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Figure 1. IR spectral changes accompanying near-UV irradiation of 2 
mM (^5-cyclohexadienyl)2Fe2(CO)4 in a CO-saturated toluene solution 
at 298 K. The negative peaks indicate the consumption of starting 
material, while the positive peaks at 2040, 1971 cm"1 correspond to 
formation of (i74-C,C'-(cyclohexadiene)2)Fe2(CO)6 (eq 1). 

The Tetramethyleneethane Radical Cation. An ESR 
and ENDOR Study1 

Fabian Gerson,*^ Armin de Meijere,' and Xue-Zhi Qin*,+ 

lnstitut fiir Physikalische Chemie der Universitat Basel 
Klingelbergstrasse 80, CH-4056 Basel, Switzerland 

lnstitut fiir Organische Chemie der Universitat 
Hamburg, Martin-Luther-King-Platz 6 

D-2000 Hamburg 13, Federal Republic of Germany 

Received September 14, 1988 

Tetramethyleneethane (1) is an intriguing alternant ir-system 
of eight carbon centers for which a Kekule formula with less than 
two unpaired electrons cannot be drawn.2 The radical anion V~ 
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Figure 2. ORTEP diagram of isomer A of eq 1, showing the atom labeling 
scheme and 40% probability ellipsoids. Selected bond distances (A): 
FeI-Cl 1 = 1.795 (6); Fel-C12 = 1.786 (6); Fel-C13 = 1.780 (7); 
Fel-C14 = 2.109 (5); FeI-ClS = 2.033 (6); Fel-C16 = 2.057 (6); 
Fel-C17 = 2.134 (6); CIl-Ol 1 = 1.125 (7); C12-012 = 1.144 (6); 
C13-013 = 1.148 (7); C14-C15 = 1.414 (8); C14-C19 = 1.517 (8); 
C15-C16 = 1.400 (8); C16-C17 = 1.411 (8), C17-C18 = 1.528 (7); 
C 18-Cl9 = 1.534 (7); C18-C29 = 1.542 (7). The dihedral angle be
tween the C24-C25-C26-C27 plane and the C24-C29-C28-C27 plane 
is 37.91°. 

Scheme I summarizes our current understanding of the chem
istry reported here. The ring-ring coupling products signal radical 
character in the hydrocarbon ligand of the "19e~" (cyclo-
hexadienyl)Fe(CO)2L species. The lack of ring-ring coupled 
products from other (cyclodienyl)Fe(CO)2L systems studied1'2 

presumably stems from the fact that these species are mainly 
Fe-centered radicals. Further studies are in progress to establish 
factors controlling whether 19e" radicals are metal- or ligand-
centered, because it is appreciated that the coupling chemistry 
does not necessarily characterize the electron distribution of the 
radicals.3e,f 
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was prepared from 1,2-dimethylenebutane (2) in liquid ammonia 
some time ago.3 More recently, an ESR study of the neutral 1, 
using the azo precursor 3, has clearly established that this molecule 
is a ground-state triplet (I")-2 Here, we report on the still missing 
third member of the series, the radical cation V+, which is obtained 
by opening of the two rings in the radical cation of bicyclo-
propylidene (4).4 

Upon 7-irradiation of 4 in a CF3CCl3 matrix at 77 K,5 an ESR 
spectrum was observed which consisted of nine broad hyperfine 
components spaced by ca. 0.75 mT {g = 2.0029 ± 0.0002). Figure 
1 shows this spectrum taken at a higher temperature, 140 K, 
required to achieve a better resolution. Additional information 
was provided by ENDOR spectroscopy, of which the use for 
radical cations in freon matrices has recently been initiated by 
the Basel research group.1 In the present study, the corresponding 
proton ENDOR spectrum exhibited two essentially isotropic 
signals at 25.83 and 24.58 MHz, i.e., at positions given by cH + 
\a/2\, where t>H and a/2 stand for the free proton frequency (14.56 
MHz) and half the coupling constant (in MHz), respectively.6 

These signals are reproduced at the top of Figure 1; their low-
frequency counterparts, positioned at fH - \a/2\, were too weak 
to be detected in our ENDOR experiment. 

The ESR and ENDOR spectra are readily analyzed in terms 
of two isotropic coupling constants of 0.805 ± 0.010 and 0.716 
±0.010 mT, each due to a set of four equivalent protons. These 
hyperfine data cannot be attributed to the primary radical cation 
4"+ which represents a tetraalkyl-substituted ethene that is ionized 
by an electron removal from the 7r-system of the double bond.7 
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Figure 1. Center: ESR spectrum of T+ in a CF3CCl3 matrix at 140 K. 
Top, right: proton ENDOR signals observed above the free proton 
frequency under the same conditions. Bottom: stick diagram of the ESR 
spectrum. 

Considering the coupling constant of 1.72 mT for the 12 equivalent 
0-protons in the radical cation of tetramethylethene8 and taking 
into account the cos2 6 dependence of such values,9 a hyperfine 
splitting as large as 2.5-3.0 mT is expected for the eight /3-protons 
in 4 , + . On the other hand, the observed hyperfine data compare 
well with the halved coupling constants of the two exo (1.481 
mT/2 = 0.741 mT) and the two endo protons (1.390 mT/2 = 
0.695 mT) in the allyl radical.10 This similarity strongly suggests 
that the ESR and ENDOR spectra in Figure 1 should be ascribed 
to the radical cation of tetramethyleneethane (1) which is a 
positively charged 2,2'-biallyl. We therefore assign the coupling 
constant of 0.805 mT to the four equivalent exo protons and that 
of 0.716 mT to the four likewise equivalent endo protons in 1 , + ; 
both values are undoubtedly negative. The increase in the hy
perfine splittings on going from a "neutral double allyl" (average 
0.713 mT) to 1*+ (average 0.761 mT) is in line with the charge 
dependence of the a-proton coupling constants.11 It is noteworthy 
that the difference between the coupling constants of the exo and 
the endo protons could not be determined for the anion 1*~ and 
the neutral 1", as no use was made of the ENDOR technique 
in those studies.2'3 

The arguments presented above in favor of 1 , + are corroborated 
by INDO calculations.12 As anticipated, the singly occupied 
orbital of V+ is a linear combination of two nonbonding allyl MO's, 
and it thus exhibits squared LCAO coefficients of 0.25 at the four 
methylene carbon atoms. The calculated coupling constants are 
-0.793 and -0.735 mT for the four exo and the four endo protons, 
respectively. 

The conversion of the initially formed 4*+ into 1*+ implies 
opening of both cyclopropylidene rings which is likely to occur 
stepwise. According to recent ab inito calculations,13 ring opening 
in the radical cation of methylenecyclopropane is exothermic and 
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requires an activation energy of only 8 kJ/mol. This reaction, 
which yields the radical cation of trimethylenemethane, is fully 
analogous to that converting one ring in 4"+ to an allyl moiety 
in 1"+. However, a simultaneous opening of the two rings in 4 -+ 

cannot be excluded without further experimental and/or theo
retical evidence. 

In the formulas drawn in this paper and in the INDO calcu
lations of the coupling constants, we have assumed that the two 
allyl moieties in l ' + are rotated by an angle <j> of 90° about the 
essential single bond linking them. For the ground-state triplet 
1", such a geometry is indicated by the absence of splitting be
tween the x and y components in the ESR spectrum.2 Moreover, 
in both INDO and AMl-UHF14 approximations, a planar radical 
cation V+ (</> = 0°) has higher energy than that with <f> = 90°. 
Whereas for <j> of either 0° or 90° the unpaired electron should 
be delocalized over both allyl moieties, localization on one moiety 
is predicted for an intermediate angle 4> (ca. 45°). In this context, 
we note that the intensities and shape of some hyperfine com
ponents in the ESR spectrum of T + deviate significantly from 
those expected for an interaction with two sets of four equivalent 
protons (c.f. stick diagram in Figure 1). These deviations will 
be considered in a paper on structurally related radical cations.15 
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Quinone methides are believed to play an important role in 
biosynthesis1 and in the biological activity of many quinonoid 
antitumor compounds.2,3 In spite of the major role these com
pounds are proposed to play in nature, the synthetic applications 
of quinone methides have been limited primarily to the use of in 
situ generated o-quinone methides as heterodienes in Diels-Alder 
reactions.4,5 The use of p-quinone methides as synthetic inter-

(1) For leading references on quinone methides as intermediates in bio
synthesis, see: (a) Gottlieb, O. R. Fortsch. Chem. Org. Naturst. 1978, 35, 
1. (b) Erdtman, H. Recent Advances in Phytochemistry, Vol. 1; 1968. (c) 
Omura, S.; Tanaka, H.; Okada, Y.; Marumo, H. J. Chem. Soc. Chem. 
Commun. 1976, 320. (d) St. Pyrek, J.; Achmatowicz, 0., Jr.; Zamojski, A. 
Tetrahedron 1977, 33, 673. (e) Scott, A. I. Quarterly Rev. 1965, 1. 

(2) For leading references on quinone methides as the bioactive forms of 
various anti-tumor compounds, see: (a) Lin, A. J.; Sartorelli, A. C. / . Med. 
Chem. 1976,19, 1336. (b) Lown, J. W. Ace. Chem. Res. 1982, 15, 381. (c) 
Boldt, M.; Gaudiano, G.; Haddadin, M. J.; Koch, T. H. / . Am. Chem Soc. 
1988, 110, 3330. 

(3) (a) Moore, H. W. Science 1977, 197, 527. (b) Moore, H. W.; 
Czerniak, R. Med. Res. Rev. 1981, /, 249. 

(4) For leading references, see: (a) Chapman, O. L.; Engel, M. R.; 
Springer, J. P.; Clardy, J. C. J. Am. Chem. Soc. 1971, 93, 6696. (b) Shelly, 
G. C. Ph.D. Dissertation, University of California, Los Angeles, CA, 1979. 
(c) Marino, J. P.; Dax, S. L. / . Org. Chem. 1984, 49, 3671. 

(5) For reviews on the chemistry and preparation of quinone methides, see: 
(a) Turner, A. B. Quart. Rev. 1965,18, 347. (b) Wagner, H.-U.; Gompper, 
R. Quinone Methides. In The Chemistry of the Quinonoid Compounds; Patai, 
S. Ed.; John Wiley and Sons: New York, 1974; pp 1145-1178. (c) Gruen-
anger, P. In Houben-Weyl Methoden der Organischen Chemie; Mueller, E., 
Bayer, 0., Eds.; G. Thieme Verlag: Stuttgard, 1979; Vol. VII/3b, p 395. 

0002-7863/89/1511-1136$01.50/0 © 1989 American Chemical Society 


