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were sufficiently inhibitory even at 1077 A1 to raise
significantly the concentrations of calcium and
phosphate required to “seed” collagen with crystals.

It may prove difficult, indeed, to identify the
substance or substances present in serum which are
inhibitory to the seeding of calcium phosphate
crystals by collagen. In any case, the ester phos-
phate fraction of serum, while too small to serve as
a normal substrate, in the conventional sense, is
sufficiently large to contain one or several highly
inhibitory polyphosphates, hydrolyzable by bone
phosphatase, Thus, the present experiments
provide an important new function for phosphatase
in biological calcification, but do not preclude other
functions yet to be established by further investi-
gations.
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THE CYCLOOCTATETRAENYL DIANION
Sir:

We wish to report experimental substantiation
in a simple unsubstituted carbocyclic system of the
theoretical prediction of molecular orbital theory!
that a high degree of resonance stabilization is as-
sociated with a closed shell of (4n + 2) 7 electrons
forn = 2.

The demonstration that cyclodctatetraene is
non-planar? has suggested that the strain imposed
on the underlying molecular framework might pro-
hibit the preparations of such a system.%3*

Extensive evidence is available which suggests
that cyclooctatetraene has a large affinity for elec-
trons and forms a stable dianion. The reaction of
cyclobetatetraene in ether or liquid ammonia solu-
tion with alkali metals to form di-alkali derivatives,
which on hydrolysis yield cyclo6ctatrienes and on
carbonation yield diacids’; the reaction of cyclo-
octatetraene with sodium triphenylmethyl to form
a mixture of hexaphenvlethane and a di-alkali
derivative which yields cyclotctatrienes on hydroly-
sis and a bis-diol on treatment with benzophen-
one®; the electrolytic reduction of cyclotctatetraene
in aqueous ethanolic solution to 1,3,6-cyclodcta-
triene and the polarographic data which indicate
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the reaction to be a reversible (the Heyrovsky-
Ilkovi¢ equation is obeyed) two electron reduction®
—all these reactions, well-known for aromatic com-
pounds, but uncharacteristic of olefins, imply that
the cyclooctatetraenyl dianion possesses unusual
stability.*®

In tetrahydrofuran solution cyclodctatetraene
undergoes a very ready reaction with two moles of
potassium metal, and on cooling large, almost
colorless, but pale yellow and probably solvated
crystals of dipotassium cycloéctatetraenide pre-
cipitate. These crystals are difficult to isolate, for
on drying and exposure to air they explode.
Solutions however, are stable.

The n.m.r. spectrum?? of dipotassium and dilith-
ium cyclooctatetraenide—a single sharp peak of
expected intensity insignificantly displaced from
the resonance of cyclodctatetraene itself—is not
in accord with the covalent 1,4 structure which
usually appears in the literature,'® nor with rapid
exchange averaging among such covalent structures,
for in either case the spectrum should be shifted
to higher fields than characterize the spectrum of
cyclobctatetraeneitself. Increased proton shielding
would be expected on addition of electrons to the
molecule, and in this case must be compensated,
if the ring flattens, or aromatizes, by the displace-
ment to low fields characteristics of aromatic
molecules, due, at least in part, to the diamagnetic
ring current induced in the applied magnetic
field.!* It is this latter representation of a flat.
tened eight-membered ring carrying two negative
charges which alone appears in accord with the
spectrum.!®

That the n.m.r. spectrum of the solvent, tetra-
hydrofuran, is clearly resolved when less thian two
moles of potassiumn is allowed to react with cyclo-
octatetraene proves that large concentrations
(> 10=* M) of paramagnetic ions, which would
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obliterate the spectrum completely, are not
present. Thus, the equilibrium must lie to the
left.

The analogous equilibria in derivatives of poly-
nuclear aromatic hydrocarbons have always been
found to lie to the right.’® The reversal of this
equilibrium in the cyclo6ctatetraene system must
be attributed to geometrical considerations: On
the right of reaction (1) two molecules are flat,
while on the left only one is so. That the electron
affinity of the monoanion exceeds that of the hydro-
carbon implies that the energy required to flatten
the molecule when the first electron enters exceeds
the extra coulombic energy the second must over-
come. This conclusion, which will be discussed
in detail in the future, has also been derived from
two other independent experimental sources: (1)
polarographic data, the reversible one-step two-
electron reduction of cyclo6ctatetraene contrasting
with the two-step one-electron reductions of poly-
nuclear aromatic hydrocarbons in aprotic sol-
vents81920: and (2) electron spin resonance data,
the cyclobetatetraenyl anion-radical?! being directly
observable.

The above and other data'*?! make clear that
the eight-membered ring with ten = electrons un-
like the parent hydrocarbon must be highly reso-
nance stabilized and flat, either due to the increased
delocalization energy to be gained by aromatiza-
tion in the new reference frame or to the relief of
an unfortunate effect associated in a hypothetically
planar symmetric cyclodctatetraene molecule with
a formal partial occupancy of a degenerate pair of
non-bonding molecular orbitals.??
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THE CHEMICAL INTERACTION OF THE CYCLO-
OCTATETRAENYL ANIONS

Sir:

Experiments employing high resolution n.m.r.
methods have uncovered a number of significant
aspects of the chemistry of the cyclodctatetraenyl
anions: the divalent anion! and the anion radical.?

In tetrahydrofuran solution 0.6 molar in cyclo-
octatetraene the resonance due to the eight cyclo-
octatetraene hydrogen nuclei appears as a single

(1) T.J. Katz, TH1S JOURNAL, 82, 3784 (1960).
(2) T.J. Katz and H. L. Strauss, J. Chem. Phys., 32, 1893 (1960).
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sharp peak 125.35 cps. to lower applied field than
the lowest of the two solvent bands. As increas-
ingly larger amounts of potassium metal are allowed
to dissolve in this solution, the observations sum-
marized in Fig. 1 are made: thus, (1) the sharp
resonance line of cyclodctatetraene is seen to de.
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Fig. 1.—Cyclodctatetraene (0.6 formal, in THF) treated
with increasing amounts of potassium, from I, no K to
VIII, two moles; chemical shifts (from lower solvent band),
half-width, and relative areas integrated over a 30-cycle
range follow: I, 125.32 c¢ps., <1 cps., 1.0; II, 126.50, <1
cps., 0.7; III, 127.20, <1 cps., 0.5; IV, 127.69; ?,?; V,
127,94, ~18, 0.6, VI, 12490, 8, 0.7, VII, 125.06, 4, 1.0;
VIII, 125.00, <1, 1.0. Spectra were deterinined on a Varian
60 mec. high resolution n.m.r. spectrometer equipped with
superstabilizer.

crease in intensity without concomitant broaden-
ing; (2) when the peak has decreased to less than
about 109, of its initial intensity a very broad band
becomes superimposed directly on the initial peak,
which itself remains sharp; (3) the initial sharp
peak disappears as the broad peak narrows; and
(4) finally, this latter peak narrows to a single
sharp line of identical intensity to the resonance of
the original cyclodctatetraene. In the course of
these events, exactly two moles of potassium are
observed to dissolve, and if more potassium is
initially present, this excess remains at the end.

The resonance spectrum of the solvent remains
throughout unchanged and exceedingly well re-
solved: The two tetrahydrofuran proton reso-
nances are observed as complex spin-spin multiplets
of over a dozen peaks each. Although the con-
centration of paramagnetic species must, therefore,
be small (< 1078 M), the presence of the cyclo-
octatetraenyl anion-radical in low concentrations
(2.6 X 107% M at half-reaction®) has been demon-

(3) T.J. Katz and H. L. Strauss, unpublished results.



