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These results indicate that phthalocyanine "molecular metal" 
chemistry is considerably broader than that involving only halogen 
counterions. In the case of highly conductive Ni(Pc)(BF4)Q33, 
similarities to halogenated analogues in crystal and band structure 
are accompanied by significant differences in transport/metal-
to-semiconductor transition characteristics. Further phthalo
cyanine counterion effects are under investigation. 
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We described previously Cp5V5O6 and Cp4Cr4O4
1 (Cp = rj5-

C5H5) which with Cp6Ti6O8 described by Caulton et al.2 form 
a series of (CpM)m(M3-0)„ clusters. In a theoretical study we 
suggested that in each cluster there were 12 orbitals occupied by 
2 (Cp6Ti6O8), 8 (Cp5V6O6), or 12 (Cp4Cr4O4) electrons, and a 
variety of more or less distorted octahedral (CpM)6O8, trigonal 
bipyramidal (CpM)5O6, and tetrahedral (CpM)4O4 clusters should 
be obtainable.3 We report here the preparation of Cp6V6O8 and 
two remarkable derivatives of it, [(Cp5V6(|i3-0)8)2((M-0)2VCp-
(N(CH3)3)2)] (I) and [(Cp5V6(MrO)8)2(CpV)4(M2-0)8] (II). 

When Cp2V was oxidized by (CH3)3NO in toluene a black solid 
and a black-brown solution were obtained. The solid was not 
crystalline but mass spectrometry (all m/e peaks corresponding 
to Cp01V6O8

+ with m - 6 -*• O), microanalysis (found, C, 42.5; 
H, 3.9%;, calcd for C30H30V6O8, C, 43.7; H, 3.7%) and 1H NMR 
(singlet at -171.4 ppm) established it as paramagnetic Cp6V6O8. 

The solution deposited large crystals on storage at 5 0C. These 
were shown to be I by X-ray crystallography (Figure I).4 The 
cluster is derived from Cp6V6O8 by removal of one Cp and linking 
of two Cp5V6O8 fragments via the oxygen of (CpV(N(CH3)3)2-
[H-O)2). The Cp5V6O8 units contain regular octahedra of va
nadium with an average V-V distance of 2.906 (4, 29) A.5 The 
oxygen atoms lie over the triangular faces with an average V-O 
distance of 1.940 (10, 55) A. The V-V distances are similar to 
the Ti-Ti in Cp6Ti6O8, 2.891 A ( I , 14).2 The V-O distance to 
the linking oxygen is 1.679 (15) A. 

(1) Bottomley, F.; Paez. D. E.; White. P. S. J. Am. Chem. Soc. 1982, 104, 
5651. 
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H3)3)2-4(C6H5CH3)), M, = 2081.12, C2/m, a = 17.969 (4) A. 6 = 14.318 
(3) A, c= 18.853 (4) A, /3 = 105.94 (28)°; Z=I; D,= 1.48 g cm"3; R = 
0.095, Rv = 0.108 for 1674 observed (/ > 3<r(/)) reflections with 20 < 45°. 
Anisotropic V and O; the N(CH3)3 and C5H5 groups were refined as rigid 
bodies (137 variables). There is disorder in the CpV(M-0)2(N(CH3)3)2 unit 
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(5) The first figure is the average standard deviation, the second the 
maximum deviation from the average. 

Figure 1. SIrUCtUrCOf(Jj-C5H5)HV13O18(N(CH3)J)2. 

Figure 2. Structure of (17-C5H5J14V16O24. 

The ESR of I showed an assymetr ical eight-l ine spect rum 
typical of vanad ium in a low-symmetry environment . The 1H 
N M R showed a broad, weak, symmetr ical resonance at - 7 9 . 4 , 
a multiplet at -7.15, and a singlet at -2.29 ppm. The latter 
resonances had an intensity ratio of 2.6:1. We assign the resonance 
at -79.4 ppm to an IJ5-CSH5 group attached to paramagnetic 
vanadium, the resonance at -7.15 ppm to T?S-C5H5 attached to 
diamagnetic vanadium, and that at -2.29 ppm to the N(CH3)3. 
This interpretation means that the Cp5V6O8 units are diamagnetic 
and the vanadium(III) in the bridge has two unpaired electrons. 

The diamagnetism and regularity of the Cp5V6O8 may be ra
tionalized by arguments developed for Cp6M6A8.3 The Cp5Gu-
O)V6O8 units are derivatives OfCp6V6O8 in which an OR group 
replaces one Cp. This leaves the number of cluster electrons at 
eight but increases the cluster orbitals by two. If the unique 
vanadium lies on z the four orbitals it contributes to the cluster 
are the same two as in Cp6V6O8, dx2,.? and dz2, plus dvz and d,.. 
Of these, dx2_.j is nonbonding and the other three are antibonding 
counterparts of V-O bonds. In addition dV2 is the antibonding 
counterpart of the x-bond between the bridging oxygen and va
nadium. Therefore dx2 2 remains localized on the unique vana
dium and is occupied by two electrons; dz: and d... contribute to 
the cluster and dxz is of high energy. Only six electrons occupy 
the 12 cluster orbitals. The configuration is alg

2eg
4; therefore 

Cp5V6O8 is diamagnetic and undistorted. 

When Cp2V was oxidized by (CH3)3NO in tetrahydrofuran a 
black, diamagnetic, crystalline solid of formula Cp,4V|6024 was 
obtained. It too is derived from Cp6V6O8: two Cp5V6O8 arc linked 
by (CpV)4(^2-O)8 (Figure 2).6 The latter is a rectangle of 
vanadium with pairs of oxygen along the edges; the connections 
to Cp5V6O8 are diagonally opposed oxygens (V-O 1.701 (13) A). 
The V-V distances in the Cp5V6O8 units average 2.900 (5, 21) 
and the V-O distances 1.942 (14, 67) A, very similar to I. In 
the (CpV)4(^2-O)8 bridge the V-V distances arc 2.989 (6) and 
3.296 (6) A and the V-O distance to the doubly bridging oxygens 
2.020 (14, 29) A but to the two triply bridging ones 2.179 (14, 
26). 

These clusters are extreme cases of those obtained by binding 
organometallic fragments to polyoxometalate ions;7 9 1[(C7H8)-
Rh]5(m-Nb2W40|9)2 |3~7 is a spectacular example. Both I and 
II are true molecular clusters, being highly soluble in toluene. 

(6) Crystallographic data: C77H78O24V16 ((C5HO14V16O24-C6H5CH3), M, 
= 2202.5, Pl, a= 11.582 (2) A, b = 13.099 (2) A, c = \ 3.969 (4) A, « = 
94.10(2)°, 0 = 90.03 (2)°, 7 = 104.72 (2)°, Z = \;DC= 1.78 gem '; R = 
0.070, Rv = 0.076 for 1657 observed (/ > 3cr(/)) reflections with 20 < 45°. 
Anisotropic V and O: C5H5 groups as rigid bodies (287 variables). 
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The mechanism of 1,3-dipolar cycloadditions has been a topic 
of lively debate.2"4 For nitrile oxide cycloadditions, experimental 
data have been interpreted either as supportive of a concerted 
mechanism2'4 or in favor of a stepwise mechanism with diradical 
intermediates.3 Theory has compounded, rather than resolved, 
this problem: ab initio calculations on the reaction of formonitrile 
oxide with acetylene predict a concerted mechanism at the mo
lecular orbital level5 but a stepwise mechanism after inclusion of 
extensive electron correlation.6 MNDO predicts a stepwise 
mechanism with a diradical intermediate.7 We have studied the 
stereospecificity of the cycloadditions of p-nitrobenzonitrile oxide 
(1, Ar = /J-NO2Ph) to cis- and trans-1,2-dideuterioethylene and 
have obtained evidence that narrowly circumscribes the mechanism 
of this typical 1,3-dipolar cycloaddition. 

The stereospecificity observed in many 1,3-dipolar cyclo
additions8 is often considered to be compelling, if not conclusive, 
evidence for concert in these reactions.2 However, if the rate 
constant for rotation (k,) about bond a (Figure 1) in a diradical 
intermediate, 3a or 3b, were much smaller than the rate constant 
for cyclization (kc), high stereospecificity would still be observed.3 

The reported examples of stereospecific 1,3-dipolar cycloadditions 
involve di-, tri-, or tetrasubstituted alkenes.8 Barriers to rotation 
of simple primary, secondary, and tertiary alkyl radicals are only 
0-1.2 kcal/mol,9 but more highly substituted radicals have barriers 
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Cycloaddition Chemistry"; Padwa, A., Ed.; Wiley-Interscience: New York, 
1984; Vol. I. pp 1-176. 
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rahedron 1977, 33, 3009. 
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A., Ed.; Wiley-Interscience: New York, 1984; Vol. I, pp 291-391. 
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100, 5650, ref 18. 

(8) Many reactions have been reported in which a single product is isolated 
with stereochemistry preserved.2"4 The most exacting study of this type, in 
which >99.997% stereospecificity was established, involves diazomethane and 
the trisubstituted alkene, methyl tiglate: Bihlmaier, W.; Geittner, J.; Huisgen, 
R.; Reissig, H.-U. Heterocycles 1978, 10, 147. See also: Huisgen, R.; We
inberger, R. Tetrahedron Lett. 1985, 26, 5119. 

(9) (a) Krusic, P. J.; Meakin, P.; Jesson, J. P. J. Phys. Chem. 1971, 75, 
3438. (b) Pacansky, J.; Brown, D. W.; Chang, J. S. J. Phys. Chem. 1981, 
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references therein. 
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Figure 1. Hypothetical intermediates for stepwise 1,3-dipolar cyclo
additions of nitrile oxides to cis- or trans-disubstituted alkenes. 

to rotation estimated to be as high as 4 kcal/mol.10 

Experimental evidence implies that barriers to rotation about 
single bonds in diradicals are similar to those of analogous mo-
noradicals. For example, while the cupric chloride chlorinations 
of cis- and r/-a«s-2-butene are largely stereospecific, this reaction 
is nearly stereorandom with the dideuterioethylenes.1' Similarly, 
while rotation is only 0.5-1.4 times the rate of cyclization for 
l,2-dimethylbutane-l,4-diyl, rotation is 12 times faster than cy
clization for l,2-dideuterobutane-l,4-diyl.12 For cycloadditions 
of tetrafluoroethylene to trans-2-buttne, 72% of the trans adduct 
is obtained,13 while cis- and rran^-dideuterioethylene give the same 
adduct ratio (probably 1:1) with tetrafluoroethylene.14 Thus, 
rotations about single bonds to deuterated primary radical centers 
in diradicals are very fast relative to cyclization. 

If diradical intermediates were formed in the cycloadditions 
of p-nitrobenzonitrile oxide (1, Ar = O2NPh) to cis- and trans-
1,2-dideuterioethylenes (2, R = D), then significant scrambling 
of stereochemistry should be observed in the product. The barrier 
to rotation of the «-propyl radical, a reasonable analogue to 3a 
(R = D), is 0.1-0.4 kcal/mol.9 Even if the barrier to cyclization 
were only 0.1 kcal/mol, and the barrier to rotation were 0.4 
kcal/mol, about 27% of the cis adduct should be formed from the 
trans reactant, and vice versa. 

cis- and ;ra/w-dideuterioethyIene were prepared for these studies 
by the methods of Nicholas and Carroll.11 Infrared and mass 
spectral analyses indicated that the dideuterioethylenes were 
isomerically pure, but different preparations contained 2-9% of 
monodeuterated ethylene.15 The reaction of each dideuterio-
ethylene with p-nitrobenzonitrile oxide was carried out in meth
ylene chloride solution at room temperature for 2-6 days under 
a slight pressure of ethylene-rf2. Evaporation of the solvent and 
thin layer chromatography gave the deuterated 3-(p-nitro-
phenyl)-2-isoxazolines (4, Ar = O2NPh; R = D), mp 158-159 
0C,16 plus some of the nitrile oxide dimer. The NMR spectrum 
of the undeuterated adduct is an AA'BB' multiplet, with the 
resonances due to the protons at C4 and C5 centered at 3.36 and 
4.57 ppm, respectively. The couplings, 7cis = 11.5, 7trans = 8.7, 
•̂ gem(4,4) = —16.0, and Jgem(5pj) = -10.0 Hz, are similar to the 
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cm"1); see: Arnett, R. L.; Crawford, B. L., Jr. J. Chem. Phys. 1950, /S, 118. 
We are grateful to Professor Peter B. Dervan for supplying us with IR spectra 
of authentic mixtures of cis- and rrans-dideuterioethylenes. 

(16) The undeuterated adduct has been reported previously: Gaudiana, 
G.; Ponti, P. P.; Umani-Ronchi, A. Gazz. Chim. Ital. 1968, 98, 48. 

0002-7863/85/1507-7227S01.50/0 © 1985 American Chemical Society 


