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the latter structure as well as persila[2.2.0] hexane are currently 
under investigation. 

strain of cyclotrisilane compared with that of cyclotetrasilane. The 
strong hyperconjugation mechanism is due to energetically low - _ _  
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lying antibonding -orbitals. In other words the quasi-metallic 
character14 in the cyclosilanes comes to the fore. A ring strain 
analysis of 1 and 2 via isodesmic and homodesmic reactions gives 

in contrast to the latter, ring condensation of silicon compounds 
is exothermic. The effect of through-bond interaction in fused 
four-membered ring systems remains to be established. According 
to our qualitative analysis one expects a rather strong central bond 

energies 'Omparable to those Of the putations, which were performed on the Cyber 205 computer at 

for per&a[2.2.2]propellane. Ddtailed ab initio investigations on Registry No. 1, 98721-26-7; 3, 110698-79-8 
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Biological oxygen carriers transport and store dioxygen in living 
systems. They are characterized by their ability to bind O2 re- 
versibly, generally through a low-valent metal atom such as 
iron(I1) in hemoglobin or myoglobin' or vanadium(II1) or -(IV) 
in haemovanadid (a protein found in the 1.5-2 N H2S04 solution 
existing in the vacuoles of Ascidiidae blood cells). In order to 
better understand the mechanism of this fundamental 02-carrying 
process, synthetic metal compounds able to add molecular oxygen 
reversibly were studied. This approach has given rise to a great 
deal of r e ~ e a r c h , ~  especially with group 9 and group 10 metal 
derivatives such as the Vaska complex Ir(PPh3)2(CO)C1.4 Little 
has been done, however, with synthetic oxygen carriers containing 
early transition elements, although coordination of molecular 
oxygen, sometimes reversible, has been observed for some tita- 
n i ~ m ( I I 1 ) , ~  vanadium(III),6 and niobium(1V)' adducts, with 
nitrogen donors, often porphyrines. 

Investigating the radiolytic behavior of group 5 metal com- 
pounds (vanadium, niobium, tantalum) in nonaqueous solvents 
(acetonitrile, dichloromethane), as a route to low-valent deriva- 
tives,*-'O we noticed that after oxygenation of VC13(4-pic)3 (4-pic 
= 4-CH,C,H4N), the initial vanadium(II1) compound could be 
recovered by radiolysis in oxygen-free acetonitrile. The experi- 
mental data (IR, EPR, and absorption spectra and gas analysis), 
as well as the characteristics of the radiolytic experiments, led 
us to suggest the formation in solution of a dimeric vanadium- 
dioxygen adduct, with a coordinated superoxide like 02-. Nev- 
ertheless, the oxovanadium(1V) species VOC12(4-pic)2 represents 
the final and only isolable metallic species. 
Experimental Section 

All manipulations were performed under vacuum or dry argon, using 
Schlenk tube and vacuum-line techniques. Solvents and 4-picoline were 
purified by standard methods." VCI3(4-pic), was synthesized according 
to the literature.12 This complex being very moisture-sensitive, its ox- 
ygenation reaction was carried out on a vatuum line by bubbling 02, 
previously dried over a P205 column, into its acetonitrile or dichloro- 
methane solution. 

mol-d~n-~) were 
so chosen that, in radiolysis experiments, the solute modification occurs 

The concentrations of the solutions (typically 2 X 

To whom correspondence should be addressed. 
t IRDI/DESICP/DPC. * UA CNRS 426. 

SJOO G 
I 

Figure 1. EPR spectra in frozen acetonitrile (173OK) of (a) VCI3(4-pic),; 
(b) VCl,(4-pi~)~-dioxygen adduct. 

by an indirect effect, i.e. by reaction with the transient species produced 
in the irradiated solvent. 

Time-resolved experiments were performed with a Febetron 707 ap- 
paratus, delivering 1.8-MeV electron pulses of 30 ns base pulse duration 
and (3-5) X lo1* eV.g-' dose. The concentrations of the intermediates 

(1) Rikind, J. M. In Bioinorganic Chemistry; Eichhorn, G .  L., Ed.; El- 
sevier: New York, 1973. 
Carlisle, D. B. Proc. R. Soc. London, B 1968, 171, 31. 
Summerville, D. A,; Jones, R. D.; Hoffman, B. M.; Basolo, F. J .  Chem. 
Educ. 1979, 56, 157. Jones, R. D.; Summerville, D. A,; Basolo, F. 
Chem. Rev. 1979, 79, 139 and references therein. 
Vaska, L. Science (Washington, D.C.) 1963,140,809. Vaska, L.; Chen, 
L. S .  J .  Chem. Soc., Chem. Commun. 1971, 1080. 
Marchon, J. C.; Latour, J. M.; Borehaim, C. J. J .  Mol. Cutul. 1980, 
7, 227. Cotton, R.; Premovic, P.; Stanadal, L.; West, P. J .  Chem. Soc., 
Chem. Commun. 1980, 863. 
Swinehart, J. H. J .  Chem. Soc., Chem. Commun. 1971, 1443. 
Richard, P.; Guilard, R. J .  Chem. Soc., Chem. Commun. 1983, 1454. 
Matsuda, Y.; Sakamoto, S.;  Koshima, H.; Murakami, Y .  J .  Am. Chem. 
Soc. 1985, 107, 6415. 
Koulkes-Pujo, A. M.; Le Motais, B.; Hubert-Pfalzgraf, L. G. J .  Chem. 
SOC., Dalton Trans. 1986, 1741. 
Koulkes-Pujo, A. M.; Le Motais, B.; Hubert-Pfalzgraf, L. G. Radiat. 
Phys. Chem. 1987, 29, 21. . 
Tsunoda, M.; Hubert-Pfalzgraf, L. G.; Riess, J. G. Inorg. Chim. Acta 
1981, 52, 231. 
Riddick, J. A,; Bunger, W. B. Techniques of Chemistry: Organic 
Soluents, 3rd ed.; Wiley Interscience: New York, 1970; Vol. 2. 
Rupp, H. A. Z .  Anorg. Allg. Chem. 1970, 377, 105. 

0020-1669/87/1326-4389$01.50/0 0 1987 American Chemical Society 



4390 Inorganic Chemistry, Vol. 26, No. 26, 1987 

thus created in the solvent were generally (4-6) X mol.dm-.'. The 
detection system has been previously described." 

The y-radiolysis experiments were carried out with a 6oCo y-source, 
delivering a dose rate of 2 X 10l6 eV-g-'min-'. Absorption spectra of 
the 7-irradiated solutions were measured with a Beckman Acta IV 
spectrophotometer. EPR spectra were obtained on a Bruker ER-2OOD 
spectrometer. Microanalyses were performed by the Centre de Micro- 
analyses of the CNRS.  

Results and Discussion 
The oxygenation reaction of the complex VC13(4-pic), in 

acetonitrile or dichloromethane solutions results in a progressive 
change of the solution color from purple to pale green. The uptake 
of dioxygen is almost quantitative, and this process is readily 
reversed by gentle warming in vacuo, more slowly (Le. in a few 
days) at room temperature. Its kinetics have already been explored 
by Halko and Swinehart on the related derivative VC13(py), in 
pyridine.14 

This experiment points out that VC13(4-pic), is able to coor- 
dinate molecular oxygen without being irremediably oxidized. The 
nature of this reversible vanadium-02 binding can be estimated 
from the value of the 0-0 stretching frequency observed in the 
IR spectrum of the adduct. This value, which we found equal 
to 1070 cm-', is in the range expected for dimeric compounds 
containing a bound dioxygen in a reduced superoxide-like state, 
02-., 

We therefore suggest that the dioxygen adduct of VC13(4-pic), 
can be mixed-valence species with the following structure: 

L = 4-pic 

This structure is in agreement with that established for the 
oxygenation product of the analogous rhodium(II1) derivative 
[ R h ( 4 - p i ~ ) ~ C l ~ ] + ,  which is also a binuclear complex presenting 
a superoxide-like coordinated 02:15 [(4-pic),C1Rh02RhC1(4- 

The EPR spectrum of the vanadium-dioxygen compound in- 
vestigated in frozen acetonitrile is only slightly modified with 
respect to VCl,(Cpic), (Figure 1). Conversely, the corresponding 
electronic spectrum differs significantly from that of VC1,(4-~ic)~ 
(Figures 2 and 3). It presents, indeed, two bands at 335 and 750 
nm, which may be attributed, as for the previously mentioned 
rhodium-02 complex, to two charge-transfer transitions 7rh*(02) - d,*(V) and d,(V) - 7rV*(O2) (nh* and 7rv* designating re- 
spectively the O2 horizontal and vertical antibonding orbitals, 
relative to the plane containing the metal-dioxygen moiety).I6 
The similitude of the spectroscopic data of the vanadium dioxygen 
adduct in CH2C12 and CH3CN solutions suggests that acetonitrile 
is not involved in the coordination sphere. Both the electronic 
and EPR spectra of VCl,(Cpic), were recovered when the adduct 
deoxygenated. 

The dimeric vanadium(II1) p o x 0  derivatives (THF),Cl,VO- 
VC12(THF), has previously been described." However, attempts 
to isolate the labile vanadium-oxygen adduct from the solution 
invariably led to the obtaining of VOC12(4-pic)2, characterized 
by microanalysis, EPR ((g) = 1.98; ( A )  = 102.5 G at  room 
temperature (Figure 4)), and infrared spectroscopy (strong ab- 
sorption band at 974 cm-', assigned to a terminal oxo bond). The 
formation of this stable vanadyl species appears to be favored by 
moisture. 

Additional support for the dimeric structure of the labile va- 
nadium-dioxygen adduct was nevertheless accessible through 
radiolysis experiments. The radiolysis technique allows the 
generation, in a deoxygenated solvent S, of transient reductive 
and oxidative species, such as e,, S-, or S+, which may then react 
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Figure 2. Electronic absorption spectrum of VC13(4-pic)3 in CH$N 
solution. 

with a low-concentration solute. Surprisingly, we observed that 
y-irradiation in oxygen-free acetonitrile could completely reverse 
the oxygenation reaction of VC13(4-pic)3. In this case, the res- 
toration of the initial vanadium(II1) complex is initiated by the 
radical anions CH3CN-, radiolytically formed in the so1vent.l' 
Pulse radiolysis experiments have indeed established the fact that 
the decay rate of CH3CN- is increased proportionally to the 
concentration of the vanadium-dioxygen compound. These radical 
anions attack the complex upon its O2 moiety and lead to its 
dissociation into VC13(4-pic)302 and [VC13(4-pic)3]-, identified 
by its absorption ~pectrum.~ These last two species promptly react 
together by a second-order kinetic process ( k  = 3 X 1Olo  
mol-'.dm3-s-'), which gives 0; and restores the initial VC13(4-pic), 
complex with a radiolytic yield G equal to 1.8 f 0.2. This value, 
measured at the end of the formation process of VC1,(4-~ic)~, is 
twice as large as G(CH3CN-) (Le. 1.03)18 and therefore clearly 
indicates the dimeric structure of the vanadium-dioxygen adduct 
investigated. As for the superoxide anion 02- generated simul- 
taneously with VC13(4-pic),, it probably reacts with the other 
radiolytically produced transient species CH3CNH+, giving new 
radicals CH2CN' and HO,', which finally lead to alkylperoxide 
02CH2CN' and hydrogen peroxide H202 (since no gaseous oxygen 
is detected by gas chromatography). Disproportionation of HOz' 
has previously been reported to be a rapid and thermodynamic 
favorable process.1g The following scheme is proposed (L = 4-pic): 

2v CI, L3 + 0; 

+ CH,CNH' 
CbCN'  + HOi  

H202 + 02 

Similar radiolysis experiments were realized in dichloromethane, 
but the results were quite different: they led to the precipitation 
of the blue-green vanadyl derivative V0Cl2(4-pic),, due to an 
oxidation of [VC13(4-pic)3]202 by the radical cations CHZCl2'+, 
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of dioxygen is characteristic of the widely occurring hemoprotein 
cytochrome P-450,'7-20 where the catalytic organic substrate 
oxidation cycle of cytochrome P-450 has been suggested to include 
a high-valent iron-oxo intermediate as the active oxidant. In this 
regard, many transition-metal complexes have been studied as 
organic substrate oxidizers, including ~ o b a l t , ~ I - ~ ~  copper,24 chro- 
mium,25-29 iron,3&35 manganese,3w2 and complexes. 1 0 0  
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Figure 3. Electronic absorption spectrum of [VC1,(4-pi~) , ]~O~ in CH,- 
CN and CHzC12 solutions. 
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Figure 4. EPR spectrum of VOC12(4-pic)z in acetonitrile a t  room tem- 
perature. 

without any oxygen liberation (no reducing species is produced 
in pulse-radiolyzed pure CH2C12, the CH2Cl<- radical anion being 
quickly transformed into C1- and CH2Cl'). 

We showed that the vanadium(II1) complex VC13(4-pic), is able 
to coordinate molecular oxygen according to a dimeric superoxo 
mode and ascertained our hypothesis by radiolysis experiments. 
This radiolysis technique therefore appears to be suitable for 
determining the structures of oxygen-carrying compounds and even 
giving an insight into their mechanism. 
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The activation of molecular oxygen by transition-metal com- 
plexes, with a focus on organic substrate oxidation, is a topic of 
much current research.'-I6 In particular, the reductive activation 
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