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Abstract 

The reaction between Fe2(C0)&& (1) and 
(THF)Cu($-Cp*) (where Cp* = C,Me,) has been 
examined in THF at -78 “C. Rapid and efficient 
insertion of the carbene like fragment Cu($-Cp*) 
into the S-S bond of 1 affords the mixed-metal 
arachno cluster Fe2(C0)&s-S)&u($-Cp*) (2). 
Reaction of 1 with LiEtsBH and MeLi at -78 “C 
gives the corresponding cluster radical anion 
Fe2(C0)&3-S)&u($-Cp*)‘- (3) without the spec- 
troscopic intermediacy of CO-based reduction prod- 
ucts. The thermal stability of 2 and 3 is described. 

Introduction 

The preparation and characterization of hetero- 
nuclear copper-containing clusters remains an under- 
developed area of cluster chemistry [ 1,2]. Interest 
in such systems stems from their ability to function 
as models for alloy catalysts [3] and in the manu- 
facture of mixed-metal thin films [4] by chemical 
vapor deposition (CVD) processes [5]. Copper- 
containing mixed-metal thin films are particularly 
attractive in connection with shape memory effect 
(SME) alloy films and their ultimate replacement 
of the more expensive SME alloys based on Ni-Ti 
(Nitinol) [ 61. 

Mixed-metal clusters derived from FeZ(C0)6- 
(pZ-S) have been described and are easily formed 
from the insertion of low-valent organometallic 
complexes into the S-S bond of 1 [7-111. Such 
reactions are analogous to the insertion reactions 
involving carbenes [12] since the majority of the 
organometallic complexes used afford metal frag- 
ments that are isolobal with CH2 [ 131. Given our 
interest in mixed-metal copper clusters and the 
high reactivity of the S-S bond in 1 towards carbene 
equivalents, we report our results for the reaction 
between (THF)Cu($-Cp*) and Fe2(CO)&-S)e to 
give Fe2(C0)6&-S)2Cu($-Cp*). The solvated 
copper complex is an excellent low-temperature 
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source of the carbene equivalent ‘Cu($-Cp*)’ (for- 
mally a d” ML3 fragment) [13] that has been used 
in other cluster assembly reactions [ 141. 

Results and Discussion 

Synthesis of Fe2(CO)6(~3-S)2Cu(~5-Cp*) 
The reaction between FeZ(C0)&2-S)2 [ 151 

and (THF)Cu($-Cp*) in THF at -78 “C proceeds 
rapidly to give a red solution containing the arachno 
cluster Fe2(C0)&3-S)2Cu($-Cp*). The formation 
of 2 is best viewed by insertion of the Cu($-Cp*) 
fragment into the S-S bond of 1. Low-temperature 
FT-IR analysis indicates that 2 forms in quantitative 
yield upon the addition of 1 to (THF)Cu($-Cp*). 
Figure l(a) shows the low-temperature IR spectrum 
of 2 where carbonyl stretching bands at 2043(s), 
2Oll(vs), 1969(s) and 1958(s) cm-’ are observed. 
The shift in the CO bands of 2 to lower frequency 
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Fig. 1. Infrared spectra of the carbonyl region for (a) Fez- 
(CO)&~-S)~Cu(~sCp*) (2) and (b) Fe&O)&3-S)$u(qS- 
Cp*)*- (3). Both spectra were recorded in THF at -70 “C. 
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relative to 1 coupled with the spectral similarity 
to other reported mixed-metal arachno clusters of 
this genre supports the structure of 2 as shown in 
eqn. (1) [7,8a, 16, 171. Furthermore, the poly- 
hedral skeletal electron pair (PSEP) theory also 
predicts the formation of an arachno cluster geom- 
etry upon Cu($-Cp*) insertion into the S-S bond 
of 1 [18,19]. 

cP* 

(THFICuCp* 

-FeK0)3 ,_ 

1 2 (1) 
NIOO ARACHNO 

2 was observed to be stable at -78 “C for a period 
of one month (less than 5% decomposition). The 
isolation of 2 has been hampered due to its decom- 
position at room temperature. IR spectral analysis 
of the solution containing decomposed 2 revealed 
minor amounts of 1 and Fes(CO)&u& [15] as 
the only identifiable carbonyl-containing materials. 
The accompanying insoluble black precipitate has 
not been fully characterized and is possibly some 
form of copper and/or iron sulfide (Cur, ZS or Fe r, zS) 
[20]. Efforts are being made to characterize this 
unknown solid material. 

Redox Reactivity of Fe2(CO)6(~3-S)2Cu($-Cp*) 
Next we examined the reaction between 2 and 

reducing agents as part of our interest in polynuclear 
reduction processes [21]. Treatment of 2 in THF 
at -78 “C with 1.0 eq. of LiEtaBH led to the genera- 
tion of a new species in essentially quantitative 
yield based on IR analysis. The low-temperature 
IR spectrum (-70 “C) exhibited four carbonyl 
stretching bands at 2030(s), 1986(vs), 1949(s) and 
1934(s) cm-‘. Use of MeLi (1 .O eq.) also gave the 
same IR spectrum. Based on the absence of a low 
frequency formyl(acy1) C-O stretching band be- 
tween 1650-1500 cm-’ [22], we can rule out a 
CO reduction pathway (i.e. Fe-CO -+ Fe-C(O)- 
H(Me)-). The similarity of both IR spectra suggests 
that both reactions proceed by a single-electron 
transfer mechanism to give the corresponding cluster 
radical anion Fez(C0)&3-S)zCu(g5-Cp*)*V (3) as 
shown in eqn. (2). 

CP* CP* I 

2 3 (2) 

At no point in these reactions was any evidence 
obtained for the spectroscopic intermediacy of 
reduction products derived from CO, ps-S or direct 
metal (Fe or Cu) attack. Such intermediates could, 
however, serve as precursors to 3. While hydrides 
and RLi reagents typically function as two-electron 
reducing agents, there is ample literature precedence 
where these reagents function as single-electron 
reagents [23]. Moreover, we have observed similar 
reduction behavior with the known clusters XCCoa- 
(CO), (where X = Ph, Me, Cl and Br) and PhPFe- 
COAX 1241. Low-temperature IR studies 
(-78 “C) have shown that alkyl(ary1) lithiums and 
Grignard reagents react to give the known poly- 
nuclear radical anions [25]. 

Confirmatory proof for the existence of 3 derives 
from its independent generation using a known 
one-electron reducing agent. For example, 2 reacts 
with sodium naphthalide (1 .O eq.) in THF at 
-78 “C to give an IR spectrum identical to that 
obtained using LiEtsBH and MeLi. Figure l(b) 
shows the low-temperature IR spectrum of 3 re- 
corded using sodium naphthalide. The IR spectrum 
of 3 resembles that of 2, except for the expected 
low frequency shift in the CO bands of 3 relative to 
2. The spectral similarity between 2 and 3 indicates 
that 3 maintains an arachno polyhedron upon elec- 
tron accession. This trend is well documented in 
other chemical and electrochemical reduction reac- 
tions involving close and nido clusters (251. 

The highest frequency CO band in 3 is - 13 
cm-’ lower in frequency while the other three bands 
are -22 cm-’ lower in frequency relative to 2. 
Interestingly enough, this same trend is also ob- 
served in the related paramagnetic arachno clusters 
Fe2(CO)&,-S),Pt(L-L)‘- (where L-L = 1,5-COD, 
2,2’-bpy and I,lO-phen) [24]. Other well-docu- 
mented examples of paramagnetic clusters reveal 
a -60 cm-’ shift in the C-O stretching bands to 
lower frequency relative to the neutral parent cluster 
[21a, 261. The magnitude of the observed CO shift 
in the latter paramagnetic clusters is presumably 
a manifestation of complete electron delocalization 
over the polyhedral core, consistent with such clus- 
ters functioning as class III charge-transfer com- 
plexes [27]. Although the exact reason(s) why the 
CO bands of 3 and the related arachno platinum 
analogues (vide supra) do not exhibit a 60 cm-’ 
low frequency shift is not known, we suspect that 
the odd electron is not completely delocalized over 
the two Fe(CO)a centers. Such a situation would 
minimize the amount of rr* backbonding available 
to the Fe(CO)s, resulting in only small CO frequency 
shifts. The extent of electron delocalization in this 
family of paramagnetic clusters is currently being 
examined using electrochemical and EPR techniques. 

3 is less stable than 2 as 3 decomposes over a 
period of one week at -78 “C to give 2 with material 



loss. 3 may be oxidized back to 2 using [Cp,Fe]- 
[BF,] (1.1 eq.) in 88% yield and, thus, reinforces 
the paramagnetic nature of 3. Finally, since the 
electron-transfer between 2 and cobaltocene was 
unsuccessful, we can assume that the reduction 
potential for 2 + 3 must lie in the range of - - 1.0 
to -2.0 V versus SCE [28]. 

The synthesis of other mixed-metal iron-copper 
clusters is planned and the redox reactivity of these 
systems and the related iron-platinum clusters will 
be reported in due course. 

Experimental 

Materials 
Fez(CO)&z-S)Z was prepared according to the 

procedure of Hieber and Gruber [ 151. LiEtsBH 
(1.0 M in THF), MeLi (1.4 M in Et,O) and CuCl 
were purchased from Aldrich and used as received. 
Pentamethylcyclopentadiene was prepared from 
known literature procedures [29]. 0.5 M sodium 
naphthalide (in THF) was prepared according to 
the method of Fieser and Fieser [30] while 
[Cp,Fe] [BF,] was synthesized using the procedure 
of Gray and coworkers [31]. All reactions were 
conducted under argon using Schlenk techniques 
[32] or in a nitrogen filled Vacuum Atmosphere 
DL series inert-atmosphere Dri-box. THF was dis- 
tilled from sodium/benzophenone ketyl and stored 
under argon in Schlenk vessels. 

Routine infrared spectra were recorded on a 
Nicolet 20SXB FT-IR spectrometer in 0.1 mm 
NaCl cells. Low-temperature IR spectra were re- 
corded on the same spectrometer with a Specac 
Model P/N 2 1 .OOO variable-temperature cell equip- 
ped with inner and outer CaF, windows. Dry ice/ 
acetone was used as coolant, and the reported cell 
temperature, taken to be accurate to ?l “C, was 
determined with a copper-constantan thermo- 
couple. 

Synthesis of Fe,(CO)6(~~-S)zctl(qs-Cp*) 
To 50 ml of THF containing 0.30 mmol of (THF)- 

Cu($-Cp*) at -78 “C was added 0.1 g (0.29 mmol) 
of Fe2(C0)&2-S)2 under argon flush. The solution 
was stirred at -78 “C for one hour, and then moni- 
tored by IR spectroscopy. Due to the thermal in- 
stability of Fe2(C0)6(~3-S)2Cu(ns-Cp*), no attempt 
was made to isolate the product. IR (THF, -70 “C): 
vC0 2043(s), 201 l(vs), 1969(s) and 1958(s) cm-i. 

Reaction of 2 with Reducing Agents 
In a typical experiment, 0.035 mmol of Fez- 

(CO)&3-S)1Cu(~5-Cp*) in -20 ml of THF at 
-78 “C was treated with 1.0 mol eq. of the desired 
reducing agent. The reaction giving paramagnetic 
3 was monitored by low-temperature IR spectro- 
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scopy. IR (THF, -70 “C): vC0 2030(s), 1986(vs), 
1949(s) and 1939(s) cm-‘. 

(CpzFeJ(BF4/ Oxidation of Fez(COj6(p3-S),Cu(q,‘- 
cp*j 

To the solution obtained above using sodium 
naphthalide in THF at -78 “C was added 9.6 mg 
(0.035 mmol) of [CpzFe] [BF,] under argon flush. 
The oxidation reaction was judged to be instan- 
taneous based on immediate IR monitoring of the 
solution which indicated the presence of cluster 2 
(88%). The yield of 2 was calculated by using the 
initial and final absorbance value of the 2043 cm-r 
CO band of 2. 

Acknowledgements 

We are grateful to the Robert A. Welch Founda- 
tion and the UNT faculty research program for 
financial support. 

References 

K. Wade, in B. F. G. Johnson (ed.), Transition Metal 
Clusters, Wiley, New York, 1980, Ch. 3. 
(a) G. Doyle, K. A. Eriksen and D. Van Engen. Organo- 
metallics, b (1985) 877; (b) C. Doyle, Kr A. Eriksen 
and D. Van Ennen. J. Am. Chem. Sot.. 107 (1985) 
97 14, and refs. therein. 
(a) A. Brenner, in M. Moskovits (ed.), Metal Clusters, 
Wiley, New York, 1986, Ch. 9; (b) J. H. Sinfelt, Bi- 
metallic Catalysis, Wiley, New York, 1983. 
(a) J. V. Marzik, L. G. Carreiro and G. Davies, J. Mawr. 
Sci., 7 (1988) 853; (b) F. A. Houle, C. R. Jones, T. 
Baum, C. Pica and C. A. Kovac, Appl. Phys. Lett., 46 
(1985) 204: (c) D. Seners. J. Van Humbeeck. L. Delaey, 
M. Dorikens and L- Do&ens-Vanpraet, Appl. Phyx 
Sect. A, 36 (1985) 179. 
(a) D. J. Ehrlich and J. Y. Tsao, J. Vat. Sci. Technol. 
B, I (1983) 969; (b) D. R. Biswas, J. Mater. Sci., 2Z 
(1986) 2217; (c) R. D. Dupuis, Science, 226 (1984) 
623; (d) 1. P. Herman, Chem. Rev., 89 (1989) 1323, 
and refs. therein. 
C. Lopez de1 Castillo, M. L. Blazquez, C. Gomez, B. G. 
Mellor, N. de Diego and J. de1 Rio, J. Mater. Sci., 23 
(1988) 3379. 
(a) D. Seyferth, R. S. Henderson and L. C. Song, Organo- 
metallics, I (1982) 125; (b) D. Seyferth, R. S. Henderson 
and M. K. Gallagher, J. Organomet. Chem., I93 (1980) 
C75; (c) M. Cowie, R. L. DeKock, T. R. Wagenmaker, 
D. Seyferth, R. S. Henderson and M. K. Gallagher, 
Organometallics, 8 (1989) 119; (d) D. Seyferth and 
R. S. Henderson, J. Organomet. Chem., 204 (1981) 
333. 
(a) V. W. Day, D. A. Lesch and T. B. Rauchfuss, J. Am. 
Chem. Sot., 104 (1982) 1290; (b) T. D. Weatherill, 
T. B. Rauchfuss and R. A. Scott, Inorg. Chem., 25 
(1986) 1466. 
P. D. Williams, M. D. Curtis, D. N. Duffy and W. M. 
Butler, Organometallics, 2 (1983) 15 1. 



64 

10 Y. Walatsuki, H. Yamazaki and G. Cheng, J. Organomet. 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Chem., 347 (1988) 151. 
(a) I. L. Eremenko, A. A. Pasynskii, A. S. Abdulaev, 
A. S. Aliev, B. Orazsakhatov, S. A. Sleptsova, A. I. 
Nekhaev, V. E. Shklover and Y. T. Struchkov, J. Or- 
ganomet. Chern., 365 (1989) 297; (b) I. L. Eremenko, 
A. A. Pasynskii, A. S. Katugin, V. R. Zalmanovitch, 
B. Orazsakhatov, S. A. Sleptsova, A. I. Nekhaev, V. V. 
Kaverin, 0. G. Ellert, V. M. Novotortsev, A. I. Yanov- 
sky, V. E. Shklover and Y. T. Struchkov. J. Oranomet. 
Chem., 365 (1989) 325. 

- 

(a) T. L. Gilchrist and C. W. Rees, Carbenes, Nitrenes 
and Arynes, Nelson, London, 1969; (b) J. March, Adu- 
anced Organic Chemistry, Wiley, New York, 3rd edn., 
1985. 
(a) R. Hoffmann, Angew. Chem., Int. Ed. Engl., 21 
(1982) 711; (b) T. A. Albright, J. K. Burdett and M. H. 
Whangbo, Orbital Interactions in Chemistry, Wiley, 
New York, 1985. 
(a) G. A. Carriedo, J. A. K. Howard and F. G. A. Stone, 
J. Chem. Sot., Dalton Trans., (1984) 1555; (b) S. J. 
Dossett, A. F. Hill, J. A. K. Howard, B. A. Nasir, T. P. 
Spaniol, P. Sherwood and F. G. A, Stone, J. Chem. Sot., 
Dalton Trans., (1989) 1871; (c) A. F. Hill, F. Marken, 
B. A. Nasir and F. G. A. Stone, J. Organomet. Chem., 
363 (1989) 311. 
W. Hieber and J. Gruber, 2. Anorg. Allg. Chem.. 296 
(1958) 91. 
P. Mathur, I. J. Mavunkal and V. Rugmini, J. Orgartomet. 
Chem., 367 (1989) 243. 
W. H. Watson, A. Nagl, M. J. Don and M. G. Richmond, 
unpublished results. 
(a) K. Wade, Adv. Inorg. Chem. Radiochem., 18 (1976) 
1; (b) D. M. P. Mingos, Narure (London) Phys. Sci., 
236 (1972) 99. 
(a) B. K. Tea, Inorn. Chem., 23 (1984) 1251: (b) B. K. 
Teo, G. Longoni and F. R. K. Chung, jnorg. &m., 23 
(1984) 1257. 
F. A. Cotton and G. Wilkinson, Advanced Inorganic 
Chemistry, Wiley, New York, 5th edn., 1988. 
(a) D. S. Dumond and M. G. Richmond, J. Am. Chem. 
Sot., 110 (1988) 7548; (b) D. S. Dumond, S. Hwang 
and M. G. Richmond, Inorg. Chim. Acta, 160 (1989) 
135; (c) M. G. Richmond and J. K. Kochi, Organo- 

22 
23 

24 
25 

26 

27 

28 

29 

30 

31 

32 

metatlics, 6 (1987) 777; (d) M. G. Richmond and J. K. 
Kochi. J. Oranomet. Chem.. 323 (1987) 219. 
J. A. Gladys;, Adv. Organomet. &em.. 20 (1982) 1. 
(a) R. L. Bedard and L. F. Dahl, J. Am. Chem. Sot., 108 
(1986) 5942; (b) P. Michaud, D. Astruc and J. H. Am- 
meter, J. Am. Chem. Sot., 104 (1982) 3755; (c) D. 
Astruc, Act. Chem. Res., I2 (1986) 377; (d) D. Tou- 
chard, J. L. Fillaut, D. V. Khasnis, P. H. Dixneuf, C. 
Mealli, D. Masi and L. Toupet, Organometallics, 7 (1988) 
67. 
M. J. Don and M. G. Richmond, unpublished results. 
(a) H. Beurich, T. Madach, F. Richter and H. Vahren- 
kamp, Angew. Chem., Int. Ed. Engl.. 18 (1979) 690; 
(b) U. Honrath and H. Vahrenkamp, 2. Naturforsch., 
Teil B, 39 (1984) 555; (c) P. N. Lindsay, B. M. Peake, 
B. H. Robinson, J. Simpson, U. Honrath, H. Vahren- 
kamp and A. M. Bond, Organometaliics, 3 (1984) 413; 
(d) R. L. Bedard, A. D. Roe and L. F. DahI, J. Am. 
Chem. Sot., 108 (1986) 5924; (e) J. T. Jaeger, J. S. 
Field, D. Collison, G. P. Speck, B. M. Peake, J. Hahnle 
and H. Vahrenkamp, Organometaliics, 7 (1988) 1753; 
(f) W. E. Geiger, Prog. Inorg. Chem., 33 (1985) 275. 
(a) B. M. Peake, B. H. Robinson, J. Simpson and D. J. 
Watson, Inorg. Chem., 16 (1977) 405; (b) B. K. Teo, 
M. B. Hall, R. F. Fenske and L. F. Dahl. J. Oraanomet. 
Chem., 70 (1974) 413; (c) H. H. Ohst and J. K. Kochi, 
J. Am. Chem. Sot., 108 (1986) 2897; (d) H. H. Ohst 
and J. K. Kochi. Inorn. Chem.. 25 (1986) 2066. 
(a) M. D. Robin and P. Day; Ad;. Inoig. Chem. Radio- 
them., IO (1967) 248; (b) R. D. Cannon, Adv. Inorg. 
Chem. Radiochem., 21 (1978) 179; (c) H. Taube, Angew. 
Chem., In!. Ed. Engl., 23 (1984) 329. 
(a) W. E. Geiger, Jr., J. Am. Chem. Sac.. 96 (1974) 
2632; (b) A. J. Bard and L. R. Faulkner, Electrochemical 
Methods, Wiley, New York, 1980. 
(a) R. S. Threlkel and J. E. Bercaw, J. Organomet. Chem., 
136 (1977) 1; (b) F. X. Kohl and P. Jutzi, J. Oranomet. 
Chem., 243 (1983) 119. 
L. F. Fieser and M. Fieser. Reaaents for Oraanic Svn- 
thesis, Vol. 1, Wiley, New York, 1967. _ _ ’ 
D. N. Hendrickson, Y. S. Sohn and H. B. Gray, Inorg. 
Chem.. 10 (1971) 1559. 
D. F. Shriver, The Manipulation of Air-Sensitive Com- 
pounds, McGraw-Hill, New York, 1969. 


