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The use of organic peracids as rapid, selective oxidation agents for coordinated chalcogens, $-E2 (E = S, Se) and p3-E 
(E = S, Se, Te), has been examined. Stepwise oxidation of [Ir(+Sz)(dppe),]PF6 with m-chloroperbenzoic acid (m-CPBA) 
yielded [Ir(l12-SzO)(dppe)z]PF6 (1) and [Ir(s2-Sz02)(dp~)z]PF6 (2). Facile oxidation of [Ir(l12-Sez)(dppe),]PF6 and 
CpzNb($-S,)Cl with peracetic acid produced [Ir(~~~-se@)(dppe)z]PF~ (3) and CpzNb(~2-SzO)Cl (4). Similarly, reaction 
of Fe3(p3-S)z(C0)9 and F~pt~3-E)z(co)6(PPh3)z (E = S, Se, Te) with m-CPBA produced the chalcogen monoxide complexes, 
FC,(&O)(C(~-S)(CO)~ (5) and FezPt(p3-EO)(~3-E)(C0)6(PPh3)z (6). The stereochemistry and reactivity of all of these 
complexes have been studied. Reaction of the $-SzO complexes with nucleophiles (Nu = PPh,, CH3NC) revealed sulfur 
transfer as the favored reaction and the unsubstituted sulfur donor atom as the most reactive site. Attempted formation 
of ql- or $-SO complexes by selective sulfur-abstraction reactions was unsuccessful, but an unsymmetrical dichalcogenide 
complex, [Ir(q2-SSe)(dppe),]+ (7), was synthesized from [Ir(dppe),]Cl and Cp,TiS,Se5-x ( x  = 3). Examination of the 
oxygen-transfer capabilities of the iridium complexes revealed the following trend: Se,O >> SzOz > SzO. In solution, 
the [Ir(SezO)(dppe)z]PF6 complex spontaneously eliminates the exocyclic oxygen to yield [Ir(Se,)(dppe)2]+ and oxidizes 
C2HsSH to ethyl disulfide. In contrast, the [Ir(SzO)(dppe)2]C1 and Cp2Nb(S,0)Cl complexes show a pronounced tendency 
toward sulfur transfer to substrates but virtually no oxygen-transfer capability. The p 3 - S 0  complexes proved to be virtually 
inert toward both 0- and S-transfer reactions. Also described is the utility of chiral solvating and lanthanide shift reagents 
in the elucidation of the structure and stereochemistry of CpzNb(SzO)C1 using 'H NMR spectroscopy. 

Introduction 
In recent years, increasing attention has been directed to- 

ward the generation and synthetic utility of non-metal oxo 
ligands. Representative of the more fruitful aspects of this 
trend are studies on the potential use of the MNO-MN02 
interconversion as oxidation catalysts,' the activation of io- 
dosobenzene by metalloporphyrins,2 and the significant body 
of work on the coordination chemistry of sulfur d i ~ x i d e . ~  It 
was in this spirit that we set out to examine the relatively 
unexplored basic coordination chemistry of the lower sulfur 
and selenium oxides. 

In the now classic work, Schmid et al. found that [Ir- 
(S2)(dppe)2]+ (dppe = 1,2-bis(diphenylphosphino)ethane) 
undergoes periodate oxidation giving [Ir(S202)(dppe)2]+, 
which was characterized by X-ray diffra~t ion.~ This S202 
complex reacts with triphenylphosphine to give triphenyl- 
phosphine oxide and [Ir(S20)(dppe)2]+ with the disulfur-bound 
S20 unit exhibiting $-coordinati~n.~ Although the S20 ligand 
is closely related to the more prevalent SOz ligand, the 
analogous [Ir(SOz)(dppe),]C1 complex exhibits properties 
consistent with a monodentate, pyramidal sulfur dioxide lig- 
and.6 The only authenticated sulfur monoxide complex is 
Fe3(S)(SO)(C0)9,7 although several other complexes are 
claimed to contain this ligand.*v9 

Certain aspects of selenium oxide chemistry have received 
considerable scrutiny as a consequence of the great utility of 

Andrews, M. A.; Cheng, C.-W. F. J.  Am. Chem. Soc. 1982,104,4268. 
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J .  Chem. SOC., Chem. Commun. 1982, 1234. 
Mark6 L.; Mark&Moncstory, B.; Madoch, T.; Vahrenkamp, H. Angew. 
Chem., Inr. Ed. Engl. 1980, 19, 226. 
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selenium dioxide,1° selenoxides (R2SeO), and seleninic acids 
(RSe0,H) in organic synthetics." An additional area of 
interest derives from biochemical studies where, for example, 
a selenenic acid unit (RSeOH) is postulated as the active site 
in glutathione peroxidase.12 Practically nothing is known of 
the coordination chemistry of selenium oxide systems including 
Se02. Examples of diselenium oxide units (-SeSe(0)-) are 
particularly rare, with the preparation and preliminary 
characterization of the first organoselenolseleninates 
(RSeSe(0)R) being very recent.13 

The published syntheses of the SZO2 and S20 complexes are 
inefficient and in the case of Fe3(SO)S(CO),, actually arti- 
factual. In this paper, we describe a general and high-yield 
route to Schmid's iridium compounds and the extension of this 
methodology for the synthesis of new examples of E,O, (E = 
S ,  Se) complexes. Furthermore, we describe the results of the 
isolation of a stable $-SSe compound and unsuccessful quest 
for examples of a v2-S0  complex. 
Results and Discussion 

Oxidation of $-Ez Ligands (E = S, Se). We have found 
that organic peracids will rapidly and selectively oxidize in- 
organic sulfur, selenium, and tellurium ligands. This finding 
parallels the utility of peracids for the oxidation of elemental 
sulfur,14 and organic sulfides15 and a previous report by Balch 
et al., concerning the oxidation of a bridging sulfide ligand.16 

The monooxidation of [Ir(S2)(dppe)2]PF6 with rn-chloro- 
perbenzoic acid (rn-CPBA) occurs within seconds at -0 OC 

(10) (a) Rabjohn, N. Org. React. (N.Y.) 1976, 24, 261. (b) Rabjohn, N. 
Org. Reacr. (N.Y.)  1949, 5, 331. 

(1 1) Reich, H. J. In "Oxidation in Organic Chemistry, Part C"; Trahanovsky, 
W. S., Ed.; Academic Press: New York, 1978; Chapter 1. Cliver, D. 
L. J. Terrahedron 1978, 34, 1049. 

(12) Ladenstein, R.; Epp, 0.; Huber, R.; Wendel, A. Selenium Biol. Med., 
[Proc. Inr. Symp.], 2nd 1980, 33. Ganther, H. E. Chem. Scr. 1975,8A, 
79. 

(13) Reich, H. J.; Hoeger, C. A.; Willis, W. W., Jr. J .  Am. Chem. Soc. 1982, 
104, 2936. 

(14) Steudel, R.; Steidel, J.; Pickardt, J. Angew. Chem., Inr. Ed. Engl. 1980, 
19,325. Steudel, R.; Reinhart, R.; Sandow, T. Angew. Chem., Inr. Ed. 
Engl. 1977, 16, 716. Steudel, R.; Steidel, J. Angew. Chem., Inr. Ed. 
Engl. 1978,17, 134. Steudel, R.; Sandow, T. Angew. Chem., Int. Ed. 
Engl. 1978, 17, 611. 

(15) House, H. 0. "Modern Synthetic Reactions"; W. A. Benjamin: Menlo 
Park, CA, 1972; pp 334-335. 

(16) Balch, A. L.; Benner, L. S.; Olmstead, M. M. Inorg. Chem. 1979,18, 
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Table I. 'H NMR Chemical Shift ( 6 )  Dataa 
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high-field 
complex ortho phenyl protonsb Cpa, CPa* CPb, cPb* solvent 

[Ir(S,O)(dppe), 1 + 6.40 (1.8 H), CD,NO, 

[Ir(S,O,)(dppe), I +  6.20 (3.6 H) CD,Cl, 
[Ir(Se,O)(dppe), 1 + 6.28 (1.8 H), CDCl,/CD,NO, (3:l v/v) 

Ir(SSe)(dppe), 1 + 6.20, 5.93' CDC1, 
Cp,Nb(S,O)C1(4) 5.98 (5 H) 5.87 (5 H) CDCl, 
4 (ASIS effect) 5.36 (5 H) 4.99 (5 H) C,D,/CDCl, ( 3 : l  v/v) 
4 + 6.0 equiv of ROH*e 5.84 (2.5 H), 5.76 (2.5 H), CDCl, 

5.83 (2.5 H) 
4 + 1.0 equiv of Eu*e 10.30 (2.5 H), 7.17, 7.14d (5 H) CDC1, 

9.91 (2.5 H) 

6.46 (1.8 H) 

6.76 (1.9 H) 

5.71 (2.5 H) 

Iridium complexes exhibit dppe (-CH,CH,-) and "normal" phenyl resonances as complex multiplets between -2.0-3.5 (8 HI 
and -6.9-9.0 ppm (36 H). 
H resonance (2 or 4 H) is an overlapping doublet of doublets (pseudotriplet) with ,JP-H = 8-9 Hz and ,JH-H = 8 Hz. ' Resonances 
exhibit equal intensity. 
europium shift reagents. 

Integrations were determined by comparison with total phenyl region (40 H). Each high-field ortho phenyl 

Ill-resolved shoulder of low-field resonance, e ROH* and Eu* represent the chiral solvating alcohol and 

Table 11. "P NMR Data Chemical Shift (6) Dataa 

complex V q  V .  V ,  v,  'J(v.. *,). Hz 

[Ir(SO,)(dppe), I '  32.3 s 
[ 1 r ( S , O ) ( d ~ ~ e ) , l ~  b p c  18.5 10.8 9.0 7.5 Jl,, = O , J , * ,  = 1o,J,,, = 19J,,, =o,J,,,=o,J,,, -3  

[ I r (Se,O)(d~~e) , l  14.1 9.0 9.0 0.7 

Fe,Pt(SeO)(Se)(CO),(PPh,), 13.4 d 5.3 d J1,* = 17 

[ I r (S ,0 , ) (d~~e) , l  b 9 c  11.4 pt 10.7 pt J,,, -8-10d 

Fe,Pt(SO)(S)(CO), (PPh,), 16.4 d 13.3 d J1,* = 13, 'Jpt-p, = 2946, 'Jpt-p, = 2699 

Fe,Pt(TeO)(Te)(CO),(PPh,), 17.4 d 1.6 d J1,* = 19, 'Jpt-p, = 3916, 'Jpt-p, = 3640 

a d = doublet and pt = pseudotriplet (magnetic nonequivalence present in system). CDCl, was used unless otherwise stated. 

Second-order spectrum; estimated value. e Peaks are broadened and lack distinct coupling. 

In 
comparison, [ Ir(S,)(dppe),]+ exhibits resonances at 21.0 and 18.4 ppm in CDC1, solution. CH,Cl,/CD,NO, (5:l v/v solvent. 

and gives [Ir(SzO)(dppe)z]PF6 (1) in 90% yield. An unex- 
pected feature of the analogous reaction with [Ir(S2)(dppe)2]C1 
was that up to a 2.5-equiv excess of m-CPBA did not convert 
the [Ir(SzO)(dppe)z]C1 to the corresponding S202 derivative 
but resulted in decomposition. It is believed that the C1- 
counterion is oxidized under these conditions. In contrast, 2 
equiv of m-CPBA cleanly converted [Ir(Sz)(dppe),]PF6 to 
[Ir(SzOz)(dppe)z]PF, (2). This system proved to be very 
sensitive to the nature of the oxidant, and standard reagents 
such as HZOz1' and tert-butyl hydroperoxide'* reacted slowly 
with resulting decomposition of the complexes. 

'H and 31P NMR spectroscopies were particularly useful 
in the characterization of 1 and 2. The 'H NMR spectrum 
of [Ir(SzO)(dppe)z]+ (Table I) consisted of two closely spaced, 
high-field ortho phenyl proton resonances of equal intensity 
at 6.40 and 6.46 ppm, characteristic of a ~is-[IrXY(dppe)~]+ 
(X # Y) species.19 The 31P NMR spectrum of the SzO 
complex is similar to that for [Ir(SzCH3)(dppe)z]z+20 (Table 
11). The NMR data for both the SzO and S2OZ complexes 
are consistent with the presence of only a single diastereoisomer 
although two are possible for 1 and three for 2 (Figure 1). 
Variable temperature 'H NMR spectroscopy (360 MHz) has 
not given evidence for dynamic character in 1. In contrast, 
we have previously shown that [Ir(E2CH3)(dppe),12+ (E = S, 
Se) exists in solution as an NMR-observable equilibrium 

Adazamli, I. K.; Nosco, D. L.; Deutsch, E. J.  Inorg. Nucl. Chem. 1980, 
42, 1364. Adazarnli, I. K.; Deutsch, E. Inorg. Chem. 1980, 19, 1366. 
Adazamli, I. K.; Libson, K.; Lydon, J. D.; Elder, R. C.; Deutsch, E. 
Inorg. Chem. 1979, 18, 303. Lange, B. A.; Libson, K.; Deutsch, E.; 
Elder, R. C. Inorg. Chem. 1976, 15, 2985. Weschler, C. J.; Sullivan, 
J. C.; Deutsch, E. J. Am. Chem. SOC. 1973, 95, 2720. 
Barnard, D. J. Chem. SOC. 1956, 489. 
Chatt, J.; Pombeiro, A. J. L.; Richards, R. L. J .  Orgonomet. Chem. 
1980, 184, 357. Ginsberg, A. P.; Lindsell, W. E. Inorg. Chem. 1973, 
12, 1983. 
Plute, K. L. K.; Haltiwanger, R. C.; Rakowski Duboii, M. Inorg. Chem. 
1979, 18, 3246. 

( S , S , A )  ( R , R , A )  ( R , S , A )  

Figure 1. Coordination sphere and structures for the diastereomers 
of [Ir(S202)(dPw)21+. 

mixture of two diastereoisomers.21 The previous synthesis of 
1 or 2 required a periodate oxidation,4ys which is tedious be- 
cause of the poor solubility characteristics of IO4- salts and 
the inherent sluggish oxidation rates.22 

Attempts at oxidation of the green [Ir(Se,)(dppe)2]C1 
complex with m-CPBA led to decomposition even at -60 "C. 
However, the use of peracetic acid at -10 OC resulted in the 
rapid formation of orange [Ir(SezO)(dppe)2]+ (3). Our pre- 
vious observationz1 concerning the greater nucleophilicity of 
diselenium as compared to that of the disulfur ligands is again 
demonstrated in the facile formation of 3 and parallels similar 
results for rates of oxidation in organic disulfides and di- 
selenides.23 The elemental analysis and spectroscopic results 
of 3 are completely consistent with the presence of an t72-Se20 
entity. The IR spectrum showed a single vsco at 828 cm-1,z4 
and the 'H NMR spectrum revealed two high-field ortho 
phenyl proton resonances at 6.28 and 6.76 ppm, which are 
similar to the results obtained for [Ir(S2O)(dppe),]+. Attempts 

(21) Hoots, J. E.; Rauchfuss, T. B. Inorg. Chem. 1983, 22, 2806. 
(22) Leonard, N. J.; Johnson, C. R. J. Org. Chem. 1962, 27, 282. 
(23) Bergson, G. Acto Chem. Scond. 1961, 15, 1611. 
(24) Jensen, K. A.; Henrichen, L.; Nielsen, P. H. In "Organic Selenium 

Compounds: Their Chemistry and Biology"; Klayman, D. L., Wolfgang, 
H. H., Eds.; Wiley-Intersdence: New York, 1973; Chapter 15, pp 
8 5 5-8 51. 
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Eigure 2. Two possible diastereomeric structures for Cp2Nb(S20)Cl. 

at further oxidation of the q2-Se20 ligand to q2-Se202, even 
with the PF6- counterion present, have not yielded a stable 
complex. In marked contrast to the q2-S20 and q2-S202 
complexes, [Ir(Se,O)(dppe),]+ is unstable in chloroform so- 
lution at 25 OC wherein it completely reverts back to [Ir- 
(Se2)(dppe)2]+ after several days. These results demonstrate 
the significantly greater lability of the S e - 0  vs. S - 0  bond in 
this system and again parallels similar results obtained for 
organic selenoxides and ~ulfoxides.~~ Although complex 3 has 
shown no inclination to react with a variety of substrates 
(benzylic and allylic alcohols and organic sulfides and di- 
sulfides), the oxidation of ethanethiol occurs readily (eq 1). 

2RSH + [Ir(Se20)(dppe)2]+ - 
RSSR + [Ir(Se,)(dppe),]+ + H 2 0  (1) 

This parallels the ability of Se02 to oxidize thiophenol to 
phenyl disulfide10b and the reaction of trimethyl phosphite with 
a thermally unstable compound recently identified as an or- 
ganoselenolseleninate (eq 2).13 Oxidation of ethanethiol with 

RSeSe(=O)R' + (CH,O),P - -50 ' C  

RSeSeR' + (CH30),P0 (2) 

[Ir(S202)(dppe)2]+ is very sluggish at 25 OC and does not 
occur with the S 2 0  complex under forcing conditions. In 
general, the S-0 units in 2 are inert except toward powerful 
oxophiles such as phosphines. 

Further tests on the generality and versatility of peracid 
oxidations were conducted with Cp2Nb(S2)Cl (Cp = C5H5)?6 
Addition of peracetic acid to a solution of this complex pro- 
duced a rapid color change from dark red to light yellow- 
orange. An 85:15 mixture of Cp2Nb(S20)Cl (4) and 
Cp,Nb(O)Cl was formed, as determined by lH NMR spec- 
troscopy. Attempts to oxidize Cp2Nb(S20)Cl with a second 
equivalent of peracetic acid led to Cp2Nb(0)C1 with no evi- 
dence for a stable S202 complex. Compound 4 was purified 
by silica gel chromatography, and its formula was verified by 
chemical analysis and the observation of a molecular ion in 
its field-desorption mass spectrum. It is stable for extended 
periods as a solid, although complete decomposition to 
Cp2Nb(0)C1 and elemental sulfur occurs when solutions of 
Cp2Nb(S20)Cl are allowed to stand for several days. 

The spectroscopic results all indicate the regiospecific for- 
mation of a single S20 complex. A single strong IR absorption 
at 1020 cm-' is assigned to urn. The 'H and 13C NMR spectra 
of Cp2Nb(S20)C1 consist of two equally intense singlets that 
were invariant to 50 OC, which on the basis of the Eyring 
equation requires AG* > 18 kcal/mol for inversion at sulfur.27 
Two possible structures for 4 are shown in Figure 2, with 4A 
being favored by us on the basis of steric considerations. The 
geometry proposed for 4 differs from that found crystallo- 
graphically for (MeCp)2Nb(CH2SiMe3)(q2-C02)28 and 

(25) Reich, H. J. Acc. Chem. Res. 1979, 12, 22. 
(26) Treichel, P. M.; Werber, G. P. J.  Am. Chem. Soc. 1968, 90, 1753. 
(27) Binsch, G.; Kessler, H. Angew. Chem., Int. Ed. Engl. 1980, 19, 411. 
(28) Bristow, G. S.; Hitchcock, P. B.; Lappcrt, M. F. J.  Chem. Soc., Chem. 

Commun. 1981, 1145. 

B 
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Figure 3. 360-MHz 'H NMR spectra in CDCl, of Cp2Nb(S20)C1 
(4): (A) initial spectrum; (B) spectrum after addition of 6.0 equiv 
of (R)-(-)-2,2,2-trifluoro-1-(9-anthryl)ethanol. 

" ( R ) -  Pirkle's Alcohol": 

( R , R )  (S, R )  
Figure 4. Postulated chelating interactions between (R,S)-Cp2Nb- 
(S20)C1 and (R)-(-)-2,2,2-trifluoro-l-(9-anthryl)ethanol. 

Cp2Ti(q2-CH3CO)C1,29 which contain q2 ligands, with the 
exocyclic substituents oriented toward the Cp's. 

CHa 

It is well-known from organic systems that 'NMR chemical 
shifts of functionalities close to sulfoxide groups are sensitive 
to the presence of aromatic solvents (cf. aromatic solvent 
induced shifts (ASIS)).30*31 We observed that both 'H res- 

(29) Fachinetti, G.; Flbriani, C.; Stoeckli-Evans, H. J .  Chem. Sa., Dalton 
Trans. 1911, 2297. 

(30)  Block, E. "Reactions of Organosulfur Compounds"; Academic Press: . .  
New York, 1978, pp 25-26. 

(31) Kondo, K.; Negishi, A. Tetrahedron 1971, 27, 4821. Fraser, R. R.; 
Durst, T.: McClory. M. R.; Viau, R.; Wigfield, Y. Y. Inr. J .  Sulfur 
Chem. Part A 197i, I ,  133. 
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onances for 4 shifted upfield in the presence of a (3:l v/v) 
benzened6/CDC13 solvent mixture compared to the resonance 
in CDC1, solution, with the high-field resonance experiencing 
the greater shielding (IASl = 0.88 vs. 0.62 ppm). In ASIS 
studies on cyclic sulfoxides, the protons adjacent to the sulfur 
reliably exhibit the largest changes in shifts.31 This leads us 
to assign the high field proton signal of 4 to the Cp unit anti 
with respect to the pyramidal NbS20  moiety (Table I; 
structure A in Figure 2). 

Corroborative evidence for the stereochemistry of 4 was 
obtained by using (R)-(-)-2,2,2-trifluoro- l-(g-anthryl)ethanol 
(“Pirkle’s alcohol”), which has been used as a diamagnetic 
chiral solvating reagent (CSA) for organic  sulfoxide^.^^ We 
found that 0.3-6.0 equiv of this reagent in a CDC13 solution 
of 4 induced upfield shifts and splitting of both ‘H signals 
(Figure 3). The observation that the original high-field (anti) 
resonance exhibits the largest AA6 is consistent with the in- 
teraction of the shift reagent in the manner shown in Figure 
4.32 A chelating structure is indicated for the solution 
structure of the anthryl alcohol-4 complex on the basis of the 
observation that with the use of the CSA in a (3:l v/v 
benzene/chloroform solvent mixture the respective A6 and AA6 
values for both Cp proton resonances are almost equal. This 
indicates that a competition exists between benzene and Pir- 
kle’s alcohol for association at the inner sulfur atom site in 
4. The addition of the chiral paramagnetic shift reagent 
Eu(tfc), to CDC1, solutions of 4 produced large downfield 
chemical shift changes for both resonances (Table I), with the 
magnitude of the shifts comparable to those observed for 
organic  sulfoxide^.^^ The low-field resonance, previously 
assigned to the syn cyclopentadienyl ring, exhibited the greatest 
A6 and AA6 values and split into two completely resolved 
peaks. Previous work with cyclic organic sulfoxides and eu- 
ropium shift reagents showed the protons spatially closest to 
the oxygen commonly exhibited the largest A6 effects, which 
is in agreement with our previous assignments. All of these 
results strongly imply that 4 exists as a single diastereomeric 
compound featuring a nonplanar v2-S20 ligand. 

Oxidation of p3-E Ligands (E = S, Se, Te). Recently, the 
first crystallographically characterized transition-metal com- 
plex containing a sulfur monoxide ligand, Fe,(SO)(S)(CO), 
(5), was reported.’ The compound was isolated in 10% yield 
from the oxidation of HFe(CO),- with a basic aqueous 
H202/Na2S03 solution. The X-ray structure revealed a 
squarepyramidal (nido) cluster with the p 3 - S 0  ligand capping 
the triangular Fe, core. The close structural similarity between 
5 and the well-known complex Fe3(S)z(C0)934 suggested that 
a more direct synthetic method should be applicable. Indeed, 
addition of peracetic acid or m-CPBA to a solution of Fe3- 
(S),(CO),, followed by chromatographic workup, afforded 
good yields of the desired orange complex 5 (eq 3). The 

0 

5 
product was identified by elemental analysis and IR spec- 
troscopy, which revealed strong urn and vso absorptions similar 
to those previously reported.7 Attempts at further oxidation 
of Fe,(SO)(S)(CO), with m-CPBA led to decomposition. It 

(32) Pirkle, W. H.; Hoover, D. J. Top. Stereochem. 1982, 13, 263. 
(33) Goering, H.  L.; Eikenberry, J. N.; Koermer, G. S.; Lattimer, C. J .  J .  

Am. Chem. Soe. 1974, 96, 1493. 
(34) Wei, C. H.; Dahl, L. F. Inorg. Chem. 1965, 4, 493. 
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is interesting to note that we have found 5 to be an interme- 
diate in the reduction of sulfite by HFe(CO),-, leading 
eventually to Fe3(S)2(C0)9.35 

We attempted similar oxidations on a variety of chalco- 
gen-containing organometallic rings and clusters. With one 
notable exception, these efforts were unsuccessful. Fe2(p- 
S2)(CO),, C O ~ ( ~ - A ~ ~ ) ( C O ) ~ ,  and Cp2TiS5 were unaffected by 
m-CPBA, while most (p,-S)-containing clusters simply de- 
composed. However, Fe2Pt(S)2(CO)6(PPh3),36 was cleanly 
oxidized by m-CPBA, affording a good yield of a red crys- 
talline product characterized as Fe2Pt(SO)(S)(CO)6(PPh,)2 
(6). 31P NMR spectroscopy, one direct structural probe, 

0 

6 

revealed an AB quartet flanked by the expected 195Pt satellites. 
The two Pt-P coupling constants, 2946 and 2699 Hz, are 
appropriate for a cis platinum(I1) diphosphine c o m p l e ~ . ~ ~ ? ~ ~  
Attempts at sulfur or oxygen atom abstraction from 5 and 6 
with Ph3P were unsuccessful, with both complexes remaining 
inert to chalcogen transfer in solution even at 50 OC for 6 h. 

Our experience with Fe3(SO)(S)(C0), and Fe2Pt(SO)- 
(S)(C0)6(PPh3)2 revealed that the latter was more robust 
thermally. This observation suggested that the other members 
of the series Fe2Pt(EO)(E)(C0)6(PPh3)2 might also be isol- 
able, whereas oxidation of Fe3(E)2(CO), (E = Se, Te) com- 
plexes led to unstable compounds. Indeed, evidence for the 
SeO and TeO complexes was obtained by directly following 
the oxidations with 31P NMR spectroscopy (Table 11). 
FezPt(TeO) (Te)(C0)6(PPh3)2 was readily characterized in 
solution, although it did undergo decomposition over a period 
of hours. The corresponding SeO complex was formed as a 
minor product. No attempts were made to isolate these 
species. 

Attempted Preparation of [Ir(SO)(dp~e)~]+. Schmid et al. 
have reported the reactions in eq 4 and 5.,v5 Furthermore, 

(4) r CIr(dppe)2It t 2Ph3PO t ZPh3PS (5) 

a recent publication describes the related conversion of “- 
[Rh(SO)X(PPh,)l2” to RhX(PPh,), using PPh3.* However, 
evidence for simple sulfur monoxide ligands in the rhodium 
complex remains inconclusive. As a guide in our initial studies, 
we assumed that the q2-S20 ligand would be comparable with 
the T ~ - S ~ C H ,  moiety, which we have shown to be a highly 
electrophilic S-transfer reagent2’ (eq 6). Reactions compa- 

L Ir(S20) (dppr)23+ t Ph3PO 

CIr(S202)(d~~e)21+ ,ppLs 

2 t  
/SW3 

(dpw)21r\L t NUS (6) 

(35) Lesch, D. A. Ph.D Thesis, University of Illinois, 1983. 
(36) Day, V. W.; Lesch, D. A.; Rauchfuss, T. B. J.  Am. Chem. Soe. 1982, 

104, 1290. For Fe2Pt(Sz)(CO),(PPh,)z, ‘Jm+ = 2826 Hz. 
(37) Pergosin, P. S.; Kunz, R. W. ‘Phosphorus-31 and Carbon-13 NMR of 

Transition Metal Phcsphme Complexes”; Springer-Verlag: Berlin, 1979; 
pp 43-44. Souli€, J.; Lallemand, Y.; Rao, R. C. Org. Magn. Reson. 
1979, 12, 61. 
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rable to the first step in eq 6 have been observed and reported 
for the conversion of planar $-SoO, S e a ,  and RNCS ligands 
to the corresponding carbonyl, thiocarbonyl, and isocyanide 
ligands.38 Following this pathway, the related q2-S20 complex 
could give an q2-S0 complex: 

Hoots, Lesch, and Rauchfuss 

Two noteworthy features of these reactions are that the un- 
substituted, endocyclic chalcogenide atom is the most nu- 
cleophilic site and chalcogenide atom transfer is particularly 
facile for s2-ECE' (where E # E'). The reverse of this reaction 
type is exhibited by the addition of chalcogens to Roper's 
osmium carbyne complex (eq 8).39 

PR3 R' 

PRs PR3 

In the case of [Ir(S20)(dppe)2]+, the addition of PPh3 at 
25 OC resulted in the formation of Ph3PS, little Ph3P0, and 
no [Ir(S,)(dppe),]+. No evidence supporting the stability of 
a [Ir(SO)(dppe)2]+ complex was obtained. Similarly, treat- 
ment of Cp2Nb(S20)C1 with even a deficiency of PPh, pro- 
duced only Cp2Nb(0)C1 and 2 equiv of Ph3PS. In view of 
the absence of any Ph3P0 and by assuming the stepwise loss 
of sulfur from Cp2Nb(S20)Cl, we conclude that Cp2Nb(SO)Cl 
is formed but is a more active S-transfer reagent than is its 
precursor. These experiments support the idea that the un- 
substituted chalcogenide atom is the most electrophilic site, 
but isolation of a monometallic q2-S0 ligand apparently re- 
quires special stabilizing features. 

An attempt was made to synthesize [Ir(SO)(dppe)2]+ from 
sulfur monoxide generated in situ. The episulfoxide derivative 
of trans-stilbene is known to thermally eliminate SO con- 
comitant with the formation of the olefin.''" This reaction has 
been used in the preparation of "[RhCl(SO)(PPh3)2]2",8 al- 
though our results indicate an S 2 0  complex should be con- 
sidered. The episulfoxide does not react directly with [Ir- 
( d ~ p e ) ~ ] +  in solution, but upon warming to the decomposition 
temperature (40 "C) of the episulfoxide, the orange Ir(1) 
species is rapidly consumed. The principal product is [Ir- 
(S2O)(dppe),]', as established by 'H NMR analysis. Under 
comparable conditions, sulfur monoxide is known to rapidly 
dimerize to S202 with subsequent disproportionation to S20 
and S02.41 Thus, it would appear that the rate of addition 
of SO to [Ir(dppe),]+ is significantly slower than the facile 
autodecomposition of SO. 

In view of our inability to isolate complexes containing the 
q2-S0 ligand, it might be argued that heterodichalcogenide 
ligands are inherently unstable. We have proven this not to 
be the case. Previously, we showed that Cp2TiSe, rapidly 
reacts with [Ir(dppe)2]C1, giving the Sez complex.42 By em- 
ploying Cp,TiS3~e+~ ( x  = 2)43 as a chalcogen source, we have 

(38) Ibers, J. A. Chem. Soc. Rev. 1982,1I, 57. Werner, H.; Kolb, 0. Angew. 
Chem., Inr. Ed. Engl. 1979, 18, 865. van Gaal, H. L. M.; Verlaan, J. 
P. J. J .  Organomer. Chem. 1977, 133, 93. Robinson, S. D.; Sahajpal, 
A. J .  Organomet. Chem. 1976, 111, C26. 

(39) Clark, G. R.; Marsden, K.; Roper, W. R.; Wright, L. J. J.  Am. Chem. 
SOC. 1980, 102, 6570. 

(40) Kondo, K.; Negishi, A. Tetrahedron 1971, 27, 4821. 
(41) Herron, J. T.; Huie, R. E. Chem. Phys. Leu. 1980, 76, 322. Murthy, 

A. R. V.; Kutty, T. R. N.; Sharma, D. K. Inr. J .  Sulfur Chem., Parr 
B 1971, 6, 161. 

(42) Bolinger, C. M.; Hoots, J. E.; Rauchfuss, T. B. Organometallics 1982, 
I ,  223. 

Figure 5. 360-MHz 'H NMR spectrum (high-field ortho phenyl 
proton region) of the mixture [Ir(EE')(dp~e)~]+ with EE' = SSe, Se2, 
and Sz. 

prepared a mixture of S2, Se2, and SSe complexes from [Ir- 
( d ~ p e ) ~ ] C l .  While we have not been able to obtain [Ir- 
(SSe)(d~pe)~] Cl(7) in pure form by fractional crystallization, 
both 'H NMR (Figure 5 )  and field-desorption mass spec- 
trometry provide unequivocal proof of its existence as a stable 
molecular entity. A FD-MS of a 1:l mixture of the iridium 
S2 and Se2 complexes showed molecular ions only for those 
two species, thereby eliminating the possibility that significant 
quantities of 7 were formed in the probe. Our results indicate 
other q2-SSe complexes should also be stable. 
Summary 

This work has established the utility of organic peracids for 
the oxidation of p3-E (E = S, Se, Te) and q2-E2 (E = S, Se) 
ligands. These results complement the findings of the 
Deutsch" and Sargeson  group^,^ who have prepared a variety 
of cobalt(II1) complexes of organosulfur oxides by hydrogen 
peroxide oxidations. In our studies successful peracid oxidation 
occurred only for those chalcogen complexes conforming to 
the EAN rule. This is most evident in the nonoxidizability 
of the 16-e complex Cp2TiS5, which contrasts with the facility 
of the oxidation of Cp2Nb(S2)Cl. 

The kinetic inertness of the S 2 0  complexes permitted ex- 
amination of the ligand-centered reactivity. Reactions of 
[Ir(S20)(dppe),]C1 and Cp2Nb(S20)Cl with Ph,P indicate 
that the unsubstituted sulfur is the most electrophilic site on 
the ligands. This polarization may explain why the E 2 0  (E 
= S, Se) species prepared in this work do not function as 
oxygen atom transfer agents. In fact these E 2 0  complexes 
closely resemble the corresponding [Ir(q2-E2CH3)(dppe)2]2+ 
species described earlier.21 The S2CH3 complex proved to be 
a highly electrophilic S atom transfer agent. These and other 
results indicate that the charge distribution in q2-cumulene 
ligands follows from the resonance forms 

/O- 
0- 

Consistent with this proposal, we find that [Ir(S20)- 

(43) Ginsberg, A. P.; LindseU, W. E.; Sprinkle, C. R.; West, K. W.; Cohen, 
R. L. Inorg. Chem. 1982,21,3666. Bolinger, C. M., Rauchfuss, T. B., 
unpublishd results. 

(44) Hieber, V. W.; Gruber, J. 2. Anorg. Allg. Chem. 1958, 296, 91. 
(45) Ketcham, R.; Shah, V. P. J.  Org. Chem. 1963, 28, 229. 
(46) Jackson, W. G.: Sargeson, A. M.; Whimp, P. 0. J.  Chem. SOC., Chem. . .  

Commun. 1976,934: 
(47) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. Inorg. Chem. 1981,20,2486. 

Touchard, D.; Le Bozec, H.; Dixneuf, P. H.; Carty, A. J. Inorg. Chem. 
1981, 20, 1811. 
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( d p ~ e ) ~ ] P F ~  undergoes facile 0-methylation giving [Ir- 
(S20CH3)(dppe)2]2+(PF6)2, which has been characterized by 
single-crystal X-ray diffraction. The latter undergoes de- 
sulfurization concomitant with CH3NC coordination affording 
a stable complex of SOCH,, a close relative of an ql-SO 
ligand.48 
Experimental Section 

All standard 'H and I3C{'HJNMR spectra were obtained (at 360 
and 90.5 MHz, respectively), as indicated, on a Nicolet NT-360 
spectrometer using internal references at 20 'C. 31P{1H) NMR spectra 
were obtained (at 40.5 MHz) on a modified Varian XL-100 spec- 
trometer at 30 OC using an external DzO lock with 85% H3P04 as 
an external reference (downfield shifts positive). IR spectra were 
obtained with KBr disks on a Perkin-Elmer 599B spectrophotometer. 
UV-vis spectra were recorded with a Varian Cary 219 spectropho- 
tometer. Field-desorption mass spectra were run on a Varian 73 1 
spectrometer by Carter Cook. Microanalyses were performed by our 
School of Chemical Sciences analytical laboratory. 

All reactions involving Ir(1) or Pt(0) compounds were performed 
under nitrogen. Reagent grade solvents and commercially available 
deuterated solvents were used, as indicated. CH2ClZ was distilled from 
P4O10 under nitrogen. The deuterated solvents were dried over 3-%r. 
molecular sieves and sparged with nitrogen when used as reaction 
solvents for air-sensitive compounds. For product workup, the solvents 
were anhydrous when purchased or were dried over 3-%r. molecular 
sieves. Counterion metathesis on products with BF4- or PF6- was 
performed by a method previously described.21 Chromatography was 
performed by using Bio-Beads S-X4 with CHzClz eluentz1 or with 
32-63 pm Woelm silica gel that was deactivated by exposing it to 
atmospheric moisture overnight. 3-Chloroperbenzoic acid (m-CPBA), 
40% peracetic acid, SOz(g), tris[3-(trifluoromethylhydroxy- 
methylene)-d-camphorato]europium(III) (Eu(tfc),), and (I?)-(-)- 
2,2,2-trifluoro-1-(9-anthryl)ethanol with rotation of [aIBD -29.8O (c 
6.04, CHC13) were purchased commercially. Iodometric titrations 
of the peracids were conducted to determine the amount of active 
oxygen present, with the weights and molar amounts listed in the 
preparative section corresponding to the amount of pure peracid added. 
[ Ir( Ez) (dppe)J C1 (E = S, Se) ,42943 ( CSHs),Nb( Sz)C1,26 FezPt( E),- 
(CO)6(PPh3)z (E = S, Se, Te),% Fe3(S)z(CO),,44 and Ph2(CH2)$3031-45 
are described in the literature. 

[Lr(&O)(dppe)#F6 (1). To a rapidly stirred, cold CHZCl2 solution 
(0 OC, -50 mL) of [Ir(S,)(dppe),]PF, (0.60 g, 0.50 mmol) was slowly 
added dropwise a CHZClz solution (15 mL) of m-CPBA (95 mg, 0.55 
mmol). The reaction mixture quickly changed from an orange to a 
yellow color. The solvent was removed under vacuum and the solids 
were slurried with about 15 mL of CH30H. The product was re- 
covered by suction filtration and washed several times with small 
amounts of cold CH30H. After the product was dried in vacuo at 
40 OC for 1 day, a 90% yield (0.55 g) of light yellow powder was 
realized. The complex is stable for extended periods as a solid, and 
thermal decomposition in solution commences at -80 OC. Anal. 
Calcd for CS2H48F61rOPSS2: C, 51.44; H, 3.99; P, 12.76; S, 5.28. 
Found: C, 51.05; H, 3.79; P, 12.85; S, 5.43. IR analysis showed a 
single vm band with no evidence for overoxidation to the S202 complex. 

To a stirred solution of [Ir(Sz)- 
( d p ~ e ) ~ ] P F ~  (0.32 g, 0.27 mmol) in CHzC12 (50 mL) was added a 
CHZCl2 (20 mL) solution of m-CPBA (0.14 g, 0.81 mmol). The 
reaction mixture quickly changed from an orange to a yellow color, 
and the color deepened further over a 30-min period. The solvent 
was removed on a rotary evaporator, and a standard counterion 
metathesis with NH4PF6 was performed. The solids were recrystallized 
from CHzClz/diethyl ether, and yellow microcrystals were recovered 
by suction filtration. After the product was dried in vacuo, a 75% 
yield (0.24 g) was realized. Anal. Calcd for C52H48F61r0zP5S2: C, 
50.77; H, 3.93; P, 12.59; S, 5.21. Found C, 50.47; H, 3.87; P, 12.50; 
S, 5.37. Very slow decomposition (weeks) of the complex was observed 
both as a solid and in solution, with low yields (-25%) of [Ir- 
( S 2 0 )  ( d p ~ e ) ~ ] +  produced. 

Attempts at an analogous oxidation of [Ir(S,)(dppe),]Cl using 
2.0-2.5 equiv of m-CPBA produced only the SzO complex with yields 
diminishing as the amount of m-CPBA increased. 

[Ir(S202)(dppe)2]PF6 (2). 

(48) Hoots, J. E.; Rauchfuss, T. B.; Wilson, S. R. J .  Chem. SOC., Chem. 
Commun. 1983, 1226. 
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Table 111. Electronic and Infrared Spectral Data 
electronic data 
(325-800 run),'" infrared data,c 

comulex nm cm-' 

* CH,Cl, solvent. Adsorptions usually are shoulders of large 
UV bands with true E values not readily obtained. E = 5300 
M" cm-'. In Nujol, unless otherwise indicated. Values 
show some variation between samples, possibly concentration 
dependent. e Thin film. Overlaps C-H (in-plane) deformation 
of Cp absorption band. u s 0  and uco values comparable to 
literature values.' 

[Ir(SezO)(dppe)JPF6 (3). A CH2ClZ solution of peracetic acid (0.4 
M) was added dropwise to a stirred CHzClz solution (25 mL) of 
[Ir(%$(dppe),]PF, (0.67 g, 0.52 mmol) at -10 "C under N2 Additon 
of the peracid was continued until the solution changed from green 
to light yellow. The solution was concentrated in vacuo and then 
diluted with Et20 (35 mL). The solids that precipitated were washed 
with EtzO and recrystallized from CHZCl2 solution. The compound 
was recovered by suction filtration and dried in vacuo. An 80% yield 
(0.56 g) of yellow-orange powder was realized. Anal. Calcd for 
C S Z H ~ ~ F ~ I T O P ~ S ~ Z :  c ,  47.74; H, 3.70; P, 11.84. Found: c ,  47.20; 
H, 3.94; P, 12.27. In chloroform solution, slow reversion to the green 
[Ir(Sez)(dppe)z]PF6 complex was observed. As a solid, the complex 
undergoes very slow decomposition. 

An analogous p r d u r e  using [Ir(Se2)(dppe)2]C1, followed by BF4- 
metathesis, gave similar results. IR data for the BF4- salt is listed 
in Table 111. 

[Ir(SO2)(dppe)$'F6. [ I r ( d ~ p e ) ~ ] P F ~  (36 mg) was dissolved in 2.5 
mL of CDCl, in an Nz-flushed 12-mm NMR tube. The solution was 
saturated with SOz@), which induced a rapid color change from orange 
to yellow. The product was analyzed by 31P NMR spectroscopy. 
Similar techniques with a 5-mm tube were used in the 'H NMR 
studies. The SO2 ligand is very labile since sparging the solution with 
Nz or evaporation of the solvent results in recovery of [Ir(dppe)z]PF6. 

Reaction of [Ir(SezO)(dppe)z]PF6 and CH3CHzSH. To a solution 
of [Ir(Se20)(dppe)z]PF6 (5.0 mg, 3.8 pmol) in CH2C12 (2 mL) was 
added ethanethiol (1.1 pL, 15 pmol). The solution was allowed to 
react for 8 h at 25 OC. After several hours, a green coloration from 
the [Ir(Sez)(dppe)2]+ product was apparent. The reaction mixture 
was analyzed by 360-MHz 'H NMR spectroscopy, which revealed 
the presence of ethyl disulfide and residual ethanethiol in approximately 
an equimolar ratio. 

(C5Hs)2Nb(Sz0)Cl (4). To a stirred solution of (C5Hs)zNb(Sz)C1 
(0.10 g, 0.31 mmol) in CH2ClZ (40 mL) was added dropwise 15 mL 
of a CHZClz solution containing a slight molar excess of peracetic 
acid. The solution quickly turned from a dark red-brown to a light 
yellow-orange color. The solution was concentrated to about 15 mL 
and then diluted with hexanes (30 mL); further concentration to - 15 
mL precipitated the crude product. 'H NMR spectroscopy (90 MHz) 
indicated a mixture of 85% CpzNb(S20)Cl and 15% CpzNb(0)C1 
was present. The solids were redissolved in a minimum of CHzClz 
and purified by silica gel flash chromatography (10-cm column) with 
9:l CHzC12/acetone eluent. The yellow band that slowly eluted was 
collected and the solvent evaporated to dryness. A 52% yield (56 mg) 
of yellow-orange powder was obtained. IR (Nujol): vs0 = - 1029 
(s) cm-' and vMs2 = 520 cm-'. Anal. Calcd for CloHloClNbOS2: 
C, 35.46; H, 2.98; S, 18.93; C1, 10.47. Found: C, 35.52; H, 3.08; 
S, 18.76; C1, 10.34. FD-MS: m/e (%) 338 (100, M+) and 326 (19, 
M+ - S). In solution, the product will decompose after several days 
to CpzNb(0)C1 and elemental sulfur. The purity of the CpzNb- 
(SzO)Cl can be easily determined by 'H NMR spectroscopy or silica 
gel TLC. "C NMR (CDC13): d 111.3 (s) and 115.3 (s). 

Fe,(SO)(S)(CO), (5). To a stirred solution of Fe3(S),(CO), (0.10 
g, 0.21 mmol) in CH2C12 (25 mL) was added dropwise a solution of 
40% peracetic acid (3.0 mmol) in CH2C12 (0.5 mL). Progress of the 
reaction was followed by silica gel TLC with benzene eluent. The 
reaction mixture was successively washed with saturated aqueous 
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NaHC03 solution, 5% w/v aqueous NaHC03 solution, and then water. 
Finally, the organic layer was dried over Na2S04 and decanted, and 
the solvent was removed on a rotary evaporator. A yield of 69% (71 
mg) of the dark purple microcrystals was realized. The identity and 
purity of the complex was verified by comparison of the IR and silica 
gel TLC results with those of an independently prepared sample. 

g, 0.41 rnmol) and Pt(PPh3),(C2H4) (0.31 g, 0.41 mmol) was dissolved 
with CH2C12 (50 mL). The reaction mixture was stirred for 10 min, 
and then m-chloroperoxybenzoic acid (0.20 g, 1.2 mmol) was added. 
The red color of the reaction mixture darkened, and the solution was 
allowed to stir for 30 min. The solution was washed with saturated 
aqueous NaHC03 solution (3 X 100 mL) and then 100 mL of H20. 
The organic layer was dried over Na2S04, and solids were removed 
via filtration. Hexanes were added to the filtrate, and the solution 
was concentrated to a small volume on a rotary evaporator. The 
product was isolated by filtration and washed with hexanes. After 
the product was dried in vacuo, a 62% yield (0.27 g) of red crystals 
was obtained. Anal. Calcd for C42H30Fe207P2PtS2: C, 46.72; H, 
2.80; P, 5.74; S, 5.94. Found: C, 46.62; H, 2.79; P, 5.53; S, 5.86. 
FD-MS: m/e 1080 (M'). 

[Ir(SSe)(dppe)21CI (7). A mixture of [Ir(dppe),]Cl (50 mg, 49 
@mol) and (MeCp),TS&, ( x  - 2; 25 mg, -50 rmol) was dissolved 
with 1,2-dichloroethane (20 mL). The reaction mixture was stirred 
for 20 min, and then the solvent was evaporated in vacuo. The solids 
were redissolved in CH2C12, and the iridium-containing products were 
isolated by gel permeation chromatography on Bio-Beads S-X4 with 

F e 2 ~ ( ~ ) s ( c o ) 6 ( P P b ~ ) 2  (6). A mixture Of Fe2(s,)(co)6 (0.14 

CH2C12 elution. The green fraction, which eluted first, was collected 
and the solvent removed under vacuum. 'H NMR (360 MHz) 
spectroscopy indicated a mixture of products with cis stereochemistry 
comprised of 17% [Ir(SSe)(dppe)2]+, 75% [Ir(Se,)(dppe),]+, and 6% 
[Ir(S2)(dppe)2]+. FD-MS for the SSe complex: m/e 1101 (M+), 
with the signal intensities of the isotopic cluster closely matching a 
computer-simulated pattern. Attempts at fractional crystallization 
of pure [I r (SSe)(d~pe)~]+ from the product mixture were not suc- 
cessful. 
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Samples of nonstoichiometric iron(I1) oxide, Fe,O, have been studied by polarized neutron diffraction, at 45 K, and Mijssbauer 
spectroscopy, at 4.2 and 78 K. The neutron measurements, on samples of compositions F%,9260 and Feo,9430, show that 
antiferromagnetic order is maintained in the vicinity of defect clusters. In the intercluster region the spin direction is 
approximately 30" from [ 11 11, but close to the defects it is about 35" from the (1 11) plane. The spin structure is approximately 
collinear at the local level. The M h b a u e r  spectra of a sample of composition FQ,~,*O are extremely complex. They have 
been fitted to a model involving one iron(II1) hyperfine sextet, two iron(I1) hyperfine sextets, and an iron(II1) quadrupole 
doublet with a very large splitting (3.8 mm s-'). The doublet is ascribed to the iron(II1) tetrahedral interstitials, which 
may be paramagnetic or spin paired with adjacent interstitials. 

Introduction 

Nonstoichiometric wiistite, FerO, adopts the  rock salt 
structure above its magnetic-ordering temperature. The  de- 
ficienty of iron is accommodated by octahedral iron vacancies 
tha t  are associated with tetrahedral interstitials to form 
clusters.' The simplest defect cluster is the 4:l unit, containing 
four octahedral iron vacancies around a single tetrahedral 
interstitial (Figure 1 a)) ,  but X-ray and neutron diffraction 
measurements of the vacancy: interstitial ratio point to more 
extended  aggregate^.^-^ Theoretical calculations favor 
edgeshared clusters such as the 6:2 (Figure lb )  and 8:3 units: 
T h e  creation of iron vacancies in iron(I1) oxide is, of course, 
accompanied by the  formation of iron(III), and in order to 
balance the charge locally, the iron(II1) is thought to be located 
a t  the  interstitial positions and in the immediate vicinity of 

To whom correspondence should be. addressed: A.K.C., Oxford Univ- 
ersity; G.J.L., University of Missouri-Rolla. 

the clusters.6 A surprising feature  of the 6:2 and related 
moieties is that the Fe(II1)-Fe(II1) distance between adjacent 
tetrhedral interstitials is very short (ca. 2.1 A) and is certainly 
in the range where appreciable metal-metal interaction would 
seem likely. 

The bulk magnetic properties of wiistite are well-known and 
indicate that it is antiferromagnetic below ca. 195 K, with the 
exact N k l  temperature depending upon y.' Neutron dif- 
fraction measurements obtained below TN show that  it un- 
dergoes a rhombohedral distortion (a < 60°) and that the bulk 
of the iron spins are aligned along the  [ 11 11 axis of the cell; 
a increases with decreasing y.' Alternate (1 11) sheets are 
ferromagnetic and have a and 0 spins, respectively. A re- 
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