin, a potentially new vitamin,lk 
and because it can act as 0,O'-chelate mononucleating ligand12d 
or as double N,O-chelating ~ y s t e m , ' ~ ~ J ~ * ' ~  as in the present situ- 
ation. o-Quinones are known to form mononuclear 0,O'-coor- 
dinated copper(1) semiquinone complexe~,'~ which have, however, 
not been isolated; the biochemical formation and conversion of 
equinones/catechola is frequently catalyzed by copper-containing 
enzymes.lc Facile formation and stability of the paramagnetic 
complexes presented here suggest that cationic copper(1) fragments 
are particularly suitable in stabilizing anion radical intermediates, 
either through the charge effect alone or via additional contri- 
butions from a / r  hyperconjugation. 
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(13) Phdo may be denoted as an isoambialterdentate chelate ligand: von 
Zelewsky, A. Inorg. Chem. 1981, 20,4448. 

(14) Metal complexation of methoxatin has been suggested as a possible 
requirement for its biological activity: Noar, J. B.; Rodriguez, E. J.; 
Bruice, T. C. J. Am. Chem. SOC. 1985, 107, 7198. 

(1 5) (a) Muraev, V. A.; Cherkasov, V. K.; Abakumov, G. A.; Razuvaev, G. 
A. Dokl. Akad. Nauk SSSR 1977, 236, 620. (b) Razuvaev, G. A.; 
Cherkasov, V. K.; Abakumov, G. A. J. Organomet. Chem. 1978,160, 
361. (c) Buchanan, R. M.; Wilson-Blumenberg, C.; Trapp, C.; Larsen, 
S. K.; Greene, D. L.; Pierpont, C. G. Inorg. Chem. 1986, 25, 3070. 
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Synthesis and Structure of the "Linear" Tetranuclear 
Cluster [ ( M o O ~ S ~ ) ~ F ~ ~ S ~ ] " :  Implications for Aqueous 
Mo-Fe-S Chemistry 
Sir: 

Recent interest in and explorations of the chemistry of Mo, Fe, 
and S have been stimulated by inter alia the MoFe cofactor of 
nitrogenase.' Although the structure of this cofactor remains 
unsolved, the aforementioned explorations have led to several novel 
polynuclear Mo-Fe-S clusters of the so-called "linear" and 
"cubane" t y p e ~ . ~ J  During our explorations of aqueous and en- 
zyme-mediated assembly of Fe-S and Mo-Fe-S  cluster^,^ we 
noted the development of a novel absorption spectrum in aqueous 
mixtures containing salts of Fe(I1) and Moo4-$:- ( x  = 2-4) 
at  basic pHs. Subsequent isolation and characterization of this 
absorbing species showed it to be [ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] ~ .  This cluster 
represents (i) the first example of a "linear" tetranuclear Mc-Fe-S 

(1) (a) Muller, A. Polyhedron 1986, 5, 323-340. (b) Newton, W. E.; 
Schultz, F. A.; Gheller, S. F.; Lough, S.; McDonald, J. W.; Conradson, 
S. D.; Hedman, B.; Hodgson, K. 0. Ibid. 1986, 5 ,  567-572. 

(2) (a) Coucouvanis, D.; Simhon, E. D.; Baenziger, N. C. J .  Am. Chem. 
SOC. 1980, 102,6644-6646. (b) Tiekelman, R. H.; Silvis, H. C.; Kent, 
T. A.; Huynh, B. H.; Waszczak, J. V.; Teo, B. K.; Averill, B. A. J. Am. 
Chem. Soc. 1980, 102, 5550-5559. (c) Teo, B. K.; Antonio, M. R.; 
Tiekelman, R. H.; Silvis, H. C.; Averill, B. A. J. Am. Chem. SOC. 1982, 
104,6126-6129. (d) Coucouvanis, D.; Baenzinger, N. C.; Simhon, E. 
D.; Stremple, P.; Swenson, D.; Kcstikas, A.; Simopoulos, A,; Petrouleas, 
V.; Papaefthymiou, C. J. Am. Chem. SOC. 1980,102, 1732-1734. (e) 
Coucouvanis, D.; Baenzinger, N. C.; Simhon, E. D.; Stremple, P.; 
Swenson, D.; Kostikas, A,; Simopoulos, A.; Petrouleas, V.; Papaefthy- 
miou, C. Ibid. 1980, 102, 1730-1732. 

(3) (a) Wolff, T. E.; Berg, J. M.; Hodgson, K. 0.; Frankel, R. B.; Holm, 
R. H. J. Am. Chem. SOC. 1979, 101, 4140-4150. (b) Wolff, T. E.; 
Power, P. P.; Frankel, R. B.; Holm, R. H. J.  Am. Chem. Soc. 1980,102, 
4694-4703. (c) Mascharak, P. K.; Armstrong, W. H.; Mizobe, Y.; 
Holm, R. H. J. Am. Chem. SOC. 1983, 105,475-483. 

(4) Bonomi, F.; Werth, M. T.; Kurtz, D. M., Jr. Inorg. Chem. 1985, 24, 
4331-4335. 
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Figure 1. Perspective view of the anion in (Ph4P)4[(Mo02S2)2Fe2S2]. 
6H20. The distances Mo-Fe and Fe-Fe' are 2.807 (4) and 2.703 (4) 
A, respectively. 

cluster, (ii) the first discrete, well-characterized species isolated 
from aqueous reaction of Fe2+ and MoS?-, (iii) the first direct 
evidence that Fe2+ accelerates the hydrolyses of MoOe$,2- (x 
= 2-4), and (iv) trapping of the products of these hydrolyses. 

The structure of [ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] ~ -  is shown in Figure 1. 
(Ph4As)4[ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] . ~ H ~ O  can be prepared under Ar in 
40% yield by adding 0.16 g (1.3 mmol) of FeC12 to 0.30 g (0.65 
mmol) of Cs2MoOS2 in 80 mL of 0.2 M phosphate a t  pH 12. 
After 30 min of stirring at  room temperature, the mixture is 
filtered anaerobically through Celite and 0.87 g (2.0 mmol) of 
Ph4AsCI.H20 is added to the filtrate. Overnight incubation at 
4 O C  results in formation of purple crystals, which are washed 
anaerobically with - 10 mL of H20 and - 10 mL of THF. Anal. 
Calcd for C96H92As4Fe2Moz010S6: c ,  52.64; H, 4.21; Fe, 5.07; 
S, 8.74. C, 52.64; H ,  4.09; Fe 5.14; S, 8.20.1° Found: 

Crystal data: 4PPh4+[FeMoS30z]zC~6H20, monoclinic P21/a, Z = 2, 
peal = 1.46 g/cm3, a = 15.808 (6) A, b = 19.996 (8) A, c = 14.796 (5)1, p = 101.75 (9)O, V = 4579.0 (15) A3, p = 8.27 cm-I for Mo Ka 
(A  = 0.79066 A, gra hite monochromated). All the data (7241 re- 
flections) in hkl and bl octants within 28 5 45O (a weakly diffracting 
platelike crystal) were collected on a DATEX diffractometer at ambient 
temperature by using an w-step scan mode (0.5 s/O.0lo for a 1.2O scan 
range). The general procedures for data collection and reduction have 
been published el~ewhere.~.' After an empirical absorption correction 
and data reduction, 2188 reflections were observed ( I t  2u,) and av- 
eraged into 1816 reflections (R, = 0.04). In the final refinement, 1607 
reflections with F h 6uF were used. A unique determination of the space 
group was not possible due to ambiguities in OkO and h0l reflections 
related to weak diffracting characteristics and possible pseudosymmetry 
effects. Patterson superposition analysis (ALCAMPS) using a Mo-P 
interaction as a shift vector readily gave rise to the structural solution. 
This result strongly suggested P2,/a as the correct space group, which 
was confirmed later on via successful refinements. From the positions 
of the metal and sulfur atoms thus obtained, subsequent structure factor 
and electron density map calculations revealed the remaining atoms of 
the compound. Three strong residual densities outside the molecular 
boundaries were assigned as oxygen atoms of water of crystallization 
molecules, as based on the peak heights and occupancy factors refine- 
ments. Hydrogen atoms were included and fixed at calculated positions 
with C-H distance set to 1.0 A. The least-squares refinement was 
carried out by using a blocked full-matrix method, minimizing zw(lFol 
- The final residual indices were R = F - F c ~ l / ~ ~ F o ~  = 
7.00% and R, = [zw(lFol  - I F ~ I ) " / ~ W ~ F ~ ~ ~ ] ' / ~ = I ~ S . ~ ~ W .  
Rohrbaugh, W. J.; Jacobson, R. A. Inorg. Chem. 1974,13,2535-2539. 
The indexing of the crystal was performed by using the program BLIND 
(Jacobson, R. A. J .  Appl. Crystallogr. 1976,9, 115). Structure factor 
calculations and least squares refinements were performed by using the 
program ALLS (Lapp, R.; Jacobson, R. A. USDOE Report IS-4708; 
Iowa State University: Ames IA, 1979). Fourier series calculations 
were performed with the program FOUR (Powell, D. R.; Jacobson, R. 
A. USDOE Report IS-4737; Iowa State University: Ames, IA, 1980). 
The programs ALCAMPS (Richardson, J. W., Jr.; Kim, S.; Jacobson, R. 
A. USDOE Report IS-4902; Iowa State University: Ames IA, 1986), 
and ORTEP (Johnson, C. K. "ORTEP", Report ORNL3794; Oak Ridge 
National Laboratory: Oak Ridge, TN, 1970), respectively, were used 
for Patterson-Harker analyses and molecular drawing. An empirical 
absorption correction was carried out with diffractometer $-scan data. 
Atomic scattering factors were those from ref 8 .  
International Tables for X-ray Crystallography; Kynoch Birmingham, 
England, 1974; Vol. IV, pp 71-79. International Tables for  X-ray 
Crystallography; Kynoch: Birmingham England, 1974; Vol. IV, pp 
21 5-216. 
McDonald, J. W.; Freisen, G. D.; Rosenheim, L. D.; Newton, W. E. 
Inorg. Chim. Acta 1983, 72, 205-210. 
The same product can be obtained in similar yield by using the proce- 
dure described in the text but substituting either 0.1 5 g (0.66 mmol) 
of (NH4)2M002Sz9 or 0.16 g (0.62 mmol) of (NH4)2M~S4 for CsMo- 
OS,. Reaction times are 15 min when (NHJ2Mo02S2 is used and 60 
min when (NH4)zM~S4 is used. 
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Figure 3. Absorption spectra of 15.6 mM FeC12 + 7.8 mM (NHJ2- 
Mo02S2 (A), Cs2MoOS1 (B), or NH4MoS4 (C) in anaerobic 0.2 M 
sodium phosphate pH 12. Cell pathlength = 0.01 cm. Spectra recorded 
after reaction at room temperature for 1.5 (-) and 7 (--) min in part 
A, 2 (-a), 7 (-), and 23 (- -) min in part B, and 6 ( -a),  16 (-), and 62 
(--) min in part C. 

(Ph4P)4[ ( can be obtained by the analogous 
procedure. 

The structures of both Ph,P+ and Ph4As+ salts were solved. 
Since differences between the two structures are trivial, data are 
reported only for the Ph4P+ salt (Figure l).s The symmetry of 
the anion approaches DZh but is reduced to Ci most prominently 
by inequivalent Mo-0 distances and to a lesser extent by a 
Mc-FeFe' angle of 176'. All metal atoms have an approximately 
tetrahedral coordination geometry consisting of bridging sulfur 
and/or terminal oxygen atoms. The distances (shown in Figure 
1) and angles (supplementary material) of the anion are within 
ranges known for clusters containing either FeZS2 or MoS2Fe cores 
and approximately tetrahedral coordination geometry.2J'J2 The 

(1 1) Mayerle, J. J.; Denmark, S. E.; DePamphilis, B. V.; Ibers, J. A.; Holm, 
R. H. J. Am. Chem. SOC. 1975, 97, 1032-1045. 
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dimensions of the analogous cores in isostructural [(WS4)2Fe2S2]4- 
are very similar to those in [ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] ~ - . I ~  The average 
of the terminal Mo-0 distances shown in Figure 1 (1.78 A) is 
the same as the Mo-0 distance in C S ~ M O O S , . ~ ~  The unit cell 
of (P~,P),[(MOO~S~)~F~~S~].~H~O contains chains of anions (cf. 
Figure 2 (supplementary material)). These chains are linked by 
water molecules which are hydrogen-bonded to terminal oxygen 
atoms, 0 1  and 0 2  of the anion. The longer M0-01 distance could 
be the result of an extra water molecule that is within hydro- 
gen-bonding distance of 0 1 .  This pattern of hydrogen bonding 
suggests that solvation of the terminal oxygen atoms may help 
stabilize [ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] ~  in water. 

The electronic absorption spectrum of (Ph4As),- 
[ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] - ~ H ~ O  in acetonitrile shows three principal 
bands [A,,,, nm (e, mM-' cm-I): 290 (23.1), 372 (14.6), 526 
(12.2). Absorption and resonance Raman spectra of the analogous 
"linear" cluster [(WS4)2Fe2S2]e suggest that the lowest energy 
absorption band involves transitions within the Fe2S6 portion of 
the a n i ~ n . ' ~ . ' ~  The 57Fe Mossbauer spectrum of a frozen solution 
of (Ph,As),[(Mo02S2)2Fe2S2].6HZ0 in acetonitrile shows a single 
quadrupole doublet at both 200 and 4.2 K. Parameters of the 
doublet a t  4.2 K are 6 = 0.42 mm/s and AEQ = 1.04 mm/s vs. 
metallic iron at 300 K. No significant changes in these parameters 
occur upon application of a 2.2-kG magnetic field. These data 
are consistent with the expected antiferromagnetic coupling be- 
tween iron atoms.2cJ1J2 Using the empirical relationship between 
Mossbauer isomer shift and mean oxidation state, s, developed 
by Christou et a1.I6 for clusters containing tetrahedral FeS, sites 
gives s = 2.4 for each iron atom in [ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] " - .  Thus, 
while the anion formally contains Fe(I1) and Mo(VI), this cal- 
culation indicates considerable delocalization of electron density 
from Fe onto Mo, and a mean oxidation state of Fe approximately 
midway between Fe(I1) and Fe(II1). appears 
to be the first example of a cluster containing an [Fe2S2]'+ core 
without trapped valence Fe(I1) and Fe(I11). 

The spectral time courses for reactions of Fe2+ with Moo4_$,'- 
(x = 2-4) at pH 12 shown in Figure 3 demonstrate that the same 
product, namely [ ( M o O ~ S ~ ) ~ F ~ ~ S ~ ] ~ -  (indicated by the dashed 
spectra with A,,, a t  510, -350 sh, and 290 nm), is obtained in 
each case.l7 However, the rate of formation of this product 
decreases monotonically with increasing numbers of sulfido vs. 
oxo ligands in the starting This trend in rates is the 
same as that observed for hydrolyses of MOO+$,'- at basic pHs.IS 
In the absence of Fe2+ the half-time for hydrolysis of MoSZ- under 
these conditions is - 170 h at 25 OC. Thus, Figure 3C shows that 
Fe2+ accelerates the hydrolysis of MoS2- by at least a factor of 
100. Similar acceleration is observed for  MOOS^^- in Figure 3B. 
The even more rapid reaction of Mo02S22- shown in Figure 3A 
together with the trend in rates discussed above strongly suggests 
that some complete hydrolysis to MOO?- occurs in all cases during 
formation of [ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] ~ - .  

Our results imply that the MoFe cofactor of nitrogenase is not 
constructed by a combination of "free" Fe2+ and performed Ma:- 
in an aqueous environment, since this combination would likely 
result ultimately in and FeS. This statement applies only 
in the absence of thiol. In the presence of 2-mercaptoethanol at 
pH 9, the combination of MoSd2- and Fe2+ in water results in 
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Lilley, G.; Sinn, E.; Averill, B. Znorg. Chem. 1986, 25, 1073-1075. 
Milller, A.; Hellman, W.; Romer, C.; Romer, M.; Bogge, H.; Jostes, R.; 
Schimanski, U. Znorg. Chim. Acta 1984,83, L75-L77. 
Krebs, B.; Milller, A.; Kindler, E. Z .  Naturforsch., E Anorg. Chem., 
Org. Chem., Biochem., Biophys., Biol. 1970, B25, 222. 
Mtiller, A.; Hellman, W. Spectrochim. Acta, Part A 1985, 41A, 
359-366. 
Christou, G.; Mascharak, P. K.; Armstrong, W. H.; Papaefthymiou, G. 
C.; Frankel, R. B.; Holm, R. H. J.  Am. Chem. SOC. 1982, 104, 
282cb283 1. 
As determined spectrophotometrically, the same product can be ob- 
tained at pH 9 by using borate but not tris(hydroxymethy1)amino- 
methane buffers. The dashed spectra of Figure 3 gradually decay over 
the course of several hours, yielding a clear solution plus an insoluble 
black solid that liberates H2S upon acidification. Lower pHs of reaction 
result in increased formation of this solid. 
Harmer, M. A.; Sykes, A. G. Znorg. Chem. 1980, 19, 2881-2885 

assembly of the "double-cubane" cluster [ Fe6SsMo2- 
(SCH2CH20H)9]3-,19 which we have isolated in 60% yield a s  its 
n-Bu4N+ salt.20 
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Synthesis, Molecular Structure, and Physicochemical 
Properties of M2(form)4 ( M  = Ni, Pd; form = 
N,N'-Di-p-tolylformamidinato). Attempts To Generate a 
Palladium(II1) Dimer 

Sir. 

Many dinuclear compounds of platinum(II1) containing four 
bidentate bridging ligands and a metal-metal interaction through 
an electron-rich single bond of electronic configuration 
(r2r4626*2r*4 are A few dinuclear compounds with the 
Pt atoms in the 2.5 average oxidation state and a formal bond 
order of 0.5 between the two metals have also been p r e ~ a r e d . ~ . ~  
On the other hand, analogous compounds for nickel and palladium 
have never been reported. Only one Ni?+ compound, Ni2(S2C- 
CH,),I, has been de~cr ibed .~  

Since many dinuclear, quadruply bridged compounds of nick- 
el(I1) and palladium(I1) are known, we thought that we might 
have a chance to generate oxidized species from these provided 
we could find the right combination of ligands and oxidizing 
material. We decided to test the N,N'-di-p-tolylformamidinato 
(form) ligand for the following reasons. First, the nitrogen donors 
are expected to increase the electronic charge on the metal atoms 
as compared, for example, to that obtained with carboxylato 
ligands, thereby decreasing the oxidation potential. Such a trend 
has been well established for compounds of the Rh:+ core.6 

(1) Cotton, F. A.; Walton, R. A. Struct. Bonding (Berlin) 1985, 62, 1. 
(2) Woollins, J. D.; Kelly, P. F. Coord. Chem. Reu. 1985, 65, 115. 
(3) Che, C.-M.; Herbstein, F. H.; Schaefer, W. P.; Marsh, R. E.; Gray, H. 

B. J .  Am. Chem. SOC. 1983, 105, 4606. 
(4) Bellitto, C.; Flamini, A.; Galstaldi, L.; Scaramuzza, L. Znorg. Chem. 

1983, 22, 444. 
(5) Bellitto, C.; Dessy, G.; Fares, V. Znorg. Chem. 1985, 24, 2815. 
(6) (a) Le, J. C.; Chavan, M. Y.; Chau, L. K.; Bear, J. L.; Kadish, K. M. 

J .  Am. Chem. SOC. 1985,107,7195. (b) Tocher, D. A,; Tocher, J. H. 
Polyhedron 1986, 5, 1615. (c) Piraino, P.; Bruno, G.; Lo, Schiavo, S.; 
Laschi, F.; Zanello, P. Znorg. Chem., in press. 
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