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trum which is substantially decreased in intensity on deuteration 
of the alcohol hydroxyl group. 

The radical species was prepared by air oxidation of the parent 
quinol (Aldrich reagent grade) in a slightly basic ethanol solution 
(IO"2 M). The X-band EPR and ENDOR spectra were recorded 
at 123 K with a Bruker ER200D spectrometer equipped with a 
Bruker ENDOR accessory by using procedures similar to those 
already described.8 In recording the spectrum of the benzo-
semiquinone anion radical shown in Figure 1, we used a microwave 
power of 6.3 mW and 12.5-kHz frequency modulation of the 
incident microwave frequency radiation. 

Hyde14 has shown that, when the p-benzosemiquinone anion 
radical is rapidly rotating in liquid solution, an ENDOR band 
is observed at the isotropic coupling value of 2.37 G. On im
mobilization, however, three distinct bands are observed as il
lustrated in Figure 1, having absolute coupling values of 0.9 ± 
0.1, 2.2 ± 0.1, and 3.4 ± 0 . 1 G. The EPR spectrum is also 
illustrated (inset a, Figure 1) and is identical with that already 
described by Hales.15,16 The conclusion that the coupling values 
obtained represent the principal values of the hyperfme tensor is 
supported by the following observations: (i) The values are in 
the ratio 0.4:1.0:1.5, i.e., the expected ratio for the principal values 
of an a-proton hyperfme tensor.9 (ii) The average value of 2.2 
± 0 . 1 G obtained from the sum of the three values is in good 
agreement with the isotropic value given above determined from 
the solution spectrum, (iii) Table I compares the experimental 
ENDOR hyperfme tensor values with theoretical values calculated 
by Atkins,17 assuming that one principal axis of the local hyperfme 
tensor lies along the C-H bond direction (TCH) with another axis 
parallel to the carbon p orbital (T1). The excellent agreement 
between the experimental and theoretical values indicates that 
the principal axis system of the local hyperfme tensors do indeed 
lie along these directions.18 

Figure 1 also illustrates an important difference in the shape 
of the bands observed for the principal components. a2 and a3 

are relatively weak and broad bands when compared with ab which 
is present as a sharp and clearly defined band. Deuteration of 
the ethanol hydroxyl group leads to a considerable decrease in 
intensity of the &x band (unpublished data). We therefore attribute 
the intensity of the band in the protonated solvent to indicate 
hyperfme interaction from the solvent hydroxyl group. This 
confirms the original proposal of Hales, who attributed the in
creased EPR line width in protonated solvent to the formation 
of rigid hydrogen bonds between the alcohol hydroxyl and quinone 
carbonyl groups.15,16 

The results presented here demonstrate the feasibility of ob
taining the principal hyperfme tensor values from an organic 
radical's powder spectrum. The formation of rigid hydrogen bonds 
between the alcohol hydroxyl and the quinone carbonyl groups 
is also confirmed. Similar studies of in vivo radicals in powder 
type samples should prove valuable in elucidating the structure, 
environment, and orientation of these molecules in their biological 
habitat. 
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The reaction of (j;4-cyclohexadiene)(?/6-hexamethylbenzene)-
ruthenium(O) (1) with concentrated hydrochloric acid in acetone 
gives cyclohexene and the dimeric chloride 2.2 Previously, we 
have described using this basic reaction as a key step in a new, 
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O 
general method for synthesizing (?;6-[2„]cyclophane)ruthenium(II) 
solvates and bis(?;6-[2„]cyclophane)ruthenium(II) compounds.3 

Since, 7;4,?j6-bis(arene)ruthenium(0) complexes are also well-
known,4"7 we have since investigated how such ruthenium(O) 
compounds behave toward acid. We now report that 7j4,?;6-bis-
(arene)ruthenium(O) complexes react to yield cyclohexadienyl 
derivatives. These, in turn, readily undergo hydride reduction, 
so that the two-step sequence provides a convenient route for 
preparing cyclohexadienyl analogues of ruthenocene. 

As shown in Scheme I, our first experiments were with (^-
[22] (1,4)cyclophane)(7j6-hexamethylbenzene)ruthenium(0) (4), 
which was prepared from 3 by reduction with aluminum in an 
aqueous sodium hydroxide-hexane mixture.8,9 Treatment of 4 
with concentrated hydrochloric acid in acetone then gave 5. The 
skeletal structure assigned 5 was clearly suggested from its NMR 
spectra. However, elemental analysis of 5 showed the unexpected 
presence of the additional elements of hydrogen chloride. A 
single-crystal X-ray analysis confirmed the correctness of the 
skeletal assignment for 5 and showed the counterion to be the 
unusual hydrogen dichloride anion. This anion can readily be 
exchanged for other counterions such as PF6" and so is not an 
integral part of the organic moiety. In Figure 1 the molecular 
structure of 5 (X" = HCl2"), as deduced from X-ray analysis, is 
presented.9 

Reduction of 5 with Red-Al (sodium bis(2-methoxyethoxy)-
aluminum hydride) resulted in hydride attack on the hexa-
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Figure 1. (7)-Hexamethylbenzene)(i)5-3/f-[22](l,4)cyclophane)rutheni-
um(II) hydrogen dichloride (5). A view of the metal-organic ion (H 
atoms omitted). Ru-C bonds range from 2.17 (1) to 2.24 (1) A. Some 
C-C distances: 3-2, 1.56 (2); 3-4, 1.53 (2); 3-8, 1.51 (2); 4-5, 1.42 (2); 
7-8, 1.40 (2); 5-6, 1.41 (2); 6-7, 1.42 (2) A. Other C-C distances and 
angles are generally consistent with the proposed formulation. 
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methylbenzene ring to give the cyclohexadienyl analogue of ru-
thenocene, compound 6, as relatively air-stable, yellow crystals. 

To test the generality of this reaction sequence bis(hexa-
methylbenzene)ruthenium(O)4 was then carried through in the 
same fashion to give 8 and 9, both being formed in good yield. 

Although we have no firm evidence regarding the mechanism 
of the reaction of these ij4,r;6-bis(arene)ruthenium(0) compounds 
with acid, there occurred in each reaction an immediate formation 
of a deep red color that rapidly faded. One can speculate that 
the red color is associated with the formation of a hydrido-
ruthenium intermediate. Transfer of hydrogen then from ru
thenium to an arene ring is an obvious possible explanation for 
the formation of 5 and 8. For 5 the choice of transfer of hydrogen 
to the cyclophane moiety rather than to the hexamethylbenzene 
is probably determined by the relief of strain of the cyclophane 
ring. Also, the X-ray analysis of 5 shows the hydrogen has been 
added in an endo fashion as. would be predicted for transfer from 
the ruthenium atom. Since Red-Al reduction places hydrogen 
exo,3 the overall consequence is that both 6 and 9 must have one 
"extra" hydrogen exo and the other endo. The assignment of 

infrared stretching frequencies to the endo and exo C-H bonds 
in metal complexes of cyclohexadienyl anions has been a subject 
of controversy.1<M3 However, it is now generally agreed that 
endo-C-H bonds absorb in the 2950-cirT1 region whereas exo-C-H 
bonds absorb around 2750 cm"1, and this is in accord with our 
infrared measurements of 5, 6, 8, and 9 and the X-ray analysis 
of 5. 

The NMR spectral data for 6 and 9 require a high degree of 
symmetry, but whether this is due to free rotation about the 
ir-metal bonds or due rather to frozen conformations, such as those 
drawn for 6 and 9, has not yet been determined. 

The formation of 5 and 6 represent the first [2„] cyclophane 
having a cyclohexadienyl anion deck. Of interest is the possible 
extension of these methods to form [2„]cyclophanes, where both 
decks are cyclohexadienyl moieties, as well as the polymers of such 
cyclophanes with transition metals. These results also are of 
interest in relation to the recent studies of the bis(pentadienyl)iron 
analogues of ferrocene.14,15 
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The synthesis and characterization of two-coordinate derivatives 
of heavier main-group elements have been the subject of intense 
studies during the past decade.2 For phosphorus such compounds 
include the stable dialkyl and diamide radicals,3 the phospha-
benzenes,4 two-coordinate cationic species,5 compounds containing 
double bonds to carbon or nitrogen,6 and more recently, compounds 
having stable phosphorus-phosphorus double bonds.7 The al-
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