
3850 J. Am. Chem. Soc. 1986, 108, 3850-3852 

Figure 1. A stereoview of the ab plane of /S-(ET)2AuI2 at 20 K shows the AuI2" anions and the numerous short H- • -I contacts (thin lines) with distances 
less than the van der Waals radii sum of 3.3 A. The environment about each terminal I atom of the anions is nearly an octahedron of atoms. Thermal 
ellipsoids are known very precisely and are drawn at the 99% probability level.16 

materials, there is a nearly octahedral environment of atoms about 
the terminal halogen atoms of the anion (see Figure 1). The 
shortest H---X distances and their corresponding C-H---X angles 
for several 18-(ET)2X salts with X" = linear anion are given in 
Table I. Although the most precise geometries in Table I are 
those obtained from neutron diffraction data, the low-temperature 
X-ray results agree surprisingly well, by comparison. Thus, the 
neutron diffraction experiments verify previous assumptions 
concerning the H- • -X geometries based upon low-temperature 
X-ray diffraction data. The H atom geometries that were cal
culated for the completely ordered structures of /3-(ET)2IBr2

11 

and /3-(ET)2ICl2
12 from low-temperature X-ray data are also 

expected to be accurate (by comparison) and these parameters 
are included in Table I. The differences in the H---X interactions 
of the /3-(ET)2X salts with X" = AuI2", IBr2", and ICl2" are 
summarized as follows: (i) for the shortest H---X contacts in the 
above three salts, the angles about the H atoms, namely C-H---I, 
C-H-Br, and C-H-Cl, are largest for 18-(ET)2ICl2 (approaching 
180°) and are smallest for /3-(ET)2AuI2; (ii) for longer contact 
distances in each of the above salts, the corresponding C-H- • -X 
angles are much smaller (i.e., approaching 120°); (iii) the H---Br, 
and H---Cl contact distances are as much as 0.38, 0.26, and 0.41 
A shorter than their respective van der Waals radii sums,10 which 
is significant in comparison to the estimated errors for the values 
of the H---X distances derived from X-ray data (±0.1 A or less). 
The above structural results confirm that the closest H---X 
contacts in the /3-(ET)2X salts are the main contributors to the 
cohesive forces between the 2D ET molecule networks and the 
anions in these crystals and that these H---X interactions are 
similar to H-bonding interactions in other organic compounds.13,14 

The discovery of the very short H- • -I contacts in /3-(ET)2AuI2 
is surprising because such interactions are generally assumed to 
be weak.13,14 In summary, there are important implications for 
the design and synthesis of new /3-(ET)2X systems where the X„" 
anions contain halide (I, Br, Cl, F) atoms, namely, that H-bonding 
interactions of the type H---X play a major role in determing the 

(12) Emge, T. J.; Wang, H. H.; Leung, P. C. W.; Rust, P. R.; Cook, J. 
D.; Jackson, P. L.; Carlson, K. D.; Williams, J. M.; Whangbo, M.-H.; Ven-
turini, E. L.; Schirber, J. E.; Azevedo, L. J.; Ferraro, J. R. J. Am. Chem. Soc. 
1986, 108, 695. 

(13) Hamilton, W. C; Ibers, J. A. Hydrogen Bonding in Solids; W. A. 
Benjamin: New York, 1968; pp 14-21. 

(14) Taylor, R.; Kennard, O. Ace. Chem. Res. 1984, 17, 320. 
(15) The structure of /3-(ET)2I3 becomes modulated below ~200 K at 

ambient pressure, and the average (i.e., sublattice) structure is used here. 
Also, the distances to the C(9)-C(10) ethylene group of the ET molecule in 
/3-(ET)2I3 have two entries in Table I, since this group is disordered. For the 
modulated structure of /3-(ET)2I3, see: (a) Leung, P. C. W.; Emge, T. J.; 
Beno, M. A.; Wang, H. H.; Williams, J. M.; Petricek, V.; Coppens, P. / . Am. 
Chem. Soc. 1985, 107, 6184. (b) Leung, P. C. W.; Emge, T. J.; Beno, M. 
A.; Wang, H. H.; Williams, J. M.; Petricek, V.; Coppens, P. J. Am. Chem. 
Soc. 1984, 106, 7644. 

(16) Johnson, C. K. ORTEP 1965, Report ORNL-3794, Oak Ridge National 
Laboratory, Oak Ridge, TN. 

crystal cohesive forces between donors and anions thereby con
trolling compound formation. 
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Heterogeneous silica-supported transition-metal compounds play 
an increasingly important role as catalysts in the petrochemical 
industry.1 The commerical importance of such catalysts has 
stimulated an intense interest in the chemical processes which 
occur on the surface of heterogeneous catalysts. Although recent 

(1) (a) Yermakov, Y. I.; Kuznetsov, B. N.; Zakharov, V. A. Catalysis by 
Supported Complexes; Elsevier: New York, 1981. (b) Seiyama, T., Tanabe, 
K., Eds. New Horizons in Catalysis; Elsevier: New York, 1980. (c) Thomas, 
C. Catalytic Processes and Proven Catalysts; Academic Press: New York, 
1970. (d) Pearce, R.; Patterson, W. R. Catalysis and Chemical Processes; 
Blackie and Son: Glasgow, 1981. (e) Golodets, G. I. Heterogeneous Catalytic 
Reactions Involving Molecular Oxygen; Elsevier: New York, 1983. 
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advances2 in physiochemical and spectroscopic techniques have 
allowed great strides toward understanding the reaction chemistry 
that occurs on surfaces, detailed mechanistic studies are still 
inherently difficult due to the very complicated atomic structure 
of the surface. In some cases, serious doubts exist as to whether 
or not the "observed" surface species are in fact responsible for 
the observed chemistry. 

This paper outlines our efforts toward developing a suitable 
model system which can be used to simplify the study of silica 
surface complexes. In this report we describe the synthesis and 
structural characterization of the first example from a new class 
of transition-metal-containing siloxane macromolecules which are 
designed to mimic surface sites possessing three hydroxyl groups 
bonded to a single transition-metal atom. These new compounds, 
called polyhedral oligometallasilsesquioxanes (POMSS), are 
formally derived from the substitution of transition-metal atoms 
into the silicon-oxygen frameworks of polyhedral oligosil-
sesquioxanes (POSS).3 The general approach that is described 
here has the potential of providing many homogeneous analogues 
of silica-supported complexes for both spectroscopic comparison 
and mechanistic chemical studies. 

Compound 1 can be prepared in surprisingly good yields by 
the hydrolytic condensation OfC6H11SiCl3 in aqueous acetone.4 

The compound exists as a strongly hydrogen bonded dimer in both 
the solid state5 and in relatively nonpolar solvents such as CHCI3 
and CS2 but as the monomeric form in CS2/pyridine.4 The 
original structural assignment4 of 1 was based on its dimeric 
tendencies and the fact that octamer 2 (R = C6H11) is formed 
upon treatment with additional C6H11SiCl3. We have recently 
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confirmed the fact that all three hydroxyl groups point toward 
a single vertex by 13C and 29Si NMR spectroscopy,6,7 as well as 
a single-crystal X-ray diffraction study.5 

Compound 1 is very reactive toward early transition-metal 
halide and alkyl complexes. The reaction of a 0.01 M CH2Cl2 
solution of 1 with 1 equiv of yellow (C5Me5)Zr(CH2C6Hs)3

8 

proceeds instantaneously to afford 3 equiv of toluene and a 
quantitative yield of 3 as colorless orthorhombic crystals after slow 
evaporation of the solvent. Compound 3 can also be prepared in 

(2) (a) Delannay, F., Ed. Characterization of Heterogeneous Catalysts; 
Marcel Dekker: New York, 1984. (b) Tamura, K. Dynamic Heterogeneous 
Catalysis; Academic Press: New York, 1978. (c) Delgass, W. N.; Haller, 
G. L.; Kellerman, R.; Lunford, J. H. Spectroscopy in Heterogeneous Cata
lysis; Academic Press: New York, 1979. 

(3) For an excellent review of polyhedral oligosilsesquioxanes: Voronkov, 
M. G.; Lavret'yev, V. Top. Curr. Chem. 1982, 102, 199. 

(4) Brown, J. F.; Vogt, L. H. J. Am. Chem. Soc. 1965, 87, 4313. 
(5) F. J. Feher, unpublished results. The compound crystallizes from 

CHCl3 as a hydrogen-bonded dimer in the monoclinic space group P2,/m with 
a cell volume of 3027 A3 (a = 10.34 A, b = 21.61 A, c = 14.45 A, 0 = 110.4°, 
Z = 2). The two molecules which comprise the dimer are crystallographically 
related by the inversion center. Each molecule also incorporates a crystallo-
graphic mirror plane of symmetry. Poor diffraction and severe disordering 
of the cyclohexyl rings prevented a satisfactory solution of the structure. 

(6) For 1: 13Ci1H) NMR (62.5 MHz, CDCl3, 25 "C) { 27.554 br s, 26.886 
br s, 26.656 br s (2:1:2 for CH2); 23.881 s, 23.542 s, 23.112 s (3:3:1 for SiCH). 
29SI1H) NMR (49.7 MHz, CDCl3, 25 0C, 0.02 M Cr(acac)3) S -60.159 s, 
-67.993 s,-69.544 s (3:1:3). 

(7) All 13C and 25Si NMR spectra were recorded using inverse-gated 
proton decoupling in order to minimize nuclear Overhauser enhancement 
effects. For "Si NMR spectra, all samples contained 0.02 M Cr(acac)3 in 
order to reduce T1 's to <2 s. To ensure accurate integrated intensities, at least 
three 7*i"s were allowed to elapse between observation pulses. 

(8) Wolczanski, P. T.; Bercaw, J. E. Organometallics 1982, /, 793. 
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Figure 1. (A) 29SiI1H) NMR of 3. (B) 13CI1H) NMR of 3. Region 
between 20-25 ppm shows C30 symmetry of C attached to Si. 

Figure 2. Perspective ORTEP plot of 3 showing 20% thermal ellipsoids for 
non-hydrogen atoms. Cyclohexyl rings on Sia2 and Sib2 have been omitted 
for clarity. Selected bond distances and angles are collected in Table I. 
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Despite its large size and apparent complexity, the structure 
of 3 can be assigned by using conventional spectroscopic tech
niques. The stoichiometry was ascertained from 1H NMR and 
mass spectral data.9 13C and 29Si NMR data10 conclusively 
demonstrate that the molecule possesses the expected local C3c 
symmetry about the zirconium atom. The 29Si NMR spectrum 
(Figure IA) consists of three singlets in a 3:3:1 ratio for the silicon 
atoms located two (Sia), four (Sib), and six (Sic) atoms away from 

(9) For 3: 1H NMR (250.1 MHz, CDCl3, 25 0C) 6 2.072 (s, 15 H), 1.722 
(v br m, 35 H), 1.226 (v br m, 35 H), 0.678 (v br m, 7 H, SiCH). Mass 
spectrum (70 eV, 200 0C), m/e (relative intensity) 1196 (M+, 100%), 1113 
(M+ - 83, 24%). No other peaks larger than 7% of the base peak. 

(10) For 3: 13CI1H) NMR (62.5 MHz, CDCl3, 25 0C) S 121.094 (s, Cp); 
27.782, 27.653, 27.600, 27.015, 26.864, 26.750 (s, CH2); 24.006, 23.501, 
23.350 (s, 3:3:1, SiCH); 10.630 (s, CH3).

 29SiI1H) NMR (49.7 MHz, CDCl3, 
25 0C, 0.02 M Cr(acac)3) 6 -66.058 s, -68.486, -70.286 s (3:1:3). 
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Table I. Selected Average Bond Distances and Angles for 
Chemically Equivalent Atoms" 

bond dist/A bond angles/deg 

Zr-O8 

Sia-Oa 

Sia-Ob 

Si„-Ob 

SitrOc 

Sic-Oc 

1.958 (32,6) 
1.610(36,6) 
1.620(29, 12) 
1.620 (24, 12) 
1.600(46,6) 
1.619 (30,6) 

O8-Zr-O3 

Zr-Oa-Sia 

Oa-Sia-Ob 

Ob-Sia-Ob 

Sia-Ob-Sib 

Ob-Si„-Ob 

Ob-Sib-Oc 

Si„-Oc-Sic 

Oc-Sic-Oc 

103.4 (12, 6) 
145.8 (14, 6) 
110.2 (13, 12) 
108.4(13,6) 
151 (4, 12) 
U0.6 (27,6) 
108.2(17, 12) 
151 (5,6) 
108.0 (11, 6) 

"The first numbers in parentheses are the root-mean-square devia
tions of chemically equivalent bonds or angles. The second numbers 
are the number of independent measurements used in the calculations. 

the zirconium atom. The 13C NMR spectrum also exhibits a 3:3:1 
ratio of resonances for the cyclohexyl carbons attached to silicon 
(Figure IB).7 

We have also conducted a single-crystal X-ray diffraction 
study11 on 3 in order to gain insight into the specific bonding 
capabilities of 1. An ORTEP plot of 3 (Figure 2) shows that 1 can 
easily accommodate a large transition-metal atom without any 
unusual distortions to the siloxane framework. The Si-O bond 
distances, as well as the Si-O-Si and O-Si -0 bond angles, are 
within the ranges observed12 for structurally analogous POSS 
octamers 2. The Zr-O bond distances and angles are also within 
the ranges expected for three-legged piano stool complexes of this 
type13 (Table I). 

In summary, we have described the synthesis and characteri
zation of the first example from a new class of silicon-oxygen-
based macromolecules which incorporate transition-metal atoms 
into a "cubelike" silsesquioxane framework (POMSS). We have 
demonstrated that such molecules can be easily synthesized and 
structurally characterized by using conventional spectroscopic 
techniques. The ease with which zirconium (one of the larger 
transition metals)14 can be incorporated into the siloxane 
framework suggests that it will be possible to synthesize POMSS 
that contain a wide variety of different metals. Since the 
short-range (two-six atoms) molecular structure of 3 in the vicinity 
of the metal atom is very similar to those observed or proposed 
for some silica-supported transition-metal catalysts,1 we believe 
that POMSS complexes such as 3 can be used to model reaction 
chemistry that occurs on a silica surface. We are currently 
synthesizing other related POMSS complexes which will allow 
us to test this hypothesis. 
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Note Added in Proof. The X-ray crystal structure of 1, obtained 
by recrystallization from pyridine/hexane, has been successfully 
solved. Details will be published in a subsequent article. 

Supplementary Material Available: X-ray crystal data for 3 
including experimental procedures, tables of crystal data, and 
perspective ORTEP plots (36 pages). Ordering information is given 
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(11) See the supplementary material for details regarding the X-ray crystal 
structure. 

(12) (a) R = OCH3: Day, V. W.; Klemperer, W. G.; Mainz, V. V.; Miller, 
D. M. J. Am. Chem. Soc. 1985, 107, 8262. (b) R = OSi(OCHj)3: Smolin, 
Y. I.; Shepelev, Y. F.; Pomes, R. Khim. Silik. Oksidov 1982, 68. (c) R = 
vinyl: Baidina, I. A.; Podbenezskaya, N. V.; Alekseev, V. I.; Martynova, T. 
N.; Borisov, S. V.; Kanev, A. N. Zh. Strukt. Khim. 1979, 20, 648. (d) R = 
C6H5: Hossain, M. A.; Hursthouse, M. B.; Malik K. M. A. Acta Crystallogr., 
Sect. B 1979, B35, 2258. (e) R = C6H5: Shklover, V. E.; Strchkov, Y. T.; 
Makarova, N. N.; Adrianov, K. A. Zh. Strukt. Khim. 1978, 19, 1107. (f) 
R = CH3: Larsson, K. Ark. Kemi 1960, 16, 203. 

(13) Ferguson, G. S.; Wolczanski, P. T. Organometallics 1985, 4, 1601. 
(14) Weast, R. C. Handbook of Chemistry and Physics, 57th ed.; CRC 

Press: Cleveland, 1976; pp F213-214. 
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The bleomycins (BLM's) are structurally related antitumor 
antibiotics that are now used routinely for the treatment of certain 
malignancies; the biochemical locus of action of bleomycin is 
thought to be DNA.2 Oxidative DNA strand scission by bleo
mycin has been demonstrated in the presence of several metal ions, 
and the mechanism of DNA cleavage by these metallobleomycins 
has been studied extensively.3 Of particular interest is the se
lectivity of bleomycin for certain sequences, notably G-pyrimidine 
sites,4 and the ability of bleomycin to mediate double-strand 
breaks.5 

Recently, we reported on d(CGCT3A3GCG), a self-comple
mentary dodecanucleotide that acts as an efficient substrate for 
cleavage by Fe"-BLM + O2; not surprisingly, most cleavage 
occurred at the (double-stranded) GC recognition site. By the 
use of this oligomer, we were able to identify and quantify all 
significant degradation products produced.6 Analysis of the data 
suggested that each BLM-mediated DNA "event" required two 
electrons, consistent with earlier proposals for O2 activation by 
BLM.7 Presently, we extend our earlier observations concerning 
Fe-BLM-dodecanucleotide interaction and demonstrate that (i) 
bleomycin can act catalytically in DNA degradation, (ii) both 
ends of the BLM molecule participate in determining DNA 
binding specificity, (iii) BLM and decarbamoyl-BLM have dif
ferent coordination geometries when bound to Fe, and (iv) BLM 
can probably assume two different orientations at double-strand 
cleavage sites. 

Although numerous studies have dealt with DNA cleavage by 
bleomycin, in virtually all cases the number of DNA lesions 
produced has failed to exceed the number of bleomycin molecules 
employed.8 This observation and the mechanistic analogy between 
bleomycin and cytochrome P-4509 have tended to support the 

(1) University of Virginia and Smith Kline & French Laboratories. 
(2) (a) Hecht, S. M. In Bleomycin: Chemical, Biochemical and Biological 

Aspects; Hecht, S. M„ Ed.; Springer-Verlag: New York, 1979; p 1 ff. (b) 
Umezawa, H. In Medicinal Chemistry Series: Anticancer Agents Based on 
Natural Product Models; Cassady, J. M., Douros, J. D., Eds.; Academic 
Press: New York, 1980; Vol. XVl, p 148 ff. (c) Povirk, L. F. In Molecular 
Aspects of Anti-Csmcet Drug Action; Neidle, S., Waring, M. J., Eds.; Mac-
millan: London, 1983; p 157 ff. 
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Commun. 1976, 73, 814. (b) Ehrenfeld, G. M.; Rodriguez, L. O.; Hecht, S. 
M.; Chang, C; Basus, V. J.; Oppenheimer, N. J. Biochemistry 1985, 24, 81. 
(c) Chang, C-H.; Meares, C. F. Biochemistry 1982, 21, 6332. (d) Ehrenfeld, 
G. M.; Murgesan, N.; Hecht, S. M. Inorg. Chem. 1984, 23, 1496. (e) Burger, 
R. M.; Freedman, J. H.; Horwitz, S. B.; Peisach, J. Inorg. Chem. 1984, 23, 
2215. (f) Kuwahara, J.; Suzuki, T.; Sugiura, Y. Biochem. Biophys. Res. 
Commun. 1985, 129, 368. 
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