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Fig. 1.—E.s.r. spectra of sodium fluorenone in DME: upper: 08¢
spectrum of ketyl in absence of excess fluorenone; lower: spec- F
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Fig. 2.—E.s.r. spectra of sodium benzophenone in Me THF:
a(upper): inabsence of excess benzophenone; b(middle): benzo-
phenone added at 2 X 10-2 Af; ¢ (lower): benzophenone added at
1.5 M.

iodide, the e.s.r. lines of the ketyl first broaden, then
narrow to a spectrumn which displays only proton split-
tings. The spectral behavior is in accord with a simple
ion-exchange process.

The second-order rate constants reported above ex-
tend over more than two orders of magnitude. For a
given combination of alkali metal and ketone, two
parameters—solvent and temperature—determine the
rate constant. Similarly, the hyperfine coupling con-
stant with the alkali metal ion is uniquely determined
by temperature and solvent. Our results suggest a

Fig. 3.—Dependence of alkali metal coupling constunt on
temperature: upper pair, sodium benzophenone: @, THF. {7,
DME. Central quartet, sodium xanthone: &, Me THF; A,
tetrahydropyran; ®, THF; [J, DME. Lower pair, potassium
benzophenone: ¥, THF, VvV, DME,

one-to-one relationship between hyperfine coupling
and rate constant. Dependence of hyperfine coupling
constants of the cations on temperature, solvent, and
ketyl are given in Fig. 3. The four temperatures at
which the sodium coupling constant in sodium xan-
thone is 0.9 gauss are 37, 25, 7, and 0° in dimethoxy-
ethane, tetrahydrofuran, tetrahydropyran, and methyl
tetrahydrofuran, respectively. The rate constants at
these temperatures are 456 X 10% 448 X 10% and
432 X 103 M~'sec.'.  Although our data are not suf-
ficient to determine whether the correlation is valid
over a wider range of temperatures and solvents, they
suggest that the binding of cation and anion is a deter-
mining factor in the rate. The hyperfine coupling
constants of the cations are determined in part by the
average conformation of the ion pair. The rates may
be sufficiently sensitive to conformation to yield the
correlations which we have noted.
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The existence of paramagnetic dimers of ketyls was confirmed from e.s.r. and optical absorption spectra.
Spin—spin dipolar interactions in the dimers were studied from the e.s.r. spectra in rigid media and are dis-

cussed in connection with their structures.

Slow spin exchangs rates were found in the dimers.

The equi-

libria among various forms of ketyls (paramagnetic monomer, paramagnetic dimer, and diamagnetic dimner)
are discussed and several thermodynamic quantities are given for the paramagnetic monomer-dimer equi-

librium.

Introduction

The ketyls were discovered in 1891? and recognized
as free radicals in 1911.3 Many experiments have since

(1) This work was supported by the National Science Foundation, the
United States Air IFoice, and the Petroleum Research Fund of the American
Chemical Society to whom grateful acknowledgment is made

(2) F. Bechman and T. Paul, Anxn., 266, 1 (1891).

The factors which affect the equilibria are also discussed.

been performed, not all with concordant conclusions, on
the structures and chemical behavior of ketyls. Were-
port here some of the results of our investigation of
ketyls by electron spin resonance. Qur experinlents
demonstrate that several forms of a ketyl may be in

(3) W. Schlenk and T. Weichel, Ber., 44, 1182 (1911); W. Schlenk and
A. Thal, ibid., 46, 2840 (1913).
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equilibrium with each other and that the equilibria
depend on solvent, temperature, and cations. Some
of the inconsistencies between conclusions drawn from
earlier experiments arose because the various workers
were dealing with different equilibrium mixtures.

In this paper we deal with the structures of the species
which may be observed by e.s.r. spectroscopy and the
equilibria between them. Rates of chemical processes
in which the ketyls participate will be discussed else-
where.

Experimental

Various ketyls of benzophenone, fluorenone, and xanthone
were prepared by the reduction of ketones with alkali, alkaline,
and rare earth metals in ether solvents such as dimethoxyethane
(DME), tetrahydroturan (THF), and methyltetrahydrofuran
(Me THF). Alkali metal ketyls were reduced with alkali metal
mirrors following procedures similar to those used in the prep-
aration of hydrocarbon negative ions.*® Reduction with alka-
line and rare earth metal ketyls was made with amalgams of the
corresponding metals. All reactions were carried out in a sealed-
off glass apparatus which included a cell for e.s.r. measurement
and one for optical measurement when it was necessary. Reac-
tions proceed almost instantaneously with alkali metals but are
slower with alkaline earth metals. With rare earth metals the
reaction is very slow and often a few days are required for forma-
tion of sufficient ketyl.

Preparations of ketyls in nonpolar solvent were made by trans-
ferring a desired nonpolar solvent into a sample tube containing
solid ketyl which had been prepared in ether solution and freed
of solvent by evacuation.

All of the e.s.r. measurements were made with a conventional
X-band spectrometer with 100 ke¢. modulation.

Electron spin resonance spectra in rigid media were taken at
the boiling point of liquid nitrogen in Me THF which forms a
glass at that temperature. A sealed-off e.s.r. cell was placed in
a quartz Dewar containing liquid nitrogen whose bottom tip
was placed in the center of a cylindrical cavity of the spectrom-
eter.

All of the optical measurements were made on a Cary spectro-
photometer, Model 11M. The spectra at lower temperatures
were taken by making use of a quartz dewar fitted to the spec-
trophotometer.

Results and Discussion

(I) Optical Studies of the Formation of Paramag-
netic Dimers. (a) Alkaline and Rare Earth Ketyls.—
Warhurst, et al.,® found that the position of the maxi-
mum absorption shifts toward shorter wave length as
the size of the positive ion becomes smaller. The
phenomenon was interpreted by a molecular orbital
treatment in terms of the electrostatic interaction be-
tween positive ion and electrons in the aromatic nega-
tive ion.?

The results of more comprehensive experimental
studies of the effect of the positive ion on the visible
spectra including di- and trivalent metal ketyls are
given in Table I for several ketyls in THF. It is
clearly seen that generally the higher the charge and
the smaller the size of the positive ion, the greater the
shift of the maximum absorption toward shorter wave
length. The strong dependence of the electronic spec-
tra on the nature of the positive ion suggests that all
these ketyls, including di- and trivalent metal ketyls are

really associated to form the structure <i§>é—o>-

n
M** in the solution. Ion pair formation in ether

solution was also confirmed from the observation of var-

(4) D. E. Paul, Thesis, Washington University, 1954.

(5) T. R, Tuttle, Thesis, Washington University, 1957.

(8) H. V. Carter, B. J. McClelland, and E. Warhurst, Trans. Faraday
Soc., 86, 455 (1960).

(7) B. J. McClelland, ibid., 60, 1458 (1961).
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ious metal splittings®® (Na, K, Mg, and La) and the de-
pendence of proton and C'? splittings on the metal in
e.s.r. spectra in solution.® Dissociation of the ion pair
was found only in the highly polar solvents such as
liquid ammonia or dimethylformamide.

TaBLE I

ABSORPTION MaximMa (mu) oF KeTtvis IN THF

Benzophenone Xanthone Fluorenone
K 681 638
Na 660 638 520 (monomer)
Na 450 (dimer)
Ba 637 610 451
Ca 620 590 449
Mg 605 565 446
La 595 555
Sm 592 550
Lu 598 541

(b) Alkali Metal Ketyls.—Optical spectra of fluo-
renone alkali metal ketyls are remarkably dependent
on the concentration of ketyls and the nature of the
solvent as well as the nature of the positive ion. Figure
la gives the concentration dependence of the optical
spectra of Na fluorenone in Me THF. At high concen-
trations a strong absorption peak exists at 450 my and
as the concentration decreases a peak begins to emerge
at about 525 mu. The change of the spectra with dilu-
tion suggests a monomer—dimer equilibrium between
two species of similar electronic structure. The peak at
450 mu belongs to the dimer and the one at 525 mgu
to the monomer. The changes with concentration of
sodium xanthone in Me THF are shown in Fig. 1b.
The spectra are also dependent on the nature of the
solvent and metal, as is illustrated in Fig. 2a. A dimer
of structure

Ar M+ Ar
. 4
C~—0O 0—C
/ AN
Ar M+ Ar

is suggested by the spectra.

Dependence on concentration of the optical spectra
in the ketyls of xanthone and benzophenone is not so
clear as for fluorenone ketyl because the spectra of the
former are much broader than those of the latter.
However, a shift of the maximum absorption with
dilution was observed as shown in Fig. 1b. Thcrefore,
it is supposed that the monomer-dimer equilibrium
takes place quite generally in alkali metal aromatic
ketyls in ether solution.

It must be noted that in aliphatic ketyls such as hexa-
methylacetone, e.sr. studies showed that the stable
radical species at room temperature is exclusively dimer
in ether solution.'?

(II) E.sr. Studies of the Paramagnetic Dimer.
Spin—Spin Interaction and Spectra in Rigid Media.—
As was dscussed in the previous section, optical
studies suggest the existence of dimers. Since the
optical spectra of the dimers are very similar to those of
the monomers, it is likely that no changes in electron
pairing accompany the dimerization. Whenever two

(8) N. Hirota, J. Chem. Phys., 37, 1884 (1962).

(9) N. Hirota and 8. I. Weissman, J. Am. Chem. Soc., 88, 3533 (1961)
(10) N. Hirota and S. 1. Weissman, ibid., 82, 4424 (1960).


xu.fi

2540

T

08 / \

__l ]
04+ / /l —F\
/) \
Sy N\
o N
0 ! 1 ; !
400 500
Wavelength mg.

Fig. la.—Concentration dependence of optical absorption of
sodium fluorenone in Me THF: — - —, 28 X 1072 M; ——
— 33 X 107 AM; - —— 22 X 107*}M; —— 58 X
1075 Af.
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Fig. 1b.—Absorption spectra at three concentrations of sodium
xanthone in Me THF. Product of optical path and concentra-
tion is constant: —— —-— 107* A, - — -~ 1078 M; ———
10-2 M.

spins exist in one system there is a magnetic dipolar in-
teraction

2232 4 —
Hes = gﬁ {SI'SZ -

7193

3(5; . ;;2) (52';12)}

2
[4¢] ]

Here S) and S, are spin operators and 7y, is the separa-
tion of the two spins. The effect of the dipolar inter-
action on the magnetic resonance spectra is well es-
tablished. In triplet systems spectra may be analyzed
in terms of the spin Hamiltonian

K = g8H-S + DS + E(S; — S,

where S is the spin operator for the total spin and D and
E are directly related to f.!'* Electron spin resonance
spectra of randomly oriented triplet molecules have
been studied recently in many cases.!'* The analogous
problem of a two-spin system is well known in n.m.r.,

(11) K. W. H. Stevens, Proc. Roy. Soc. (London), A214, 237 (1952)

(12) A. D. Machfachlan, Mo! Phys.. 6, 141 (1963).

(13) M. Gouterman and W. Maffit, J. Chém. Phys., 80, 1107 (1959).

{14) W. A Yager, E. Wasserman, and R. M. R. Cramer, 1bid., 87, 1148
(1962).

NoBorU HIrROTA AND S. I. WEISSMAN

Vol. 86

o
Q
T

I
500
Wavelength,my.

Fig. 2a.—Dependence of optical spectra on cations and sol-
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vent. Spectra in DME of alkali metal fluorenones: ———,
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Fig. 2b.—Spectra of sodium fluorenone in various solvents:
———, Me THF, 4.1 X 1072 M; - --—-, THF, 35 X 1072 M;

—— ——, DME, 3.0 X 10~2% M.

where Pake! first analyzed the proton resonance of
powdered hydrated crystals as randomly oriented two-
spin systems. The n.m.r. analog is simpler because the
two protons are point spins with well-defined separa-
tion whereas spins are delocalized in the entire mole-
cule in large organic triplet molecules.

(a) Alkali Metal Ketyls.—Electron spin resonatice
spectra due to the AM = 1and the Al = 2 transitions
in Me THF rigid media at 77° were taken for various
fluorenone, xanthone and benzophenone ketyls. Rep-

(15) G. E. Pake, ibid., 16, 327 (19481
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400 500
Wavelength, mu.
Fig. 2c.—Spectra of sodium fluorenone ion: — - —, DME;

———, Me THF; — - —, 1:1 Me THF and toluene; —
——, toluene,

resentative spectra are shown in Fig. 3. The spectra
due to the AM = 1 transition consist of the super-
position of two spectra, a central narrow single peak, and
a widely separated doublet. The separation of the
doublet decreases with increasing size of the alkali
metal ion as shown in Table II. Optical spectra at
77°K. are similar to those obtained at room tempera-
ture and indicate the existence of both monomer and
dimer at 77°K. Therefore, the assignment of the cen-
tral peak to monomers and/or dimers with small di-
polar interaction and the rest of the spectra to dimers
with large dipolar interaction seems to be reasonable.

TaBLE 1I

SPIN-SPIN DIPOLAR INTERACTION

Doublet separation, D/he,
gauss cm. 1 P, A
Fluorenone Li 118 0.0110 6.2
Na 98 .0092 6.6
K 82 .0077 7.0
Xanthone Li 90 .0084 6.8
Na 79 .0074 7.1
Hexamethylacetone Na 163 .0152 5.6

Benzophenone ketyls showed a strong central peak
of 15 gauss half-width and an extremely weak doublet.
The aliphatic ketyl hexamethylacetone also showed a
weak, widely separated doublet and a single central
peak at 77°K. The integrated spectra of the dimer
spectra of lithium and sodium fluorenone and xanthone
agree very well with the theoretical curve for randomly
oriented two-spin systems described by Pake; see
Fig. 4.

(b) Alkaline and Rare Earth Metal Ketyls.—
Barium and strontium fluorenone ketyls showed broad
spectra whose tails extend over about 100 gauss.
Calcium and magnesium fluorenone dimers and all
benzophenone and xanthone alkaline earth metal ketyls
showed absorption spectra of 10-15 gauss half-width.
Lanthanum fluorenone and xanthone ketyls showed ab-
sorptions of about 25 gauss half-width which is appre-
ciably broader than those of the alkaline earth metal
ketyls. Representative spectra are shown in Fig. 3.

Whenever a large separated doublet spectrum or
broadened spectrum of the dimmer was observed in the
AM = 1 transition, the AM = 2 transition was ob-
served.'® The spectrum of the AM = 2 transition is a
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Fig.3.—dx’’'/dH vs. H for ketylsin Me THF at 77°K. Spectra
are, reading from top down, AM = 1 transition for lithium
fluorenone, sodium fluorenone, lithium xanthone, barium fluore-
none, magnesium fluorenone, and the AM = 2 transition for
lithium fluorenone. The latter is displaced and occurs at half
the normal field.
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Fig. 4 —Integrated e.s.r. spectra in the AM = 1 region of
lithium xanthone (above) and lithium fluorenone (below) in
Me THF at 77°K. The dotted spectra are those of the monomer.

single absorption peak of 10-15 gauss half-width at a
field strength approximately half of the center of the
AM = 1 transition; see Fig. 3. The intensity of the
AM = 2 transition is of the order of 107% of the AJM
= 1 transition.

In liquid solution the hyperfine splitting spectra of
dimers with large dipole interactions is broadened by
relaxation, while those with small dipole interactions
such as most of the alkaline earth dimers showed well-
resolved hyperfine structures. Sodium fluorenone
dimer in Me THF showed a continuous change of the
spectra with temperature starting from a single broad
spectrum at higher temperatures to a doublet at lower
temperature.

In the derivative curve of the AM = 1 transition of a
two-spin system characterized by the spin Hamiltonian
written above, peaks should appear in three pairs
whose separations are 2D, D + 3E and D — E, respec-
tively.’® The observed spectra of dimers of lithium and

(18) J. H. Van der Waals and M. S. Groot, Mol. Phys., 2, 333 (1959).
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Fig. 5.—Possible structures of paramagnetic
polyvalent cations: a, b, ¢, dipositive ions; d, tripositive ion.

sodium fluorenoiie, and lithium and sodium xanthone
ketyl can be analyzed by the above spin Hamiltonian,
with £ approximately zero. FE is proportional to the
expectation value of (x> — y12)712~° for two spins with
712 as the distance between two spins and xp and y,, as
its x and y comnponents.

The only reasonable structure which requires £ = 0
by reason of symmetry has the point group Dsg with
the planes of the aromatic systems perpendicular to each
other. However, many other structures could yield
the observed spectra through accidental cancellations.
In the ketyls, most of the contribution to the spin-spin
interaction probably comes from the spin densities in
the carbonyl groups. As these carbonyl groups are
separated by positive ions, the mutual separation of
spins (r12) would be rather large and favor reduction of
E.

In randomly oriented two-point spin systems, the
doublet separation is given by 38ri;7%  For ketyl
biradical systems as a first approximation we consider
two spius separated by an average distance 7, which
can be calculated from the observed splittings; 71, thus
calculated and D are given for several systems in Table
I1. The broad spectra of barium and strontium fluore-
none niight be due to nonvanishing value of E or the
superposition of different conformations with different
maguitudes of dipolar interaction.

Dimerization and Electron Transfer Rate.—As stated
in the last section, large dipolar interactions are not
necessarilv present in all paramagnetic dimers. In
rigid media the spectra of dimers with small dipole in-
teraction are not distinguishable from those of mono-
mers. Other evidence for the existence of the two
paramagnetic species in the alkali metal ketyls is dem-
onstrated in a kinetic study of sodium benzophernone in
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Me THF. The data will be presented in a subsequent
publication on kinetics in ketyl systems.

Structure of Dimers and Spin-Spin Interaction.—
From the magnitude of the observed splitting of the
doublet or the magnitudes of the broadening in the
rigid media spectra, we may consider possible structures
of dimer ketyls. First, we notice that there is a large
variation in the magnitude of the dipolar interaction,
namely, from less than 10 to 160 gauss. Divalent
ketyvls except barium and strontium fluorenone and
alkali metal ketyls of benzophenone showed single
peaks with half widths of 10-15 gauss. Since there is
no sign of dissociation in divalent ketyls, it must be con-
cluded that the dipolar interaction in these ketyls
would be equal to or less than 10 gauss. A possible
structure of the complex with a dipositive ion in which
two radicals are most separated is given in Fig. 5a. A
recent theoretical study of the spin density in benzo-
phenone free ion ketyl" gives p. = ().27 and p, = 0.15.
For divalent ketyls p. may be larger and p, may be
smaller than this value.® Placing 0.3 spin density on
the central carbon atom, 0.1 on the oxygen atom, and
the rest on the rings, and taking 7. = 8.0 A. and r,, =
5.4 A, we obtain a crude estimate of the dipolar inter-
action of 30 gauss by the point spin approximation. In
actual systems correlations between two spins and the
angular distribution of the electron in a 2P orbital
would decrease the magnitude of the interaction. Also
the separations 7. and 7., could be larger than esti-
mated above because of the effect of solvation and vi-
bration. Therefore, the observed small values of the
dipolar interaction in most divalent ketyls and some
alkali metal dimer ketyls are not surprising. In tri-
valent ketyls whose possible structures are given in
Fig. 5b, mutual separation of the radicals is smaller and
more dipolar interaction is expected. The observed
25 gauss half-width probably indicates a larger dipolar
interaction.

In order to explain the observed large dipolar inter-
action in barium and strontium fluorenone and dimers
of various alkali metal ketyls of fluorenone and xan-
thone, other structures with smaller mutual separation
of spins must be considered. Although it is difficult
to give definite structures for these dimers, structures
as shown in Fig. 5¢,d would possibly give the observed
magnitude of dipolar interaction. There may be
equilibria among different dimers shown in Fig. 5 and
the most stable structure would be determined by
several factors: the structure of the original ketone,
the charge and size of the positive ion, and the nature
of the solvent. The effect of the solvent in the equi-
librium between the monomer and the dimer and the im-
portance of the solvation in the dimer will be discussed
in a later section.

Scalar Spin Exchange Interaction in Biradicals.—
A Hamiltonian for a dimer in liquid solution which
includes a scalar interaction between electron spin may
be written as

5 = g8H (Si + ) + ZAuSi-Ii +
345,81, & J S-S

where J is a scalar spin—spin interaction operator and

(17} G. K. Fraenkel and R. H. Rieger, J. Chem. Phys., 87, 2811 (1962).
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Fig. 6a.—Intensity of AM = 2 transition vs, 1/7 in Me THF
for barium fluorenone (open circles) and lithium fluorenone (solid
circles).

Ay is nuclear spin isotropic hyperfine interaction be-

tween spin 1 and nucleusi. S and 7 are spin operators
for electron and nuclear spin. Subscripts 1 and 2 refer
to each half of the ion pair. The analysis of the hyper-
fine structure due to C" splitting of the two-spin sys-
tems has been worked out in detail for C'*-labeled bi-
radicals.”® In two limiting cases 4 >> Jor 4 << J,
the effect of the two terms are qualitatively easy to see.
(1) 4 >> J: the Hamiltonian is nearly the sum of the
Hamiltonians for two independent spins which interact
with one-half of the system. Hyperfine patterns are
similar to those of the monomer. (2) 4 << J: each
electron interacts with all nuclei in the entire system
and the hyperfine pattern is quite different from that of
the monomer.

The C'¥ and proton hyperfine patterns of the solution
e.s.r. spectra of the divalent and trivalent ketyls cor-
respond to the condition 4 >> J. The rate of spin
exchange between the two halves of the ion pair is,
therefore, much slower than the hyperfine frequency,
order of 10® sec.~ 1.

The temperature dependence of the intensity of ab-
sorption is consistent with a small value of J. The in-
tensity of the AM = 2 resonance is proportional to re-
ciprocal of temperature between 63 and 77°K. in
lithium and barium fluorenones; see Fig. 6a. The
AM = 1 transition in magnesium and calcium xanthone
follows the Curie law from 90 to 320°K.; see Fig.
6b.

ITI. Optical Studies of the Equilibrium. Extent
of the Diamagnetic Dimer.—From the results of
magnetic susceptibility measurements it is commonly
believed that the diamagnetic dimer, pinacolate, exists
in the solution of alkali metal ketyls. Most of these
susceptibility measurements, however, were made in
solutions of high ketyl concentrations.’ Since we are
concerned with much lower ketyl concentrations rang-
ing from 10~2to 103 34, and the solvents which we used
are different from those used in the previous studies, it
is doubtful whether the results of the former investiga-
tions are applicable. We studied, therefore, the equi-
librium between the diamagnetic dimer and the para-
magnetic species by a spectrophotometric method.

(18) D. C. Reitz and S. I. Weissman, J, Chem. Phys., 88, 700 (1960).

(19) G. W. Wheland and R. N, Doescher, J. 4m. Chem. Soc., 86, 2011
1934) .
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Fig. 6b.—Reciprocal of intensity of A1/ = 1 transition of mag-
nesium benzoplienone (open circles) and calciuin xanthone
(closed circles) vs. T.

We consider two cases: (a) ether solvents (DME,
THF, and Me THF) and (b) nonpolar solvents such as
benzene, toluene, and cyclohexane.

(a) Ether Solvent.—The extent of the diamagnetic
dimer was checked in the following way. Assume that
the following equilibria exist in the solution

2M > P (1)

P> Dor2M =D (2)

where M =monomer ketyl, P=paramagnetic dimer,
and, D= diamagnetic dimer. Generally, two electrons
can be added to one ketone molecule to form a dinegative
ion in the presence of excess alkali metal. The reduction
takes place stepwise.

(I) K4+e - —>» Mor2K + 2~ —>P

(II) M+ e”—> XN P + 2e~ —> 2N

K = parent ketone N = dinegative ion

Practically no dinegative ions are formed until all of the
ketones are reduced to mononegative ions. Suppose
that we have an appreciable amount of the diamagnetic
dimer, pinacolate, in equilibrium with ketyl radicals.
The transformation of the diamagnetic dimer into
ketyl must take place as the formation of the dinega-
tive ion proceeds. The total concentration of the ab-
sorbing species in the visible region given by [S] =
IM] 4+ 2[P] + [N] will increase as the reduction pro-
ceeds. On the other hand, if the amount of the diamag-
netic dimer is negligibly small, [S} will be constant
throughout the further reduction to form dinegative
ions.

In sodium fluorenone in Me THF at 1072 1/ of ketyl,
the radical component is mostly dimer (as clearly seen
from its optical and es.r. spectra) and the optical
spectrum changes little in shape with the concentration
from 4 X 107%to 5 X 107% }/. We can assume, then,
that {S] = 2[P] + [N]. If the concentration of the
diamagnetic dimer is small, we should have isosbestic
points in the course of the formation of the dinegative
ion at the position where the extinction coefficients of
the mononegative ion and the dinegative ion are equal.
If the concentration of the diamagnetic dimer is
large, there should be no such isosbestic points. Figure
7 shows the change of the optical spectrum with further
reduction of sodium fluorenone in Me THF and two
isosbestic points are seen at 480 and 360 mu. There-
fore the concentration of the pinacolate type appears to
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Fig. 7.—Optical spectra of sodium fluorenone in Me THF with
increasing reduction.

be small in this case. Similar results were obtained
where {M|>>[P]. Itislikelythatindiluteether (DME,
THF, and Me THF) solutions of alkali metal ketyls
the extent of pinacolate formation is small.

(b) Nonpolar Solvents.—The situation is quite
different in nonpolar solvents. The transformation of
the ketvl radical into the diamagnetic dimer and the
complete reversibility of the equilibrium were demon-
strated in the following experiments.

Ketyls were made in an ethereal solvent such as DME
or THF and their optical spectra were taken. Then the
ether.solvent was pumped out and a nonpolar solvent
was introduced. The intensity of the optical absorp-
tion was very much reduced in the nonpolar solvent.
With the reintroduction of the ether solvent into the
same sample cell most of the optical absorption was re-
covered. Representative examples are shown in Fig.
& and Fig. 2¢. The much reduced absorption in non-
polar solvents is consistent with Wheland and Does-
cher’s observation that the paramagnetism of ketyls in
benzene solution is very small.’® From the very slow
electron transfer rate between radical and ketone and
the small change of the spectrum with temperature in
nonpolar solvents, the radical component is the para-
magnetic dimer. Therefore, the equilibrium should be

written as
Ar Ar Na+* Ar
I P .
C—0O Na* CcC—0 0—C
e / AN
Ar | Ar Na*t Ar
Ar |
| _
C—0 Na-
/
Ar

Thermodynamic Quantities and the Nature of the
Equilibrium between Monomer and Dimer.—The
concentration of the monomer and dimer ketyls in
solution was approximately determined under the
assumnption that the concentration of the diamagnetic
dimer in ether solution is negligibly small. The ketyls
are mostly in the dimer form at high concentration
{10=1 ~ 10~? 1) in Me THF and the monomer form at
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Fig. 8 —Spectra of sodium benzophenone ketyl in Me THF
(above), toluene {below), mixed Me THF and toluene (center).

low concentration (10=¢ ~ 10-5 /) in DME. Assum-
ing that the effect of the solvent on each component of
the spectrum is not large, we take the spectrum at high
concentration in Me THF and at low concentration in
DME as the standard spectrum for the pure dimer and
monomer, respectively. The estimated molar extinc-
tion coefficients of the monomer of sodium fluorenone
at 454 and 520 mpu are 2700 and 6060, respectively;
the corresponding numbers for the dimer are 2700 and
450. From these extinction coefficients, dissociation
constants for the equilibrium between the paramag-
netic dimer and monomer were obtained at various
concentrations. The temperature dependence of the
spectrum was also studied. The thermodynamic quan-
tities AF°, AH®, and AS® were estimated for the dis-
sociation of the sodium fluorenone paramagnetic dimer
into the paramagnetic monomer in ether solution. The
data for the reaction 2M = D are given in Table III.

TaBLEg III

THERMODYNAMIC QUANTITIES FOR DISSOCIATION OF
Na FLUORENONE DIMER {23°)

Dissociation constant, AF°, AH®, AS®,
mole per liter kcal. kcal. cal. deg. ™!
DME 2 X 10°3 6.7 -2.5 —29
THF 5 X 1074 8.9 —-1.3 —31
Me THF 2 X 10°* 10.8 Small —37

The spectroscopic determination of the dissociation
constants is not accurate because of the several assump-
tions made in determining the concentration. Despite
these assumptions, the obtained dissociation constants
were fairly constant for a wide range of concentration.

With other metals qualitatively similar results were
observed though quantitative measurements were not
made. The order of the dissociation constants in dif-
ferent solvents and with different positive ions can be
seen from the shape of the absorption spectra shown in
Fig. 2 and are summarized as

solvent: Kpwr > Krur > Kue Tur
metal: Kco > Kgp > Kx > Kne > Kis

From the values given in Table III, it is noticed that
the nature of the equilibrium has many similarities to
those found in the dissociation of sodium naphthalenide
into sodium ion and naphthalene negative ion.” Large
(20) A. Mathias and E. Warhurst, Trans. Faraday Soc., 89, 345 (1960).
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negative AS® and small negative AH® are character-
istic in these cases.

The quantity of primary interest is the large nega-
tive AS®. Partial ordering of the solvent by the strong
solvation of sodium ions in monomer ketyl could be pri-
marily responsible for this change. The solvation of
sodium ion in the ethereal solvent has been considered
to be one of the main causes of the large entropy change
in the dissociation of sodium naphthalenide ion pair.?!
Mathias and Warhust® also mentioned the decrease in
the solvent entropy due to the solvation in rationaliz-
ing a decreased value of the pre-exponential factor for
the reaction of monosodium fluorenone and methyl
iodide. Qualitatively this will be understood in the
following way. As discussed in the previous section,
two sodium ions are surrounded by two large ketyl
anions and the solvation is greatly hindered in the para-
magnetic dimer, while in the monomer more space is
accessible for solvent molecules. The relative dif-
ference in the solvent ordering in the monomer and the

(21) N. A. Atherton and S. I. Weissman, J. Am. Chem. Soc., 88, 133 (1961).

NAPHTHALENES WITH TETRACYANOETHYLENE
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dimer would result in the negative AS® for the disso-
ciation. The small negative AH® would come mainly
from the difference of two competing electrostatic in-
teractions, namely, electrostatic interaction between
positive ions and aromatic negative ions and that of
solvation.

The dissociation constants increase as the size of the
positive ion increases. The weakened electrostatic
interaction between the positive ion and the negative
charge of the ketyl and also the solvent molecules would
weaken the solvation as well as the force which combines
two ketyls. Dimers are predominant in aliphatic
ketyls. This may be accounted for by the stronger
electrostatic interaction due to the more localized
charge on the carbonyl group.

While the equilibrium between the paramagnetic
monomer and dimer is the major equilibrium in dilute
ether solution, such as DME, THF, and Me THF, the
major equilibrium in nonpolar solvents is the one be-
tween the paramagnetic and the diamagnetic
dimer.
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The charge-transfer spectra of the w-complexes formed by a number of methyl substituted benzenes and

naphthalenes with tetracyanoethylene have been measured.

Comparison of the observed energy shifts with

other spectroscopic shifts and energy level correlations shows that these r-complexes can be reasonably inter-

preted in terms of first-order pertubation theory using only inductive effects.

The highest occupied Hiickel

molecular orbital relationship previously established for alternant and nonalternant hydrocarbons is used in
evaluating the coulomb pertubation parameter for methyl shifts.

Introduction

A simple molecular orbital (MO) treatment has pre-
viously been successfully applied to the charge-transfer
spectra of alternant®* and nonalternant!® hydrocarbons.
These hydrocarbons (D) containing only sp?carbon
atoms donate electrons from their highest occupied
orbital (h.0.0.) to an interacting acceptor molecule (A)
where it enters the lowest unoccupied orbital (L.u.o.).
The energy, E,, required for this transition is thus pro-
portional to the difference in orbital energies m (eq. 1)

E, = ma* — mp oY)

where the subscripts denote the molecule and the energy
levels, numbering from the h.o.o. and lu.o. (¥), re-
spectively. The individual orbital energies from the
Hiickel MO treatment are given by a + x;3. Here «a
and 3 are, respectively, the coulomb and exchange inte-
grals. Since the hydrocarbons contribute only p-orbi-
tals from sp?-carbon atomns to the energy matrix, the x;
and relative mp; may be determined.?

The calculated x;’s for the donor molecules have been
used to determine the parameters ma.* for the acceptors

(1) Part I: A. R. Lepley, J. Am. Chem. Soc., 84, 3577 (1962).

(2) Presented in part before the Division of Physical Chemistry, 146th
National Meeting of the American Chemical Society, Denver, Colo., Jan.
22, 1964, Abstracts, p. 32D,

(3) M. J. S Dewar and A. R. Lepley, J. Am. Chem. Soc., 83, 4560 (1961).

(4) M. J. S. Dewar and H. Rogers, ibid., 84, 395 (1962).

(5) A. Streitwieser, Jr., “"Molecular Orbital Theory for Organic Chem-
ists,” Johg Wiley and Sons, Inc., New Vork, N. Y., 1961, Chapter 7.

p-benzoquinone,® chloranil,® iodine,® tetracyanoethyl-
ene,! tetracyanoquinodimethane,® trinitrobenzene ¢
and trinitrofluorenone.! An example of such evalua-
tion gives the relationship between £, and x; for tetra-
cyanoethylene (eq. 2)

xpr = (E, — 0.34)/3.06 (2

where E, is in electron volts and xp, is dimensionless.

In their classic work relating ionization potentials to
the frequency of charge-transfer iodine complexes, Mc-
Connell, Ham, and Platt” included a wide range of aro-
matic compounds. Among these were a number of
methyl substituted aromatics. The general nature of
the inclusion of such compounds has been adequately
documented?® for a variety of acceptors. However,
no attempt has been made to make specific comparisons
of the influence of this group on the charge-transfer
process.

The ionization potential relationship to methyl sub-
stituents has been explored.’ The MO h.o.o. which
correlate!! with the ionization potential has been used!?

(6) R. Beukers and A. Szent-Gyorgyi, Rec. irav. chim., 81, 255 (1962).

(7) H. McConnell, J. S. Ham, and J. R. Platt, J. Chem. Phys., 31, 66
(1933).

(8) G. Briegleb, ‘‘Elektronen-Donator-Acceptor-Komplexe,” Springer-
Verlag, Berlin, Germany, 1961,

{9) R. S. Mulliken and W. B. Person, Ann. Rez. Phys. Chem., 18, 107
(1962).

(10) A. Streitwieser, Jr., and P. M. Nair, Tefrahedron, 6, 149 (1959).
(11) F. A. Matsen, J. Chem. Phys., 24, 602 (1950).



