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After 118 years, the isolation of two common radical anion reductants as

simple, stable solids
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Two common radical anion reductants, potassium benzo-
phenone ketyl (K(Ph,CO)) and potassium naphthalenide
(K5(C9Hg)2(THF)), have been isolated and characterized for
the first time in solvent-free form or with low solvent content,
allowing their use as pure solid reactants in preparative redox
chemistry in accurate stoichiometric amounts.

The reactions of aromatic hydrocarbons with alkali metals
have long been recognized as forming organic radical
species,' ™ the first reported being benzophenone ketyl in
1891.% These radical species are synthetically useful and have
subsequently been used in a variety of organic’® and organo-
metallic reactions® as strong reductants.” They are formed by
the one-electron reduction of ketones or aldehydes using
reducing metals, such as sodium and potassium. EPR solution
studies of these anionic radicals suggest that they exist as
monomeric and dimeric species.® Despite the long existence
and common usage of these radical species, structurally-
characterized examples are very few due to their high
reactivity, making them difficult to isolate.

Several naphthalenide compounds have been previously
isolated with Li* and Na'®° while benzophenone ketyl
compounds have been reported containing Sm>*,'® Ca®™,!!
and Na™.!2 In these cases, however, there are large amounts of
solvent ligands that serve to stabilize the metal centers by
completing the coordination sphere. To date, no solvent-free
alkali-metal organic radical compound has been isolated. In
this communication we report, for the first time, the isola-
tion and characterization in the solid state of solvent-free
potassium benzophenone ketyl, K(Ph,CO), and of potassium
naphthalenide, K,(C;oHg),(THF), with low solvent content.

Results obtained from single-crystal X-ray diffraction show
that K,(CioHg)»(THF) crystallizes in the monoclinic space
group C2/c.; The asymmetric unit consists of one K™ cation,
two symmetrically independent naphthalenide anions, which
are located on inversion centers, and a bridging THF molecule
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located on a two-fold axis. The structure can be represented
by a dinuclear unit. As shown in Fig. 1, the naphthalenide
anions occupy two unique bonding environments. One is a
[n'2-C1oHg]™ anion that bridges two K™ centers from distinct
dimer units through cation—r interactions. The other is a
[n'®-C,oHs]™ anion, which bridges four K* centers forming
two dimetal units through cation—n interactions. These
multiple cation—n interactions between the radical anions
and K" cations lead to the formation of an extended 3D
network and fulfill the coordination sphere of K™ ions.

The K™ cations are arranged asymmetrically with respect to
the ring centers of the naphthalene radicals. Distances between
K™ cations and [n'?-C;oHg]™ anions vary in the range of
3.088(3)-3.447(2) A, the shortest distance being K(1)-C(2).
The K-C distances between the [n'®-C;oHg]™ anions and
K™ anions fall in the range of 2.995(3)-3.523(2) A. In the
[n'%-C,oHs]™ anion the peripheral carbon atoms C(8) and C(9)
also form extra K*—r interactions (Fig. 1) at distances of
3.095(3) and 3.533(4) A, respectively. These results are
consistent with the observation made by Stucky.®

Single-crystal X-ray diffraction studies reveal that
K(Ph,CO) crystallizes in the non-centrosymmetric tetragonal
space group I4.3 Four K™ cations and four p3-O atoms from
the benzophenone radicals form a K404 cubane-type struc-
ture, which is centered on a four-fold rotoinversion axis, as
illustrated in Fig. 2(a). In the K404 fragment, each K atom
form two long (2.735(3) and 2.766(4) A) and one short
(2.658(4) /OX) K-O bonds leading to a D,q4 distortion of the
K4O04-fragment from ideal Ty symmetry.
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Fig. 1 A dinuclear unit of K»(C;oHg)(THF); A —x + 0.5, —y + 0.5,
—z+ L3;B—x+1,-y,—z+ 1;C—-x + 1, y, —z + L.5. Thermal
ellipsoids are shown at 50% probability level; hydrogen atoms are
omitted for clarity.
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Fig. 2 (a) K(Ph,CO) cubane-type structure; C = grey, K = blue,
O = red. Thermal ellipsoids are shown at 50% probability level;
hydrogen atoms are omitted for clarity. (b) Formation of a 1D chain
through cation—r interactions between adjacent K(Ph,CO) cubanes.

A comparison of benzophenone'® and K(Ph,CO) reveals
that there is an elongation of the C=0 bond from 1.222 to
1.311(5) A and a shortening of the C—CPh bond from 1.495
to 1.460(6) A and from 1.497 to 1.460(7) A. There are no
significant changes in the average phenyl ring distances, indicat-
ing the additional electron is localized in the trigonal-planar
C;0 moiety.

Cubane formation can be viewed as the condensation of two
dimers in the solid state, since ketyls are thought to exist as dimers
in solution' and have been isolated as dimeric species.'” The
cubane structure is similar to that obtained by Hou for potassium
fluorenone ketyl ([K(C;3HsO)HMPA)l4(n-HMPA)),'? in which
the K" cations were stabilized by hexamethylphosphoric triamide
(HMPA) coordination. In this case, however, there is an addi-
tional HMPA molecule bridging two K cations above one face
of the cubane causing distortion from ideal 74 symmetry. Hou
also described the structurally similar benzophenone ketyl species
(Nas(Ph,CO);(HMPA),),"? in which the ketyl O atoms bridge
Na™ cations; one [Ph,CO]~ anion contains a j13-O atom, and the
other two contain j1,-O atoms. The three Na™ cations are each
stabilized by HMPA coordination with an additional bridging
HMPA preventing cubane formation, resulting in a cuboidal-type
structure. This example clearly illustrates that coordinating
solvents affect the structure of these compounds.

In the crystal of K(Ph,CO), the K(Ph,CO) cubanes form
chains along the c-axis via four K*—r interactions between
phenyl rings and the nearest K™ centers located in the
adjacent K(Ph,CO) cubane (Fig. 2(b)). The average K-C
distance is 3.231(6) A, with a range of 3.118(5)-3.351(5) A.
The cubanes are oriented 90° to each other to allow these
interactions, which stabilize the structure by fulfilling the K *
coordination sphere.

The magnetic properties of the compounds were also
investigated. The T value at 300 K for K,(C,oHg),(THF) is
0.71 emu mol™" K, which is slightly lower than the value
of 0.75 emu mol! K expected for two non-interacting
S = 1/2 organic spins. The 47 curve decreases gradually with
decreasing temperature and then abruptly increases below
30 K to a maximum value of 1.69 at 27 K; below this
temperature y7 abruptly decreases to zero as shown in
Fig. 3(a). Similar behavior is observed for the temperature
dependence of magnetic susceptibility, which remains nearly

constant from 300 to 30 K, then abruptly increases and
decreases again in a narrow temperature range below 30 K,
as illustrated in Fig. 3(b).

Such magnetic behavior indicates that K,(CioHg),(THF)
undergoes long-range antiferromagnetic ordering below 30 K.
To test this hypothesis, AC magnetic susceptibility and
zero-field-cooled vs. field-cooled (ZFC/FC) magnetization
studies were performed on samples of K,(C;oHg),(THF). A
sharp out-of-phase signal was observed for the imaginary part
(") of the AC susceptibility (Fig. S1, ESIt). The signal
maximum occurs at 28.6 K, and its position is independent
of the frequency of the applied AC magnetic field. The ZFC
and FC curves are essentially superimposable below 30 K
(Fig. S2, ESIY), which, along with the AC susceptibility
measurements, supports the conclusion that long-range
antiferromagnetic ordering occurs in K,(C;oHg),(THF), with
a Neel temperature of Ty = 28.6 K.

The room-temperature 7 value for K(Ph,CO) is
0.33 emu mol~! K, which is close to the theoretically expected
value of 0.375 emu mol~' K for an isolated S = 1/2 organic
radical. As the temperature decreases, the value of yT
decreases slowly (Fig. 4), and then more abruptly below
100 K, essentially reaching zero below 10 K. Such behavior
is indicative of antiferromagnetic interactions between benzo-
phenone ketyl radicals. An examination of the AC magnetic
susceptibility data revealed no signature of magnetic ordering.

The differences in the magnetic behavior of
K»(Cy9Hg)>(THF) and K(Ph,CO) is attributed to their crystal
structures. In the former case, the [C;oHg]™ radical anions
exhibit interactions with K™ cations in all three dimensions. It
is reasonable to suggest that magnetic coupling is mediated
by these cation—m interactions which serve to bring the
spin centers closer and hence increase dipolar interactions;
the result is magnetic ordering for K,(C;oHg)(THF) at
Tn = 28.6 K.

In contrast, the packing motif in the crystal structure of
K(Ph,CO) is such that the cation—rn interactions produce a
one-dimensional architecture. As previously mentioned, the
K™ cations form cubane-type units with O atoms of the
[Ph,CO]™ anions, and these units are further connected into
infinite chains. The [Ph,CO] ™ anions project outward from the
K404 cubane units, illustrated in Fig. 5. Such an arrangement
prevents close cation—r contacts in the other two dimensions
hence magnetic coupling between the [Ph,CO]™ radicals
that belong to different chains is negligible and long-range
magnetic ordering does not occur in K(Ph,CO).

The redox potentials of these isolated complexes agree
with previously published values.!”> The UV-Vis absorption
spectrum of K(C;oHjg) exhibits bands at 364 and 434 nm, and
a broad feature centered at 800 nm, in agreement with
previously published values.'® The UV-Vis absorption spec-
trum of K(Ph,CO) exhibits bands at 326, 376 and 656 nm,
giving this radical its intense blue color. These bands have
been assigned to a Dy —» D, transition.'”'®

In conclusion, the compounds K,(C;oHg)>(THF) and neat
K(Ph,CO) have been isolated and characterized in the solid
state for the first time. Naphthalenide and benzophenone ketyl
radical species are useful as strong reductants in preparative
chemistry, but they have a limited shelf life in solution;
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Fig. 3 Magnetic properties of K,(CoHg),(THF). (a) Temperature dependence of 7 (b) temperature dependence of magnetic susceptibility (y).

Inset: the expanded 0-50 K region of the y vs. T dependence.
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Fig. 4 Temperature dependence of y 7T for K(Ph,CO).

Fig. 5 Packing of K(Ph,CO) chains, viewed in the ¢ direction.
Hydrogen atoms are omitted for clarity.

moreover titration must be employed to determine exact
concentrations. The compounds reported herein are stable as
solids when stored under an inert atmosphere, thereby allow-
ing for precise delivery in accurate stoichiometric amounts.
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