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Without doubt, the carbon shielding effects operating in 12 are
reversed relative to those in 8!

The !3C spectral data parallel exactly the differing stereose-
lectivities of dienophile capture exhibited by 8 and 12. Thus, while
8 undergoes below-plane bonding to electron-deficient olefins with
formation of adducts of type 17b,152 12 engages in Diels-Alder
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chemistry from its exo surface to give 18a.1%2 The gem-dimethyl
derivative 1 (R; = R, = CHj;) behaves comparably to 12, but no
technique has yet been found to distinguish between these sub-
stituents (13C shifts: 23.55 and 22.92 ppm).

In isodicyclopentadiene, the influence of the norbornane o-
electron network is to cause disrotatory tilting within the subjacent
w, diene orbital toward the methano bridge (see 19) with resultant
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minimization of closed-shell antibonding interaction on the endo
surface during dienophile approach.! However, various theoretical
calculations reveal this tilting to be critically dependent upon all
o orbital energies.?® In fact, simple replacement of hydrogen
atoms by alkyl groups at R; and R, (with R, = R;) is adequate
to reverse the mode of disrotation as in 20. The exception is the
spirocyclopropane 8, where the high tevel of spiroconjugation?’
that develops as the result of strong # interaction with the sym-
metric Walsh orbitals of the three-membered ring? causes , once
again to become tilted as in 19b.!% Consequently, in the ground
state of those dienes whose =-electron character is of type 19, R,
should experience greater shielding than R;. The reverse should
be true in 20, as observed experimentally. It follows that [4 +
2] cycloaddition occurs preferentially from the less shielded face
of these dienes in order to profit from lower secondary antibonding
influences along this pathway.

White *C shieldings are dominated chiefly by local para-
magnetic electron currents,? local diamagnetic effects make the
more important contribution to 2H chemicatl shifts>® These
differences may account for the spectral parameters of 2-4.3!
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Recent reports by Neff et al. have shown a method of prepa-
ration of Prussian blue (PB) on platinum and gold electrodes based
on a chemical method.’? We disclosed very recently an elec-
trochemical method of synthesis for the preparation of thin films
of PB? and have discussed the electron-transfer reactions and the
possibilities for application in electrochromic displays.>* The
crucial point for the preparation of PB films in both the chemical
and the electrochemical methods is that a ferric ferricyanide
mixture obtained by mixing solutions of ferric ion, Fe**, and of
ferricyanide ion, Fe'(CN)*, is a clear solution where no pre-
cipitate is formed for several hours. Other mixing combinations
lead immediately to heavy precipitates (gels) that have been called
Prussian blue, Turnbull’s blue, and Prussian white (Everitt’s salt),
depending on the valency values of the iron ions used.* Recently,
Siperko and Kuwana obtained a copper hexacyanoferrate film
on a glassy carbon electrode based on dissolution of copper layers
on the substrate.’

We disclose here a method for the preparation of thin films
of ferric ruthenocyanide, Fe*[Rull(CN)¢];, by means of an
electrochemical reduction method and discuss the spectroelec-
trochemical results. Precipitation reactions for ruthenocyanide
ion, Rull(CN)¢*, and ruthenicyanide ion, Ru'(CN)*", are quite
similar to those of ferric and ferrocyanide ions.®® Both ferri-
cyanide and ruthenicyanide yield red-brown solutions, but no
precipitates, with ferric ion.” This result strongly encouraged us
to extend the method employed in our previous paper®* for the
preparation of films of iron ruthenocyanide mixed-valency com-
plexes.

The ruthenicyanide solutions used here were prepared by adding
lead peroxide, PbO,, to a solution of 1 mM K Ru(CN),, obtained
from the Soekawa Chemical Co., in 0.01 M H,SO,. A fresh
solution of reagent grade Fe,(SO,); (1 mM) and K;Ru(CN), (1
mM) was prepared by mixing solutions of each. The electrodes,
SnO,, Pt, or glassy carbon, immersed in the above solution, were
cathodically polarized under galvanostatic conditions by using a
current density of about 20 pA /cm?. A large platinum foil was
used as a counterelectrode. The purple due to the formation of
ruthenium purple (RP), Fe,*[Ru'(CN)¢15,5!° can be seen right
from the beginning of the electrolysis. This behavior is basically
the same as observed in the preparation of PB reported previously.
However, the current efficiency for the deposition of RP was far
below the value of 100% obtained in the case of PB.

Figure 1 shows cyclic voltammograms of an RP-modified Pt
electrode in 0.5 M K,SO, adjusted to pH 4.0 with sulfuric acid.
The amount of RP (3 mC/cm?) was estimated from a coulometric
curve measured during the potential scan from 0.6 to 0.2 V vs.
SCE (saturated calomel electrode). The peak potentials of the
reductive and oxidative waves are 0.22 and 0.25 V vs. SCE, which
are slightly dependent on the scan rate. Although the peak
currents are directly proportional to the scan rate up to 50 mV/s,
distortion of the wave is observed at higher scan rates. It is an
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Figure 1. Cyclic voltammograms of a iron~ruthenium cyanide modified
Pt electrode with 3 mC/cm? as the total charge consumed in the re-
duction in a solution of 0.5 M K,SO, (pH 4.0). The scan rates of the
electrode potential were (a) 5 mV/s, (b) 10 mV/s, and (c) 20 mV/s.

important result that the peak potentials obtained here are nearly
equal to those observed in the reduction of PB.I™* This indicates
that the Coulombic interactions as well as the electron-exchange
interactions in the RP crystal are almost the same as those in PB
with respect to the high-spin iron ions. The electron-transfer
mechanism in RP crystal can be formulated as follows by assuming
the formuta Fe,3*[Rul’(CN)g]3.

FC43+[RUH(CN)6]3 + 4e" + 4K* = K4+FC42+[RUH(CN)6]3
Qa

As is observed at the PB electrode,>* not only K* ions but also
NH,*, Rb*, and Cs* ions can be expected to transport through
the crystal of RP because of its open lattice with a cell constant
of 10.3 A3

It has been previously reported that the oxidation of PB occurs
at about 0.9 V vs. SCE, yielding Berlin green.>* However, no
distinct oxidation wave is observed for RP, as shown in Figure
1. A shoulder observed at 0.8 V might be due to the oxidation
of the ruthenium ions in the crystal. Itis noteworthy that a fairly
large background current commencing at about 1.0 V is observed
in the anodic scan of electrode potential. We believe that this
large background current involves oxygen evolution. It is well
known that the mixed oxide of ruthenium electrodes exhibit the
lowest overpotential for oxygen evolution.!!  If the anodic
background as shown in Figure 1 is due to oxygen evolution, the
electrode prepared here should be one of the best catalysts for
oxygen evolution. The electrochemistry of the RP electrode has
been examined in a 1.0 M KCl solution (pH 4.0). Again, a large
anodic background current commenced at 0.8 V. In this case,
chlorine evolution might have occurred. Exactly the same results
were obtained at RP-modified SnO, and glassy carbon electrodes.

Figure 2 shows the absorption spectrum of the film at a SnO,
electrode obtained in situ in a 1.0 M KCl solution (pH 4.0). The
spectrum observed at 0.6 V can be attributable to the intervalence
charge-transfer band in Fe*[Ru(CN)ql5, i.e., Fe3*-.N-Cw..Rul!
— Fe?*«.N-C.~Rull!, 3% Robin reported a similar spectrum with
a colloidal form of RP prepared by adding a stoichiometric amount
of Fe3* to a Ru(CN)¢* solution.!®

The spectrum observed at ~0.2 V shows no band in the visible
region. The purple is completely bleached out during the potential
scan from 0.6 to —0.2 V. Continuous cyclic scans of the potential
between 0.6 and —0.2 V resulted in no degradation of the wave
up to 10° cycles.

(11) Yeo, R. S,; Orehotsky, J.; Visscher, W.; Srinivasan, S. J. Electrochem.
Soc. 1981, 128, 1900.
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Figure 2. Absorption spectra obtained on a SnQ, electrode with 3.1
mC/cm? of the iron~ruthenium cyanide at two different electrode po-
tentials in 1.0 M KCI (pH 4.0): (a) at 0.6 V vs. SCE; (b) at ~0.2 V vs,
SCE.

Numerous applications to catalysis and electrochromism can
readily be imagined from the results discussed above.
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Pyrocatechase (catechol 1,2-dioxygenase, EC 1.13.11.1),1 a
nonheme iron(I1l) dioxygenase, catalyzes the intradiol ring
cleavage of catechol 1 by dioxygen; both atoms of the O, are
incorporated into the product, cis,cis-muconic acid (2) (eq 1b,
R = H). The substrate catechol is known to be initially bound
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to iron? and oxidized subsequently via a yet unknown mechanism.
Rece}nt comprehensive reviews on ferric dioxygenases are avail-
able.3#

However, with 3,5-di-tert-butylcatechol—chosen for the stability
of its oxidation products—it was demonstrated that oxidation in
the presence of Fe(I1I) ions selectively leads to the quinone 3°
(eq la, R = t-Bu). Hitherto, only a mixture of 3,5-di-tert-bu-
tylcatechol with Fe?*, bpy, and pyridine in THF gave some mu-
conic acid besides the quinone as the main product.® Catechol
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