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Figure 1. Structure of the anion of [Fe(N-MeIm)6]2+[Fe(Se4)2(CO)2]2-, 
with thermal ellipsoids drawn at  the 35% probability level. Selected bond 
distances (A): Fe-N range = 2.17-2.21 (2); Se-Se range = 2.331-2.349 
(3); Fe-Se1 = 2.450 (3); Fe-Se5 = 2.419 (3); Fe-Se8 = 2.439 (3); 
Fe-Cl = 1.75 (2); F A 2  = 1.73 (2). Selected bond angles (deg): 
Se5-Fe-Se8 = 99.7 (1); Sel-Fe-Se4 = 97.7 (1); C l - F e C 2  = 94.4 (10). 

1. High S:M ratios favor the cleavage of metalsulfur bonds 
in polysulfido complexes. This is due to the fact that the basicity 
of S,Z- is inversely proportional to x." 

2. Elemental sulfur is selectively Lewis acidic toward the sulfur 
anions. This occurs even in preference to a large excess of highly 
basic N-MeIm. 

3. Polysulfido ligands are less capable of stabilizing high ox- 
idation states than sulfide (S"). This is illustrated by the reduction 
of Fe"' (in Fe2SI2'-) to Fe" (in [Fe(N-MeIm)6]S8). This con- 
version is reminiscent of the metal-centered reduction of MoV*S:- 

The nature of the donor solvent influences the thioanion gen- 
erated via our donor-solvent-promoted reactions of Fe(CO)5 (and, 
more slowly, via those of Fe powder). This was demonstrated using 
1,2-Me21m, whose coordinating power suffers because of non- 
bonded interactions between the 2-methyl group and adjacent 
ligands within an octahedral coordination sphere.12 The reaction 
(50 OC, 6 h) of S8 with a 1,2-Me21m solution of Fe(CO)5 gave, 
after ether precipitation, exclusively [Fe( 1 , 2 - M ~ I m ) ~ ]  [Fe2SI2],I3 
despite the presence of excess sulfur. Reactivity studies relate 
[Fe( 1,2-Me21m)6] [Fe2S12] to all other iron compounds described 
herein (Scheme I). 

The stability of DMF solutions of [Fe(N-MeIm)6]Y (Y = 
[Fe2SI2l2-, SS2-) contrasts with our finding that attempted dis- 

by Sg." 

~~ 

(10) This effect has also been observed for the conversion of [Mn(N- 
MeIm),] [Mn2Sll] to [Mn(N-MeIm),]S8: Ramli, E. Ph.D. Thesis, 
University of Illinois at Urbana-Champaign, 1990. 

( 1  1) Coucouvanis, D.; Toupadakis, A.; Lane, J. D.; Koo, S.  M.; Kim, C. G.; 
Hadjikyriacou J .  Am. Chem. SOC. 1991, 113, 5271. Stiefel, E. I.; 
Halbert, T. R.; Coyle, C. L.; Wei, L.; Pan, W.-H.; Ho, T. C.; Chianelli, 
R. R.; Daage, M. Polyhedron 1989, 8, 1625. 

(12) Collman, J. P.; Halbert, T. R.; Suslick, K. S.  In Metal Ion Actiuation 
of Dioxygen; Spiro, T. G.,  Ed.; Wiley: New York, 1980. 

(13) Anal. Calcd for CmHaFe3NI2Sl2: C, 31.92; H, 4.29; N, 14.88. Found 
(preparation from Fe powder in parentheses): C, 31.67 (32.08); H, 4.40 
(4.39); N, 14.77 (15.30). 

solution of [Ni(N-MeIm)#8 in DMF results in immediate de- 
position of NiS.2 The stability of DMF solutions of [FeL6]- 
(thioanion) suggests two lines for further research, synthesis of 
polysulfide salts of other iron cations by ligand exchange at the 
cation and the dissolution of iron metal in DMF/S8. 

The reactions of metal carbonyls (Mn, Fe, Ni) with N-MeIm 
suspensions of gray selenium also proceed well. The N-MeIm/ 
Fe(CO)$Se reaction (25 OC, 12 h; toluene precipitation) afforded 
brown microcrystals of [Fe(N-MeIm)6]2+[Fe(se4)2(Co)z]2- in 
94% yield (eq l).I4 X-ray ~rystallographyl~ showed that this salt 
2Fe(C0)5 + 8Se - [Fe(N-MeIm)6] [Fe(C0)2(Se4)2] + 8CO 

(1) 
consists of pseudooctahedral [ Fe(N-MeIm)6]2+ and [Fe(Se4)z- 
(CO),l2- centers (Figure 1). The unit cell contains two different 
but similar centrosymmetric dications. The anion adopts a cis 
geometry with two FeSel rings. Although substituted iron po- 
lychalcogenides are rare, the dianion closely resembles [Ru- 
(Se4)2(C0)2]2-, obtained from the reaction of K2Se5 and Ru3(C- 
0)12.16 This similarity highlights the relationship between the 
reactions N-MeIm/M(CO),/Se and M(CO),/E;-." The N- 
MeIm/M(CO),/X reaction generates its own gegenion in the form 
of the very stable [ M ( N - M ~ I I ~ ) ~ ] ~ + .  

On the basiis of these results, it is clear that strong donor solvents 
provide a powerful means to explore reactivity networks for metal 
polychalcogenide complexes. 
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(14) Anal. Calcd for C26H,6N12Fe@2S~: C, 24.17; H, 2.81; N, 13.00; Se, 
48.88. Found: C,24.13;H,2.81;N, 12.80;Se,49.26. ItsIRspectrum 
(KBr) shows va bands at 1958 and 191 1 cm-I. The molar conductance 
of its N-MeIm solution (5.22 X lo4 M) is 49.80 0-l cm-* moll'. 

(1 5 )  Crystal grown from N-MeIm and T H F  C2&6N12Fe202SQ1 PI, a = 
9.651 (3) A, b = 10.877 (4) A, c = 19.697 (5) A, a = 89.80 (2)O, 6 
= 88.62 (2)O, 7 = 83.33 (3)O, Y =  2053 (2)A3. With Mo Ka radiation, 
6257 reflections were collected at -78 OC, of which 2845 were observed 
(I > 2.58~(1)). The data were corrected for Lorentz, polarization, and 
absorption effects. The structure was solved by direct methods 
(SHELX-86) and refined to final R = 0.056 and R, = 0.062. 

(16) Draganjac, M.; Dhingra, S.; Huang, S.-P.; Kanatzidis, M. G .  Inorg. 
Chem. 1990, 29, 590. 

(17) See: ONeal, S. C.; Kolis, J. W. J .  Am. Chem. SOC. 1988, 110, 1971. 
ONeal, S. C.; Kolis, J. W. Inorg. Chem. 1989, 28, 2780. Kolis, J. W. 
Coord. Chem. Rev. 1990,105,195. Eichorn, B. W.; Haushalter, R. C.; 
Merola, J. S.  Inorg. Chem. 1990, 29, 728. 
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Stability and Structure of C12B24NU: A Hybrid Analogue 
of Buckminsterfullerene 

The 60-vertex, truncated icosahedral cluster system known as 
buckminsterfullerene ("buckyball", Cm), has attracted increased 
attention following recent reports of its laboratory-scale synthesis.' 
Such large clusters provide a bridge between atomic and ma- 

(1) (a) Howard, J. B.; McKinnon, J. T.; Makarovsky, y.;  Lafleur, A. L.; 
Johnson, M. E. Nature 1991, 352, 139. (b) Kratschmer, W.; Lamb, 
L. D.; Fostiropoulos, K.; Huffman, D. R. Nature 1990, 347, 354. (c) 
Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.; Kroto, H. W. J.  Chem. Soc., 
Chem. Commun. 1990. 1423. 
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subdivide into 12 C2B2Nz and eight B3N3 units, each ring being 
isoelectronic with its all-carbon counterpart. The molecule has 
a single proper axis of rotation (C3), and belongs to the s 6  point 
group. There are two chemically different kinds of carbon 
a t o m s s i x  nearer to the equator and six nearer the pole. 

Detailed quantum calculations for a range of BN-substituted 
buckyball analogues are in progress. However, to estimate. the 
stability of C12B24N24, we have carried out a simple Hiickel 
calculation of the type used by Haymet to predict the stability 
of c 6 0  i t ~ e l f . ~  Each bond type (C-C, C-B, C-N, and B-N) 
requires a value for the resonance integral 8. Assigning j3(C-C) 
to be 1.0, we get j3(B-C) = 0.7 and j3(C-N) = 1.O.Io j3(B-N) 
was taken to be 0.9 based on the relative *-bond energies of 
benzene and borazine.” Literature values for the Coulomb 
integrals CY are a(B) = -1.0 and a(C) = 0.0. For neutral nitrogen, 
values range from + O S  to + 1.5 depending on the assumed electron 
density.1° 

The delocalization energy is defined as the difference between 
the Hiickel energy and that of a single resonance structure. Using 
the parameters listed above, we estimate the energy of the most 
stable Kekule structure to be -55 Hiickel units (Hu), and the 
delocalization energy for C1zB24N24 is in the range of 45 f 7 Hu. 
(Haymet’s value for c60 is -33.2 H u . ~ )  We therefore conclude 
that Cl2BZ4Nz4 should be stable. 

All synthetic routes to buckyball involve self-assembly. The 
original method utilized the photofragmentation of graphite,12 
while newer techniques involve the vaporization of graphite rods 
or collecting soot from the controlled pyrolysis of benzene.l It 
is therefore reasonable to suppose that BN derivatives can also 
be self-assembled, and this is in fact how CS9B and C5aB2 were 
produced.’ 

Plausible syntheses based on thermal elimination reactions can 
also be suggested; such reactions have previously been used to 
produce structurally related fused rings, polymers, and ceramics. 
For example, the pyrolysis of C2BN2 ring compounds have been 
suggested as precursors for linear polymers having backbones of 
alternating boron and nitrogen atoms, with carbon-containing 
group as substituents.13 Borazine rings linked by organic or other 
moieties have been studied as precursors to high-purity boron 
nitride,14 and derivatives of polyhedral boranes have been used 
similarly.’ 

Ideal precursors to Cl2BZ4Nz4 would have C:B:N atomic ratios 
of 1:22. One possibility we are exploring utilizes species containing 
fused CZB2N2 rings (eq 1). A synthetic route to the 1,3-diaza- 

7 7  
x, /N, /B\ /R ? 

R/ XB/ \NO X X  A 
6 E -C C1&4N24 + 24RX (1) 

B 

I I  
X R  

R = H or SiMes; X = H OT CI 

2,4-diborine ring system has been described.I6 Given the ap- 

0 Nitrogen Boron =Carbon 

Figure 1. Structure of C12B24N24 as viewed along the C, rotational axis. 
Nine of the 12 carbons (all six equatorial plus three polar) are shown. 

croscopic species, and hence have considerable technological 
importancefor example, in electrochemistry: ferromagnetism: 
and supercond~ctivity.~ Various efforts to add heteroatoms 
(especially nucleophiles) to the periphery of C,, frameworks have 
been suocessful? and possible structures for hydrogenated species 
have been discussed.6 

Smalley and co-workers doped c60 with boron and nitrogen 
atoms, with mass spectral evidence for species such as C59B and 
CJsBz having been obtained.’ The possibility of a CJsBN cluster 
is especially intriguing. The isoelectronic relationship between 
boron-nitrogen and dicarbon molecular fragments is well docu- 
mented and is manifested in a variety of ways. For example, the 
structural chemistry of boron nitride closely parallels that of 
elemental carbon-hexagonal BN (CY-BN) is an analogue of 
graphite, while j3-BN is isostructural with diamond.8 

It is therefore reasonable to suppose that B-N analogues of 
buckyball will be stable. The complete replacement of carbon 
by B-N units would yield the B30N30 cluster. However, in that 
case the truncated icosahedral structure is expected to have limited 
stability, because it would necessarily contain relatively weak B-B 
and N-N bonds.’ On the other hand, the stepwise replacement 
of C2 units with BN to produce C,BN, CJ6B2NZ, etc. is more 
feasible. Since for any fullerene structure there are exactly 12 
pentagons, it should be possible to substitute all but 12 carbons 
of Ca with alternating boron and nitrogen atoms. The resulting 
cluster would have the molecular formula C12BBN24, with six C-C, 
12 C-B, 12 C-N, and 60 B-N nearest-neighbor interactions. 

The derived structure (Figure 1) consists of six pairs of pen- 
tagons, with each pair connected by a C-C bond. The 20 hexagons 

(a) Cox, D. M.; Behal, S.; Disko, M.; Gorun, S. M.; Greaney, M.; Hsu, 
C. S.; Kollin, E. B.; Millar, J.; Robbins, J.; Robbins, W.; Shewood, R. 
D.; Tindall, P. J .  Am. Chem. Soc. 1991, 113, 2940. (b) Miller, J. S. 
Chem. Mater. 1991, 3, 262. 
Allemand, P.-M.; Khemani, K. C.; Koch, A.; Wudl, F.; Holczer, K.; 
Donovan, S.; Gruner, G.; Thompson, J. D. Science 3991, 253, 301. 
(a) Haddon, R. C.; Hebard, A. F.; Rosseinsky, M. J.; Murphy, D. W.; 
Duclos, S. J.; Lyons, K. B.; Miller, B.; Rosamilia, J. M.; Fleming, R. 
M.; Kortan, A. R.; Giarum, S. H.; Makhija, A. V.; Muller, A. J.; Eick, 
R. H.; Zahurak, S. M.; Tycko, R.; Dabbagh, G.; Thiel, F. A. Nature 
1991,350, 320. (b) Allemand, P.-M.; Srdanov, G.; Koch, A.; Khemani, 
K.; Wudl, F.; Rubin, Y.; Diederich, F.; Alvarez, M. M.; Anz, S. J.; 
Whetten, R. L. J .  Am. Chem. Soc. 1991,113, 2780. (c) Snyder, E. J.; 
Anderson, M. S.; Tong, W. M.; Williams, R. S.; Anz, S. J.; Alvarez, 
M. M.; Rubin, Y.; Diederich, F. N.; Whetten, R. L. Science 1991, 253, 
171 and references cited therein. 
For a review of the literature through May 1991, see: Diederich, F.; 
Whetten, R. L. Angew. Chem., In?. Ed. Engl. 1991, 30, 678. 
Saunders, M. Science 1991, 253, 330. 
Gou, T.; Jin, C.; Smalley, R. E. J. Phys. Chem. 1991, 95, 4948. 
Wells, A. F. Strucfural Inorganic Chemisfry, 5th ed.; Clarendon: 
Oxford, England, 1984; pp 835 and 1060. 

Haymet, A. D. J. J. Am. Chem. SOC. 1986, 108, 319. 
Flurry, R. L. Molecular Orbital Theories of Bonding in Organic 
Molecules; Marcel Dekker: New York, 1968; p 135. 
As calculated by Sanderson, R. T. Polar Covalence; Academic: New 
York, 1983; pp 81 and 96. 
(a) Curl, R. F.; Smalley, R. E. Science 1988, 242, 1017. (b) Kroto, H. 
W.; Heath, J.; OBrien, S. C.; Curl, R. F.; Smalley, R. E. Nature 1985, 
318, 162. 
Shaw, S. Y.; DuBois, D. A.; Watson, W.; Neilson, R. H. Inorg. Chem. 
1988, 27, 974. 
See: Paine, R. T.; Narula, C. K. Chem. Rev. 1990, 90, 73 and refer- 
ences cited therein. 
(a) Seyferth, D.; Rees, W. S.; Haggerty, J. S.; Lightfoot, A. Chem. 
Mater. 1989, I ,  45. (b) Mirabelli, M. G. L.; Sneddon, L. G. J .  Am. 
Chem. SOC. 1988,110, 3305. (c) Mirabelli, M. G. L.; Sneddon, L. G. 
Inorg. Chem. 1988, 27, 3271. 
(a) Allaoud, S.; El Mouhtadi, M.; Frange, B. Nouv. J .  Chim. 1985, 24, 
2520. (b) Allaoud, S.; El Mouhtadi, M. Inorg. Chem. 1985,24,2520. 
(c) Allaoud, S.; Bitar, H.; El Mouhtadi, M.; Frange, B. J.  Organomef. 
Chem. 1983, 248, 123. 
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propriate substituents, pyrolysis leading to the elimination of some 
small molecule (H2, HCl, or Me3SiC1) might reasonably lead to 
cluster f0rmati0n.l~ 
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(17) For examples of elimination reactions of this type by similar systems, 
see ref 14. See also: Lappert, M. F.; Power, P. P.; Sanger, A. R.; 
Srivastava, R. C. Metal and Metalloid Amides; Wiley: New York, 
1980; Chapters 4 and 5. 
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Figure 1. Structures of the porphyrin core of various substituted iron 
porphyrin complexes (a-f) employed in this study. Axial ligands have 
been omitted for simplicity. 
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Push Effect on the Heterolytic 0-0 Bond Cleavage of 
Peroxoiron(III) Porphyrin Adducts 

In the oxygen activation mechanisms by P-450, peroxidases, 
and catalase, a heterolytic 0-0 bond cleavage process of (hy- 
droperoxo)iron(III) porphyrin complexes is believed to afford 
oxoferryl (O=Fe’”) porphyrin cation radical intermediates.’ In 
fact, the reactive “mmpound 1” is observable in 
peroxidase reactions.z F~~ these heme enzymes, it has been 
proposed that the proximal ligands (thiolate,3 imidazolate,4 and 

a strong internal electron donor to destabilize the 0-0 bond of 
a (hydroperoxo)iron(III) porphyrin (push effect)! In addition, 
distal histidine residues in some cases are considered to Serve as 
a general acid/general base to assist heterolytic 0-0 bond 
cleavage as shown below (pull  effect).6 

400 500 600 700 800 
WAVELENGTH (nm) 

Figure 2. Visible spectral changes in the reaction of 2.0 X M 
hydroxoiron(III) porphyrin (3b) and 3 equiv ofwitroperoxybenzoic acid 
in methylene chloride at -80 “c. The spectrum of 4b was recorded 
immediately after the addition of p-nitroperoxybenzoic acid. Line A 
represents the time-dependent change of absorbance at 41 5 nm. Inset: 
Plots of log [(A - & ) / ( A  -A,)] at 415 nm vs time for the formation of 

at -80 OC. 

tylphenol by synthetic iron porphyrin complex/peracid (or hy- 
droperoxide) systems was enhanced by added buffers and by 
covalently attached bases.7 Further, Bruice et al. also reported 
general-acid/general-base effects by using similar catalytic sys- 
tems.8 Kinetic studies of the reactions indicate the oxidation being 
first order in [peracid (or hydroperoxide)] and [iron porphyrin] 
under the reaction  condition^.^^^ While these observations are very 
important to understand biological manipulation of hydrogen 
peroxide against the Fenton type radical process by utilizing the 
push-pull effects, observed second-order rate constants (kob) do 
not represent the 0-0 bond cleavage step (kdec) since kobs ap- 
parently includes preequilibrium constants (K,) as shown in eq 

(7) (a) Traylor, T. G.; Lee, W. A,; Stynes, Dennis V. J. Am. Chem. SOC. 
1984, 106, 755-764. (b) Traylor, T. G.; Popovitz-Biro, R. J. Am. Chem. 
SOC. 1988, 110, 239-243. 

(8) (a) Zipplies, M. Z.; Lee, W. A.; Bruice, T. C. J. Am. Chem. SOC. 1986, 
108, 4433-4445. (b) Yuan, L.-C.; Bruice, T. C. J. Am. Chem. SOC. 
1986,108, 1643-1650. (c)  Bruice, T. C.; Balasubramanian, P. N.; Lee, 
R. W.; Lindsay Smith, J. R. J. Am. Chem. Soc. 1988,110,789C-7892. 

(9) (a) Groves, J. T.; Watanabe, Y. Inorg. Chem. 1986,25,4808-4810. (b) 
Groves, J. T.; Watanabe, Y. J. Am. Chem. Soc. 1986,108,7834-7836. 
(c) Labeque, R.; Marnett, L. J. J. Am. Chem. SOC. 1989, 111, 
6621-6627. (d) Higuchi, T.; Uzu, S.; Hirobe, M. J. Am. Chem. SOC. 
1990, 112, 7051-7053. (e) Robert, A,; L m k ,  B.; Momenteau, M.; 
Meunier, B. Inorg. Chem. 1991, 30, 706-711. 

phenolate5) are to the process by serving as by the reaction o f 3  with 3 equiv ofp-nitroper&nzoic acid in CH2C12 
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I 

:B-&Lo H--”  - :B+FelV=O + H20 ( 1  ) 
Por*’ I ‘OH 

p*h P O I  

The push-pull mechanism has been examined by several model 
For instance, the catalytic oxidation of tri-tert-bu- 

(1) For example: (a) White, R. E.; Coon, M. J. Annu. Rev. Biochem. 1980, 
50, 315-356. (b) Dawson, J. H. Science 1988, 240, 433-439. 

(2) Dolphin, D.; Forman, A,; Borg, D. C.; Fajer, J.; Felton, R. H. Proc. 
Natl. Acad. Sci. U.S.A. 1971, 68, 614-618. 

(3) (a) Poulos, T. L.; Finzel, B. C.; Gunsalus, I. C.; Wagner, G. C.; Kraut, 
J. J .  Biol. Chem. 1985, 260, 16122-16130. (b) Poulos, T. L.; Finzel, 
B. C.; Howard, A. J. Biochemistry 1986, 25, 5314-5322. (c) Poulos, 
T. L.; Howard, A. J. Biochemistry 1987, 26, 8165-8174. 

(4) Thanabal, V.; de Ropp, J. S.; La Mar, G. N. J. Am. Chem. Soc. 1988, 
110, 3027-3035. 

(5) Murthy, M. R. N.; Reid, T. J., 111; Sicignano, A,; Tanaka, N.; Ross- 
mann, M. G. J. Mol. Biol. 1981, 152, 465-499. 

(6) (a) Dawson, J. H.; Holm, R. H.; Trudell, J. R.; Barth, G.; Linder, R. 
E.; Bunnenberg, E.; Djerassi, C.; Tang, S. C. J. Am. Chem. SOC. 1976, 
98, 3707-3709. (b) Poulos, T. L. Adu. Inorg. Biochem. 1987, 7, 1. 
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