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concentration increases to approximately its concentration in the
combined reactant streams, which is also its concentration in the
flow branch at high reciprocal residence times.

Figure 2 shows the appearance of an isola when the flow of
buffer is increased. With increased solvent flow, the mushroom
is squeezed off at the base leaving an isolated branch of steady
states. Now as the reciprocal residence time is increased from
the minimum possible value k', the system moves along a con-
tinuous branch of steady states. At appropriate reciprocal resi-
dence times, microliter injections of KI reagent result in per-
turbation-induced transitions from the continuous branch to the
isola branch. Steady-state iodide concentrations and extinction
points of the isola branch can then be determined by variation
of reciprocal residence time. A slight maximum in steady-state
iodide concentration is displayed in the continuous branch below
the isola. The conversion of iodate to iodide at this maximum
is less than 1.0%; however, in the isola branch at the same re-
ciprocal residence time (3.05 X 1073 s71), the conversion is over
41.0%.'

The patterns of multiple steady states reported here have po-
tential ramifications for commercial tank reactor processing. Thus,
the conversion of reactants to products in the isola branch is many
times greater than that in steady states ordinarily accessible by
variation of system constraints. A simple model of the iodate-
arsenous acid reaction!! provides a near quantitative description
of the patterns of steady states in this system. A detailed study
of washout effects in the iodate—arsenous acid system will appear
in another paper.!?
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EPR and ENDOR spectroscopies have been used extensively
in the study of biological free radical systems.!> Quinones, which
perform various functions in biological systems, have represented
an intense area of study for many years.> EPR analysis of the
free radical signals arising from these quinones suffers, however,
from the immobilized character and resulting lack of spectral
resolution in the signals observed.*> The investigator is therefore
usually confined to spectral quantities such as line width, line-shape
characteristics, and average g value determinations. Important
parameters, such as the nuclear hyperfine interaction, are usually
lost in the inhomogeneously broadened spectrum. The infeasibility
of single-crystal studies, particularly in biological membrane
systems, therefore puts severe limitations on the amount of in-
formation available from such studies.

Although the ENDOR technique has been used to considerable
advantage in the investigation of other biological radicals (e.g.,
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Figure 1. ENDOR spectrum of the p-benzosemiquinone anion radical
at 123 K: mW powder, 6.3 mW,; rf power, 150 W at 12 MHz; FM
modulation, 150 kHz; time constant, 2 s; sweep time, 500 s; average
of 17 scans. For explanation of spectral region 14~16 MHz, see ref 20.
Inset a: EPR spectrum: mW power, 200 uW; modulation amplitude,
2.0 G; time constant, 50 ms; sweep time, 100 s. Inset b: g tensor
principal axes as described by Hales.!®

Table I. Principal Values of Hyperfine Tensor for the o-CH
Proton of p-Benzosemiguinone Anion Radical Compared with
Theoretical Dipole-Dipole Interaction Values for an Isolated
C-H Fragment®!"!8

angle ot hf
axis and C-H
T, Tcu . 0° bond direction
theory -13.6 154 -1.7 1.0 0°
-1.1 1.2 -01 0.089 0°
experimental -1.2 13 0.0 0.08¢

@ All values are in gauss (G). T; =¢; + 2.2 (isotropic value). All
g; values are taken as negative. ® Fromref 17 and 18. ¢ Spin
density. < Determined by using the relationship a;(isotropic) =
Qp; using QCH = ~27 6.2

the chlorophylls®®), such studies have been principally concerned
with B-proton interactions. For the more highly anisotropic «
protons, a severe broadening of the ENDOR band over a wide
spectral range usually occurs. A buildup of intensity at the
principal hyperfine tensor values is expected for « protons.’
Unfortunately, the quality of the spectra so far obtained have
precluded such an analysis.'%!

We report here that as the result of increased sensitivity of
detection, we have been successful in obtaining the principal
hyperfine tensor values of the p-benzoquinone anion radical from
its powder ENDOR spectrum (Figure 1). The formation of fixed
hydrogen bonds between the quinone carbonyls and the ethanol
hydroxyl group, originally proposed by Hales'*!¢ from EPR
line-width broadening and anisotropic saturation effects, is con-
firmed by the presence of an intense band in the ENDOR spec-

(6) Feher, G.; Hoff, A. J.; Isaacson, R. A.; Ackerson, L. C. Ann. N.Y.
Acad. Sci. 1975, 244, 239.

(7) Lubitz, W. “Proceedings of the International Conference on Electron
Spin Resonance of Radicals in Organic and Bio-Organic Systems”; Notting-
ham University Press: Nottingham, England, 1982.

(8) O'Malley, P. J.; Babeock, G. T. Proc. Natl. Acad. Sci. U.S.A., in press.

(9) Reference 2, p 234,

s 6(910) Hyde, J. S.; Rist, G. H.; Erickson, L. E. G. J. Phys. Chem. 1968, 72,
269.

(11) For radicals in which a large g factor or hyperfine (a) anisotropy does
exist orientation selection can be carried out by monitoring the so-called
turning points of the EPR spectrum while sweeping through the desired RF
frequency range.!*'* For simple carbon-based organic radicals, which exhibit
relatively low anisotropy in their g and a values, species selection such as the
above is not possible at X-band frequencies.

(12) Allendoerfer, R. D. Chem. Phys. Lett. 1972, 17, 172.

05 (;gg Schweiger, A.; Rudin, M.; Gunthard, Hs. H. Chem. Phys. Lett. 1983,

(14) Hyde, J. S. J. Chem. Phys. 1965, 43, 1806.

(15) Hales, B. J. J. Chem. Phys. 1976, 65, 3767.

(16) Hales, B. J. J. Am. Chem. Soc. 1975, 97, 5993.

0002-7863/84/1506-0817801.50/0 © 1984 American Chemical Society



818 J. Am. Chem. Soc. 1984, 106, 818-819

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
(102M). 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.® 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.

Hyde!* 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.!>!¢ The conclusion that the coupling values
obtained represent the principal values of the hyperfine 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 hyperfine tensor.’ (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 hyperfine tensor values with theoretical values calculated
by Atkins,!” assuming that one principal axis of the local hyperfine
tensor lies along the C~H bond direction (7¢y) with another axis
parallel to the carbon p orbital (7,). The excellent agreement
between the experimental and theoretical values indicates that
the principal axis system of the local hyperfine tensors do indeed
lie along these directions. '

Figure 1 also illustrates an important difference in the shape
of the bands observed for the principal components. a, and a,
are relatively weak and broad bands when compared with a,, 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 a, band (unpublished data). We therefore attribute
the intensity of the band in the protonated solvent to indicate
hyperfine 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 hydroxy! and quinone
carbonyl groups.!>16

The results presented here demonstrate the feasibility of ob-
taining the principal hyperfine 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 (n*cyclohexadiene)(n-hexamethylbenzene)-
ruthenium(0) (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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general method for synthesizing (n°-[2,]cyclophane)ruthenium(II)
solvates and bis(n%-[2,]cyclophane)ruthenium(IT) compounds.?
Since, n*nS-bis(arene)ruthenium(0) complexes are also well-
known,*7 we have since investigated how such ruthenium(0)
compounds behave toward acid. We now report that 5% »%-bis-
(arene)ruthenium(0) 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 (*
[2,]1(1,4)cyclophane)(nS-hexamethylbenzene)ruthenium(0) (4),
which was prepared from 3 by reduction with aluminum in an
aqueous sodium hydroxide-hexane mixture.®® 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 § and showed the counterion to be the
unusual hydrogen dichloride anion. This anion can readily be
exchanged for other counterions such as PF¢™ and so is not an
integral part of the organic moiety. In Figure 1 the molecular
structure of 5 (X~ = HCI;"), as deduced from X-ray analysis, is
presented.®

Reduction of § with Red-Al (sodium bis(2-methoxyethoxy)-
aluminum hydride) resulted in hydride attack on the hexa-
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