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Abstract: In aprotic solvents [16]annulene can be reduced electrochemically or by alkali metals to its radical
anion and its dianion. These two species have been studied by different spectroscopic methods and information
concerning their structure and their stability has been obtained. The esr spectrum of the radical anion is reported.
Its interpretation, based on symmetry and HMO (with variable 3) considerations, has allowed us to establish un-
ambiguously the structure of this species and to conclude which of the two nonbonding MO's is in fact occupied by
the unpaired electron. The structure of the dianion could be deduced from nmr studies. The nmr spectrum of
this aromatic species is very informative; the diamagnetism associated with the delocalized 18r-electron system
is clearly demonstrated by the fact that the resonance signal of the inner protons appears at extremely high field (»
18.17). The nmr spectrum of the dianion is temperature independent, unlike that of the parent [16]annulene
molecule and that of the isoelectronic [18]annulene. This difference in dynamic behavior is discussed. Uv-visible
absorption spectra of the two species (R-~and R?™) are reported; they indicate that both species are most probably

planar.
molecule.

y nmr spectroscopy studies![16]Jannulene, synthesized

by Sondheimer and Gaoni? and by Schréder and

Oth,® has been shown to exist in solution as a dynamic

equilibrium between two interconverting configurations,
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each exhibiting single and double bond alternation but
differing from the other by the number and sequence of
cis and trans double bonds.* Each of these configura-
tions undergoes conformational mobility (Kss and Ke)
and fast bond shift (Vs and Vy). These isodynamic
processes?® are responsible for the fact that the inner and
outer protons in each structure are indistinguishable by
nmr spectroscopy above —80° (at 60 MHz).®! Fur-
thermore, the isomerization rates kss—o; and koi_,s; are

(1) J. F. M. Oth and J.-M. Gilles, Tetrahedron Lett., 6259 (1968).

(2) F. Sondheimer and Y. Gaoni, J. Amer. Chem. Soc., 83, 4863
(1961); I. C. Calder, Y. Gaoni, and F. Sondheimer, ibid., 90, 4946
(1968).

(3) G. Schroder and J. F. M., Oth, Tetrahedron Lett., 4083 (1966).

(4) Each configuration is identified by a characteristic code number
which is formed according to the following rule: we designate a cis
double bond by the figure 0 and a trans double bond by the figure 1;
we then write the sequence of cis and trans double bonds in the form of
the smallest binary number compatible with the configuration; this
binary number is then converted to its denary form

c.T
T T
C
cCTT T
sequence CTCTTCTT
smallest binary no. 01011011
denary no. 26424+ 284 241=091

Hence, this structure is identified as the [16]-91-annulene.
(5) For the definition of an isodynamic process, see:
Proc. Roy. Soc., Ser. 4, 298, 184 (1967).
(6) The exchange mechanism by which all the protons of [16]annu-
lene become equivalent in nmr spectroscopy is explained in ref 3
([16]-85-annulene) and in ref 1.

S. L. Altman,

The thermal stability of the dianion is found to be very great in contrast to that of the parent [16]annulene

large enough above —60° to bring about coalescence of
the nmr lines of the two configurations.!

We were interested in studying how the relative en-
ergies, the geometries, and the dynamic behavior of
these configurations would be affected by the introduc-
tion of one and of two excess electrons into their =
systems. In particular the dianion(s) of [l16]Jannulene
possessing (4n -+ 2) 7 electrons may be expected to be
quite stable, to show no bond alternation, and to ex-
hibit a dynamic behavior (which could cause nmr
equivalence of the inner and outer protons) much slower
than that of the neutral molecules. Such a dynamic
behavior is in fact observed in the case of [18]annulene.”

We report here the spectroscopic evidence that we
have obtained for the existence and the stability of the
radical anion R-— (uv-visible and esr spectra) and of
the dianion R? (uv-visible and nmr spectra) of [16]-
annulene. The configuration, the geometry, and the
relative stability of these species are discussed.

I. Theoretical Considerations

The main problems that we had to solve were to
establish the configurations of the radical anion and
of the dianion and to find out if these species do or do
not show bond alternation and are or are not planar.
Answers to these questions could be obtained by com-
parison of the experimental facts (the esr spectrum in
the case of R-—, the nmr and uv-visible spectra in the
case of R?") with the theoretical results based on sym-
metry considerations and MO computations.

A. The Variable 8 Hucke! Approximation. As is
well known, the successes of Hiickel molecular orbital
(HMO) calculations are, to a great extent, due to the
fact that they take into account the “topology” of the
molecular skeleton.®® In cases where the symmetry of
the correct electronic Hamiltonian is governed only by

(7 Y. Gaoni, A, Melera, F. Sondheimer, and R. Wolovsky, Proc.
Chem. Soc., 397 (1964); F. Sondheimer, Proc. Roy. Soc., Ser. A, 297,
173 (1967).

(8) K. Ruedenberg, J. Chem. Phys., 34, 1884 (1961).

(9) U. Wild, J. Keller, and Hs. H. Giinthard, Theor. Chim. Acta, 14,
383 (1969).
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the topology of the molecule (this is the case for con-
densed aromatic molecules) it is often sufficient to use
the original version of Hiickel theory in which all cou-
lomb integrals (@) on the one hand, and all resonance
integrals (3) on the other, are assumed to be equal.

However, in the case of an annulene of a given size,
one can imagine many structures which share the com-
mon topology of a simple ring. It is thus necessary to
relax somewhat the drastic assumption of simple Hiickel
theory in order that the approximate one-electron Ham-
iltonian has a more correct symmetry. For example,
the constant 8 approximation is justified for benzene
but not for cyclooctatetraene in which cis double bonds
and gauche single bonds alternate.’ Neither can it be
used for [18]annulene [a (4n + 2) w-electron system] if
one wants to allow for the Dg, symmetry of this mole-
Cule.”‘12

Numerous applications to neutral molecules (mostly
alternant conjugated hydrocarbons) in which the res-
onance integrals 8 are varied as a function of bond
length according to semiempirical relationships!®—13
have been reported. However, in the case of ions,
Hiickel calculations have mostly been confined to the
constant @ approximation.!* Yet one has to expect
that for such species HMO computations in the vari-
able 8 approximation will give valuable results not only
as far as the symmetry is concerned but also as regards
the qualitative effects of structural changes on spectro-
scopic properties.

One of our aims has thus been to identify the struc-
tures of the [16]annulene radical anion R -~ and dianion
R?~ by comparing their spectroscopic properties with
those calculated by the variable 8 approximation. In
this work we have considered neither the variation of
coulomb integrals nor the introduction of long-range
interactions since, as will be shown in the Discussion,
variation of 8 alone is sufficient to solve the structure
problems.

B. The Different Perimeters Investigated. As noted
in the introductory statement, among the many possible
configurations of a [l6]Jannulene, two are known to
exist in measurable amounts in solution. Inthe crystal,
however, [16]annulene exists only in the 85 configura-
tion,* as was shown by X-ray crystallography. In
this configuration the molecule has S; symmetry and
consists essentially of four planar butadiene residues
linked together by four gauche single bonds with tor-
sion angles of 40°.1"18  The geometry of the less abun-
dant isomer, [16]-91-annulene,* is not known exactly
since this isomer has not been isolated in crystalline
form. Were it not for the severe interactions between

(10) M. Traetteberg, Acta Chem. Scand., 20, 1724 (1966).

(11) J. Bregman, F. L. Hirschfeld, D. Rabinovich, and G. M. J.
Schmidt, Acta Crystallogr., 19, 227 (1965).

(12) F. L. Hirschfeld andD. Rabinovich, ibid., 19, 235 (1965).

(13) L. Salem, “Molecular Orbital Theory of Conjugated Systems,”
W. A. Benjamin, New York, N. Y., 1966.

(14) H. C. Longuet-Higgins and L. Salem, Proc. Roy. Soc., Ser. A,
251, 172 (1959).

(15) C. A. Coulson and A. Gotebiewski, Proc. Phys. Soc., 78, 1310
(1961).

(16) 1. Bernal, P. H. Rieger, and G. K. Fraenkel, J. Chem. Phys., 37,
1489 (1962)

(17) G.S.D.King, Union Carbide ERA Tech. Memorandum, No. 102,
(1968); S. M. Johnson, I. C. Paul, and G. S. D. King, /. Chem. Soc. B,
643 (1970).

(18) Such a structure (i.e., 85 configuration and nonplanar confor-
mation with S: symmetry} was proposed prior to the X-ray studies in
order to explain the nmr spectrum of [16]Jannulene as observed at —110°
(¢f. ref 3).
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the inner hydrogens, [16]-91-annulene could be planar
(all bond angles would be equal or close to 120°) and
have C, symmetry (C,, symmetry if there were no bond
alternation).

The dianion of [16]Jannulene should be aromatic
according to Hiickel’s rule.’® This implies that the
18 = electrons are delocalized and that the dianion is
nearly planar and shows no bond alternation. One
might assume that the framework of the dianion could
derive from the framework of either one or both of the
observed isomers of the neutral molecule (e.g., that,
for strain reason, the 91 configuration might be pre-
ferred).

The radical anion could also have its 17 = electrons
delocalized, thus showing no bond alternation and
tending toward a planar geometry. Such a structure
of the radical anion would imply, in the simple Hiickel
theory (i.e., all 8 values are equal), that the unpaired
electron occupies one of the two degenerate nonbond-
ing MO’s and thus would violate the Jahn-Teller the-
orem.!?* However, since a planar [16]annulene radical
anion (even assuming all bonds equal in length) will
necessarily take up a geometry with a lower symmetry
than that implied by the simple Hiickel approxima-
tion (Dier),? the degeneracy (in symmetry) of the
two nonbonding Hiickel MO’s may not exist. One
might again here assume that the framework of the
radical anion will derive from that of one or both of
the observed isomers ([16]-85- and [16]-91-annulene).

Following this assumption, we have investigated five
different Hiickel perimeters; these and the correspond-
ing possible true geometries are represented in Table
I. The table gives also, for each perimeter, the sym-
metry, the degeneracy, and the coefficients of the two
nonbonding MO’s.2! The first and second perimeters
correspond to hypothetical molecules with equal and
with alternant single and double bonds, respectively.
One of the structures corresponding to the second pe-
rimeter is that of neutral [16]-91-annulene (planar).
The third perimeter corresponds to the structure of
neutral [16]-85-annulene and depends on three res-
onance integrals. The fourth describes a delocalized
[16]-85 structure in which all the inner and outer C-C
bonds form two sets of equivalent bonds. This situ-
ation prevails in [18]Jannulene and it corresponds, for
instance, to a [16]-85-annulene structure of D,, sym-
metry. Finally, the fifth perimeter describes a delocal-
ized structure of [16]-91-annulene in which, once again,
all the inner C-C bonds on the one hand, and all the
outer ones on the other hand, are equilvalent. The
physical reason for adopting the bond length pattern
of the last two perimeters has already been invoked
to explain the bond pattern observed!! in the planar
[18]annulene. It results from the mutual repulsions
of the inner hydrogen atoms in a quasiplanar delocal-
ized structure. The repulsion energy is diminished to
some extent by an opening of the adjacent CCC angles;
this opening, in turn, changes the hybridization of the

(19) H. A. Jahn and E. Teller, Proc. Roy. Soc., Ser. A, 161, 220
(1937).

(20) In a structure with Dig, symmetry (i.e., planar with all bonds cis,
all bond lengths and all bond angles equal) the bond angle strain would
be very high; planar structures with cis and trans bonds must be less
strained.

(21) The expression ‘“nonbonding MOQ’s” refers to MO’s which are
correlated with the nonbonding MQO’s of the D simple Hiickel perime-
ter.
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Table I. Hiickel Perimeters Investigated (Variable 8 Approximation); Corresponding True Geometries; Symmetry, Degeneracy, and AO Coefficients for the Two Nonbonding MO's

Nonbonding MO’s

Hiickel perimeters Some corresponding geometries Symmetry Degeneracy Atomic orbital coefficients
2 3 2 3 2 T
4 3 €ay 2\/5 costr E
’ 5 Degenerate r=123...16
s 1
vy 7 €4u = sin (r I)
Disn Dy Co V2 2
~2 3 3 2
’ . ¥ biu 3 \/ cos + )
° ‘ ’ Not degenerate r=1273...16
Dy, =—=p, Can [ Ba f sin + )
-8,
T [ ks .
A 2\/.. sin (Z +5—»p E)(--l)"l with tan ¢ = (8 — 83)/26:
2 p parity of [r/2]
Not degenerate
w
r 9 L) p=0forr=14,528,9, 12,13, 16
- 2\/5 sin (4 + ) = lforr=2367 10,11, 14, 15
Not degenerate for 1 T
an symmetry 5 cos{r3
1 . T b g .
e A Degenerate for energy 5 sin{ r- ) cos v —p 5 with tan ¢ = 8,/8., p as above
Not degenerate for (; . if g even
8 symmetry i—zcos(x+p5)+ifq>0,—ifq<0
sin x/v/1 + 6 cos? x forg =0
b, Degenerate for energy

-8

Cy

cos x cos (q g)/vm:;,sTx forq # 0

with tan X = Bz/B), q
q
q

r—1forr<9
r—17forr>9
-7,—-6...0...7, 8

00S¢
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Hickel perimeters Corresponding

Atomic orbital coeff and energies of the 'non bonding”

Dap (=By~Ba—B3)

geometries MO’s for the 8 values indicated
2
3
4
2 s
B * B,
.98,, (-'B“—Bz)
E(b2u)= 0258
E(b' )=-0258
u
i
3 3 B =1
4 B,=6
*3 5 B, =75

9y ('04/7 )i b(54)

E(g, ) =0-3288
Elo, )=-03288

{ -354
4 34 2 B, -
* 4 5 Bz =9
E(a, )=0
u
E(azU) =0
Dyp (=B =By
L2
34 B, =1
5 5 Bz =9
(3 E(az) =0
7
58 E(b,) =0
2y (=B, =By)

Figure 1.

adjacent carbon atoms and induces a reduction of
length of the adjacent inner C-C bonds.

It is expected that the most detailed information re-
garding the structure of the radical anion will come
from the esr spectrum, viz., from the spin densities
which can be approximated by the charge densities
in the MO occupied by the unpaired electron. Since,
in our elementary approach, it is not possible to know
a priori which of the two Hiickel nonbonding MO’s
is occupied by the unpaired electron (even if they are
not degenerate in energy), we have established the
analytical expressions giving the atomic orbital co-
efficients of the two nonbonding MO’s?! for each pe-
rimeter investigated. These expressions are given in
the last column of Table I. Figure 1 gives, for the last
four perimeters investigated, a schematic representa-
tion of the two nonbonding MO’s?! for the 8 values
chosen; the symmetry of these orbitals and their en-
ergies are also given.

Several points are worth noting here: (1) For all
the perimeters in which bond alternation is introduced
(perimeters 2 and 3 in Table I) the two nonbonding
HMO’s are no longer degenerate. These orbitals
have both different symmetry and different energy.
(2) For all the perimeters in which bond alternation
is not introduced (perimeters 1, 4, and 5 in Table I)
the two nonbonding MO’s are degenerate in energy
but not necessarily in symmetry. (3) Bond alter-
nation implies that symmetry elements such as C,’ axes
or o, planes, if present, must pass through the mid-
points of C—C bonds but not through C atoms. Since
each of the two nonbonding MO’s must have eight
nodal points, bond alternation implies that these nodal

Typical atomic orbital coefficients and energies of the “nonbonding’ MO’s for the different Hiickel perimeters investigated.

[*
.?.
+I5V ~I5V
B {
Figure 2. Apparatus for electrochemical reduction of a flowing

solution under controlled potential: 1, stock solution; 2, pump;
3, Hg cathode; 4, reference electrode; 5, esr cavity; 6, potentio-
stat; the potential between the Hg cathode and the reference elec-
trode is mainteined at the value E selected on the potentiometer 7.

points can not all coincide with C atoms. In fact, for
perimeters of Ds, symmetry (two ( values; perimeter
2 in Table I) and of D, symmetry (three 8 values;
perimeter 3) all atomic orbital coefficients are different
from zero, independent of the @ values chosen (cf.
Figure 1). Thus, if eight atomic orbital coefficients
in one nonbonding MO are found to be zero (for ex-
ample, if eight protons of the radical anion are weakly
coupled with the unpaired electron) then the chemical
species investigated (R-~) does not show bond alterna-
tion. Analogous arguments hold for any [4n]annulene.

Oth, Baumann, Gilles, Schroder | Radical Anion and Dianion of [16]Annulene
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Figure 3.

II. Experimental Section

A. Polarography of [16]Annulene. In our approach to the
problem of preparing the radical anion and the dianion of [16]an-
nulene, we first investigated the electrochemical reduction of
[16Jannulene by classical and by oscilloscopic polarography (one-
shot triangular wave and continuous triangular wave).

In dimethylformamide (DMF), two reduction waves are ob-
served and are found to be perfectly reversible (in the sweep fre-
quency range of 0.05-250 Hz). They correspond to the processes
indicated in Table II, i.e., the reduction of [16]annulene to its radi-

Table II. Results from the Polarographic Study of the
Reduction of [16]Annulene

Eve Reversibility ne~ Process
Ist wave —1.23 Reversible lee R +1lee=R:~
2nd wave —1.52 Reversible 1leo R-:-— 4+ le- = R?"

« The potentials E1/, were measured at 0° with reference to the
calomel electrode Hg|Hg:Cl,, aqueous 0.1 N KCl.

cal anion R-~ and the reduction of the radical anion to the di-
anion R?,

B. Electrochemical Preparation of the Radical Anion and of the
Dianion of [16]Annulene. Using the apparatus shown in Figure 2
in which the annulene solution (solvent, DMF; electrolyte, 0.05 M
tetra-n-butylammonium perchlorate) is forced to flow continuously
over the surface of the mercury cathode (the potential of which is
maintained constant with respect to a calomel reference electrode),
we could produce both species R-~ (at —1.4 V) and R?™ (at —1.8
to 2.4 V). The flow rate do/dr of the solution through the cell
could be adjusted so that conditions for a 7:7 (for R-") ora 2:1
(for R2?7) correspondence between the current i (expressed in Fara-
days (F) per second) and the flow rate (expressed in moles of an-
nulene passing through the cell per second) could be obtained
precisely.

C. Electron Spin Resonance Spectrum of the Radical Anion
R-~ By forcing the electrolyzed solution (at —1.4 V) through

FOxI0 *mole /iiter

0,= 395840005 (8H)
0,,= 09634 0:005 (4H)
0,= 0743+ 0005 (4H)

g = 2:0026I7+ 0-000005

Experimental and simulated esr spectrum of the radical anion of [16] annulene.

a quartz capillary centered in the esr cavity, we could record the
esr spectrum of the [16]Jannulene radical anion. Figure 3 shows a
spectrum obtained under the following experimental conditions:
solution, concentration, 10.3 mg of annulene in 500 ml of solvent
(i.e., 1 X 10=¢ M); solvent, dimethylformamide; electrolyte, tetra-
n-butylammonium perchlorate (0.05 M). Electrolysis conditions
were: cathode potential, —1.3 V (reference, Hg|Hg:Cl,, aqueous
KCl1 0.1 N); current, 0.05 mA (i.e., 5.2 X 1071 F sec™!; flow rate,
do/dt = 4.5 X 107¢ 1. sec™!; dn/dr = 4.5 X 1071 mol sec™.

The parameters deduced from the spectrum are listed in Table
III. It can be seen that the experimental spectrum is exactly super-
imposable on that computed from these parameters.

Table III. Experimental Esr Parameters
8 equivalent H |an| = 3.958 + 0.005 G
4 equivalent H lau| = 0.963 + 0.005 G
4 equivalent H lag| = 0.743 + 0.005 G
Line width 0.045 G

The g factor, obtained by comparison at the center of the spec-
trum of the microwave frequency and the 'H-resonance frequency
given by a field-tracking nmr gaussmeter, was found to be g =
2.002617 -+ 0.000005.

D. Nmr Study of the Dianion R?~ of [16]Annulene. We prepared
the dianion for nmr spectroscopy studies by treating a solution of
[16]annulene in THF-d; with an alkali metal. The potassium was
distilled under high vacuum and contained 15 mg of annulene.
THF-ds (0.3 ml) was then condensed on the annulene and the tube
sealed off.

The nmr spectrum of the original solution was first recorded at
—30° (one single line at = 3.18). The solution was then brought
into contact (at 0°) with the potassium by inverting the tube for a
controlled time. The nmr and esr spectra were recorded (nmr at
—30°) after each contact period. The nmr and esr observations
are summarized in Figure 4. A very short contact time (less than
1 sec) produces a considerable broadening of the [16]Jannulene pro-

Journal of the American Chemical Society | 94:10 | May 17, 1972
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The reduction of [I6]annulene into its dianion by potassium.

g
4vVeESH

IHE,
I\

A\

e1817

=490 He

THF,

'H-NMR spectra (at 60 MHz) recorded at —30°C.

original solution

(15mg CgHyg In O3mi THF-4,)

brief contact
(ot 0°C)

30 sec.
(at 0°C)

30 min.
(at 0°C)

3 hours.
(at 0°C)

3 doys.
(at 0°C)

ESR spectra recorded at +20°C

Figure 4. Nmr (60 MHz) and esr spectra of a [16]annulene solution for different contact times with potassium.

ton resonance line. This broadening is essentially due to the fast
exchange R + R.~ = R-~ 4+ R (the presence of an appreciable
amount of radical anion R-~ is indicated by a poorly resolved esr
signal). After contact for 30 sec, two broad bands located at
higher field (7 4.0 and 7.3) than the initial [16]annulene line are ob-
served in the nmr spectrum; at this stage the most intense but un-
resolved esr signal is observed. As the contact time of the solution
with potassium is increased, these bands progressively disappear,
while three new well-resolved signals develop. These new signals
located at 7 1.17, 2.55, and 18.17 (relative intensities 8:4:4) are
the only ones observable after 3 days contact and they remain un-
changed if the contact is prolonged for several weeks. This indi-
cates that the reduction of the [16]annulene to its dianion is com-
plete (only a very weak esr signal is observed). We thus assign
this final spectrum to the pure dianion, more specifically to the di-
anion of [16]-85-annulene.

The origin of the two nmr bands at 7 4.0 and 7.37 (see spectra
after 30-sec, 30-min, and 3-hr contact time in Figure 4) is not yet
clear. We do not think that these signals can be attributed either
to the neutral molecule or to the dianion, since they appear simul-
taneously with the signal of the former in spectra recorded for
short contact times (10 and 20 sec; not shown in Figure 4) and they
appear simultaneously with the signals of R?~ in the nmr spectra re-
corded for contact times longer than 10 min (e.g., after 30 min and
3 hr; see Figure 4). On the other hand, it seems unlikely that the
bands in question could be due to the paramagnetic species R+~ in
view of the magnitude of the hyperfine splittings observed in the
esr spectrum. Further experimental work is required (esr and
nmr spectra at variable temperature after short contact times with
the alkali metal) in order to elucidate the origin of these bands.

The same experiment was carried out with sodium and with
lithium. (All metals were extruded in vacuo directly into the nmr
tube.) The same modifications of the esr and nmr spectra were
observed, with the difference that the reaction with lithium was
much slower than with potassium or sodium; the final spectrum of
the pure dianion lithium salt could be observed only after 6 days.
The positions of the three signals are not affected significantly by
the nature of the cation, as can be seen from Table IV,

The comparison of the spectra of [16)Jannulene (recorded at
—140°) and of its dianion (as the lithium salt) is illustrated in
Figure 5. In Table IV we summarize the nmr parameters deduced
for both species ([16)-85-annulene and [16]-85-annulene dianion)
and for [18)annulene.

E. Visible and Uv Spectra of [16])Annulene and of Its Radical
Anion R- ~ and Dianion R2~, By circulating the electrolyzed solu-
tion through an optical cell adapted to a Cary-14 spectrophotometer
we could record the visible and uv spectra of both R-~and R?".

Typical spectra were obtained under the following experimental
conditions: solution, concentration, 20.4 mg of annulene in 280
ml of solvent (i.e., 3.50 X 10~¢ M); solvent dimethylformamide;
electrolyte tetra-n-butylammonium perchlorate (0.05 A). The
optical cell had e = 0.0370-cm optical path. Electrolysis condi-
tions for producing the radical anion R.~ and the dianion R?-,
respectively, were: cathode potential, R-—, —1.4 V (reference
Hg|Hg,Cls, aqueous KC1 0.1 N); R?, —2.0 V; current, R-~,
0.085 mA (i.e., 8.8 X 1071 F sec™1); R?7, 0.18 mA (i.e., 18.65 X
10-1° F sec™!); flow rate, do/df = 2.5 X 10¢ 1. sec™1; j.e., dn/ds =
8.75 X 1019 mol sec~1, These spectra are reproduced, together
with the spectrum of [16)annulene, in Figure 6. The absorption
maxima and the corresponding extinction coefficients are listed in
Table V.

Oth, Baumann, Gilles, Schroder | Radical Anion and Dianion of [161Annulene
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Figure 5. Nmr (60 MHz) spectrum of [16])annulene dianion recorded at three different temperatures. The spectrum of [16]annulene at
—140° is reproduced on the same scale for comparison.

F. Stability of the Radical Anion R- —. If the potential of the transferred per mole of [16)annulene, the uv-visible spectrum indi-
mercury cathode is maintained at —2.0 V (or at a more negative cates that the main species in the electrolyzed solution is the radical
value) and the flow rate of the solution is adjusted so that 1 F is anion R-~. Under the same conditions, the esr spectrum of the

Table IV. Nmr Parameters for [16]-85-Annulene, [16]-85-Annulene Dianion, and [18]Annulene

c B
i @ >
Species [16]-85-Anulene [16}-85-Annulene dianion [18] Annulene
Aromatic character Nonaromatic Aromatic Aromatic
Geometry Nonplanar Most likely planar Planar
Symmetry S Dy, Dqn
Total no. of different 4 3 2
chemical shifts
—120° -30° —60°
Li+ Na* K+
7 values 74 = —0.53 ra 18.07 18.03 18.17 T4 = 12.88
78 = 7p = +4.60 B 1.23 1.05 1.17 8 = 0.75
7c = +4.89 Tc 2,60 2.45 2.55
—120° -30° —60°
J values® (Jap + Jap)/2 = 12.5 Jap 13.0 132 12,7 Jap = 13.5
(Jsc + Jep')j2 = 9.0 Jec 9.5 9.5 9.8 Jap' = —1.05
Jac = 0,Jpp = —1 Jss’' = 8.0
Calcd contributions due to ATsRC = 16.3 A7,RC = 18.4
ring current,® A7RC ATgRC = —5.8 ArgRC = —5.8
ArcRC = —4.8
Calcd contributions due to Ara¥™ = 0.4
negative charges, A7~ Arp? = 1.4
At = 0.4
Calcd chemical shifts, 7eai0q 7a = 20.9 T4 = 22.6
7 = —0.2 78 = —1.6
¢ = —0.2

¢ In hertz. ®The ring current is calculated for the regular polygons according to the method of F. London, J. Phys. Radium, 8, 397
(1937). However, the real geometry has been used for calculating the geometrical factors in the expression A7RC,
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Absorption Maxima and Extinction Coefficients (Visible and Uv) of [16]Annulene and of Its Radical Anion R - ~ and of Its Dianion R2~
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Figure 6. Absorption spectra (visible and uv) of [16]annulene,
[16)annulene radical anion, and [16)annulene dianion.

radical anion is observed at its maximum intensity. It is thus clear
that the dianion (which is certainly formed at the cathode) reacts
immediately with R to produce 2R -~ as soon as it diffuses away
from the cathode., In other words, the disproportionation
equilibrium

R~ 4+ RT—= 2R~

is strongly in favor of the radical anion.

Under aprotic conditions, the radical anion of [16]annulene is a
quite stable species. Even at 90° its half-life is very long (at least
several hours), as judged by the observation that the intensity of
the esr spectrum decays only very slowly when the flow of the elec-
trolyzed solution is stopped.

G. Dynamic Behavior and Thermal Stability of the [16]An-
nulene Dianion. In order to investigate any dynamic behavior of
the dianion that could possibly be detected by nmr spectroscopy,
we have recorded its spectrum at different temperatures ranging
from —100 to +140°., We have carried out these measurements,
on the lithium salt of the dianion, since this was found to be the
most soluble salt at low temperatures. Some spectra are repro-
duced in Figure 3.

Apart from very small displacements of their position, neither
broadening nor any minor modification of the fine structure of the
resonance signals was observed, as can be seen in Figure 5. This
means that such a dynamic behavior as observed in the case of
[18Jannulene,” by which all the protons become equivalent in the
nmr spectrum, does not take place here.

Finally, it should be mentioned that the thermal stability of the
dianion of [16)annulene is very great. Heating the nmr tube for 8
days at 100° has no influence whatsoever; the nmr spectra recorded
under identical conditions before and after heating do not show any
new signals, nor any decay in intensity.

III. Discussion

A. Structure of the Radical Anion. The Esr Spec-
trum. The esr spectrum of the radical anion of
[16]annulene indicates that the unpaired electron is
strongly coupled with a set of eight equivalent protons
(lau| = 3.958 G) and weakly coupled with two sets of
four equivalent protons (Jag| = 0.963 and 0.743 G).
The small splittings are likely to correspond to negative
spin densities. If we assume that the relation of Mc-
Connell?? is a good approximation, then the width of

ag = Qp

the esr spectrum is a measure of Q| if all spin densities
are positive. This width is 38.5 G, a value which is
much larger than normal values of |Q] for the radical

(22) H. M. McConnell, J. Chem. Phys., 24, 632, 764 (1956),
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l.e., §4 symmetry): charge densities p in the two “nonbonding®’
MO's and hyperfine splittings ag expected as functions of the values
of B and B, — Bs, the unpaired electrons being in the la;, and
2a,, nonbonding MO's,

anions of conjugated hydrocarbons.®2? On the con-
trary, if one assumes that the two smaller spin densities
are negative, one finds |Q| = 24.84 G, a value which
compares favorably with the value |Q| = 25.7 G found
for the radical anion of cyclooctatetraene.?* This
leaves little doubt that the sign of the smaller coupling
constants is opposite to that of the larger one. The
corresponding charge densities in the MO occupied by
the unpaired electron must then be negative (in the
Hiickel approximation, they must then be zero%).
Consequently, according to what was said above (cf.
section I-B) the radical anion does not exhibit bond
alternation, but has a delocalized 17-electron w-bond
system.

The second and third perimeters investigated (cf.
Table I) are consequently incompatible with the ob-
served esr spectrum. Indeed, in the case of the second
one the charge densities p due to the unpaired electron
are all equal (independently of the 8 values chosen),
implying one identical coupling of the electron with each
of the 16 protons; in the case of the third perimeter
(a corresponding geometry is that of the neutral [16]-
85-annulene) one expects the unpaired electron to be
strongly coupled with two sets of eight equivalent
protons, independently of the nonbonding MO which
it occupies? and of the 8 values chosen; this is illus-
trated by Figure 7.

The last two perimeters investigated (perimeters 4
and 5 in Table I) corresponding to delocalized 7 sys-
tems are thus the relevant ones to be discussed. They
correspond to the planar delocalized structures derived
from the 85 and 91 configurations, respectively. The
charge densities due to the unpaired electron are given

(23) H. M. McConnell, J. Chem. Phys,, 28, 107 (1958).

(24) A. Carrington and P, F. Todd, Mol, Phys., 7, 533 (1963).

(25) A.D. McLachlan, ibid., 3,233 (1970).

(26) The two nonbonding MO’s are not degenerate in symmetry, but
are degenerate in energy. Their symmetries are a1, and as, in the Dg,
and b in the S. point groups.
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in Figures 8 and 9,21 as a function of the resonance in-
tegrals 38, and 3, (i.e., of log (8:/B:)) introduced to
impose the symmetries Dy, and Ci,. In order to ex-
hibit the order of magnitude of the effects involved,
the variation of the resonance integrals in Figures 8
and 9 have also been expressed in terms of bond-
length variation. For this we have used the relation-
ship 3 = —38.47 exp[(1.397 — r)/0.4096] kcal mol~1,
which is derived by the method of Longuet-Higgins
and Salem!* from the best benzene force constants
found by Duinker.?” The figures show that the qualita-
tive features of the density pattern vary significantly
with minor modifications of the structure and from one
orbital to the other in the pairs. )
The only relevant orbital with a charge distribution
in accordance with that deduced from the esr spectrum
(eight positions with equal and high charge density,

(27) 1. C. Duinker, Ph.D. Thesis, University of Amsterdam, 1964.
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eight positions with zero charge density) is the a,, MO
of the delocalized structure of the 85 configuration
(fourth perimeter in Table I and Figure 8, left side).
The Dy, point group symmetry of this structure agrees
also with the existence of two small coupling constants
of the electron with two sets of four protons. These
two sets are the four inner and the four outermost
protons, respectively. Hiickel calculations cannot pre-
dict that two different splitting constants will correspond
to these two sites, and, a fortiori, their attribution can-
not be made. As a conclusion, we attribute the ob-
served esr spectrum to the delocalized 85 configura-

2
3

[16]-85-annulene radical anion

tion with the following signs and assignments for the
hyperfine splittings (Table VI).

Table VI. Assignments of the Hyperfine Splittings Occurring in
the Esr Spectrum of the Radical Anion of [16]Annulene

ag = —3.958G 8 equivalent H on position 2
ag = +0.963 G 4 equivalent H on positions 1 or 3
ag = +0.743 G 4 equivalent H on positions 3 or 1

In order to further substantiate our interpretation,
we have calculated the charge densities according to
McLachlan’s formula2®

G = Qp* + Ap)
with

n
Apy = kY mp,ickel
J

k = 1.2 (semiempirical value)

but simply using for the atom—atom polarizabilities 7,
the values obtained in our simple HMO computations.
The results of these calculations are summarized in
Figure 10; they show that zero charge densities in the
Hiickel approximation indeed correspond to negative
charge densities and that two sets of four weakly coupled
protons must be expected.

The g value of the radical anion is in good agreement
with that predicted for a radical anion with the un-
paired electron in a nonbonding MO. According to
Stone’s semiempirical formula?®

Ag=g—go=b— X

where g is the g factor corrected for the second-order
shifts, go is the g factor for a free electron (g, =
2.00231924), X is the coefficient of 8 in the expression of
the energy of the Hiickel MO occupied by the unpaired
electron, and b and ¢ are empirical coefficients. All
radicals with the unpaired electron in a nonbonding
MO (A = 0) should have the same g factor, namely:
g = 2.0026382 (b = 31.9 X 10-5%). Our value,

(28) A.D. McLachlan, Mol, Phys., 3, 233 (1960).

(29) A. J. Stone, ibid., 6, 509 (1963).

(30) B. G. Segal, M. Kaplan, and G. K. Fraenkel, J. Chem. Phys., 43,
4191 (1965).
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as function of the value of 8/8:, the unpaired electron being in the
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corrected for the second-order shifts g = 2.002617 —
6.0 X 10—® = 2.002611 = 0.000005, does not differ
by more than 2 X 10~ from this theoretical value,

The Uv-Visible Absorption Spectrum. The absorp-
tion spectrum of the radical anion (Figure 6) supports
the conclusions drawn from the esr spectrum. The two
absorption bands at 330 and 380 nm are extremely sharp
while the band at 660-690 nm shows some vibrational
structures. This clearly indicates that the radical
anion must have a high symmetry and no bond alter-
nation. We will see later that the number of transi-
tions observed and their symmetry can be correctly
predicted with our elementary approach. However,
the quantitative use of the intensities and of the fre-
quencies of the transitions for structural identification
would require more elaborate semiempirical MO cal-
culations (Pariser, Parr, and Pople).

B. Structure of the Dianion. The Nmr Spectrum.
Since the radical anion has a structure derived from the
85 configuration with D, symmetry, it is to be expected
that the dianion will have an analogous structure and
will also show m-bond delocalization. This is con-
firmed by the quantitative analysis of the nmr spectrum
of the lithium salt of the dianion (Figure 5). Three
signals of relative intensities 8:4:4 and chemical shifts
7 1.23, 2.60, and 18.07, respectively, are observed. The
simple triplet structure of the signal at 7 18.07 shows
immediately that the dianion has four isochronous in-
ternal protons A, A’, A’’, A’’/, and that each proton A
is equally coupled with two protons (Band B’’’) with a
coupling constant of 13.0 Hz. The B protons are ob-

viously responsible for the absorption at 7 1.23. Since
their signal is a doublet of doublets, one deduces that:
(1) each proton B is coupled to the vicinal protons of
type A and C with coupling constants Jag = Jag» =
13.0 and Jge = Jgic = 9.5 Hz; (2) all protons B are
isochronous. The simple triplet structure of the signal

Oth, Baumann, Gilles, Schroder | Radical Anion and Dianion of [16]1Annulene
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Figure11. Comparison of the observed and computed 'H nmr signals of the outer (left) and inner (right) protons of the {1 6lannulene dianion.

for the C protons (at 7 2.60) indicates that these protons
are also isochronous.

From the point of view of nmr spectroscopy, it
follows that the dianion of [16]annulene has the 85 con-
figuration and exhibits w-bond delocalization. Its
symmetry is most likely Ds, (D;and D, are also possible
symmetries since only the following symmetry elements
must be present: a C. or a Sy axis, two C,’ axes or
two ¢’ planes). One must of course consider the pos-
sibility that the isochronism of the eight B protons and
the identity of the coupling J,g and Jap~ (and there-
fore the implied symmetry) are the result of a very fast
valence bond isomerization. This is ruled out on the
basis of the optical spectrum of R?~ which is com-
posed of extremely sharp bands, one exhibiting a clearly
resolved vibrational structure. Were the dianion a
localized w-bond system (but exhibiting an extremely
fast w-bond shift), the electronic spectrum would con-
sist of much broader bands, as is the case for the neutral
[16]annulene molecule itself.

A fitting of the computed to the experimental nmr
spectrum was also made and is shown in Figure 11. The
signal of the external protons has been computed as-
suming that one can neglect the coupling constants of
the B and C protons with all the other protons except
A and A’. In view of the large difference in chemical
shifts between B and C on the one hand, and A on

the other, we have used the method of effective chem-
ical shifts for taking into account the coupling with A
and A’.3! In the same way, the signal of the internal
protons has been considered to be the A part of a
BAB’’’ system in which the coupling between B and C,
and B’’’ and C, is also taken into account by the method
of effective chemical shifts. The parameters giving
the best fit are listed in Table IV; they can be compared
to corresponding parameters observed with [16]- and
[18]annulene.

The diamagnetism associated with the delocalized
18 electrons in the [l6]annulene dianion is clearly
demonstrated by the fact that the resonance signal of
the inner protons appears at extremely high field (7
18.17) (diamagnetic ring current), while the signals due
to the outer protons appear at lower field [r 1.17 (8 H)
and 2.55 (4 H)] than those of normal olefinic protons,
despite the shielding effect due to the extra negative
charges. Thus, going from a 4n w-electron system
([16]-85-annulene) to a (4n -+ 2) w-electron system
(dianion of [16]-85-annulene) results in the inner proton
resonance signal moving from very low field (= —0.50)
(paramagnetic rting current)?® to very high field (r

(31) S. Diehl, R. G. Yones, and H. J. Bernstein, Can. J. Chem., 43,
81 (1965).

(32) I. A. Pople and K. G. Untch, J. Amer, Chem. Soc., 88, 4811
(1966).
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Table VII. Kinetic Parameters and Delocalization (DE) and Resonance (RE) Energies for the [16]Annulene Dianion
(Hypothetical Conformational Mobility), [18]Annulene (Conformational Mobility), and [16)-85- and [16])-91-Annulene (7-Bond Shift)

Parameters Units [16]JAnnulene?~ [18)Annulene [16)-85-Annulene [16]-91-Annulene
p (0°)e sec™! 18.2 625 x 102 17 x 10¢
p (140°) sec™1 <5 0.4 x 10¢ 200 X 10¢ 3 x 100
AGF (140°) kcal mol-! >25 13.5 8.9 6.6
AHF (140°) kcal mol—! >28¢ 16.1 8.2 7.7
DE (HMO)? B unitse —6.11 —5.04 —4.11 —4.11
kcal mol~! 92.9 76.5 62.5 62.5
RE (PPP)? kecal mol~1 8.81 0.99
RE (SPO) kcal mol-! 6.39 -3.11

a References 34 and 35.
lene, i.e., AST = 6.4 cal mol~! deg~1.

18.17) (diamagnetic ring current),?? while the outer
proton signals move from 7 4.70 to 1.17 and 2.55 (¢f.
Figure 5). The magnitude of the diamagnetic shift
shows also that the dianion must be planar. We
have estimated diamagnetic shifts A7RC due to the
ring current in the dianion of [16]Jannulene and in the
isoelectronic [18]annulene. The ring current J was
first computed according to the theory of London??
for a Hiickel perimeter. The following relation was
used

167r26e2S
7= h*n:C HY.

where S is the surface of the ring, A is the applied mag-
netic field, 3 is the Bohr magneton, and e, %, and ¢ have
their usual meanings, but » = 16, £ = cot (7/16)
for the dianion of [16]annulene, and » = 18, £ = csc
(w/18) for [18]annulene. The diamagnetic shifts A7RC
have then been computed by summing up the contribu-
tion of each segment of the true molecular perimeter.
The geometry of the dianion of [16Jannulene has been
determined in the following way: the same bond
lengths as in [18]annulene (i.e., 1.38 A for inner bonds
and 1.42 for the outer bonds) have been chosen and the
bond angles have been calculated by minimizing the
strain energy, taking 125° as the equilibrium unstrained
C-C-C bond angle. The results of these calculations
(ATRS) are given in Table IV. The contributions to
the chemical shifts Ar?~ due to the extra negative
charges in the dianion have also been calculated from
estimated charge densities; they are much less important
than the ring current contributions but nevertheless are
significant (see Table IV). Finally, the 7 values were
calculated taking the value 7. 4.2 for the chemical
shift of normal olefinic protons. As can be seen from
Table 1V, the calculated shifts are in relatively good
agreement with the experimental one in the case of the
dianion of [16]annulene, but not in the case of [18]-
annulene (unless we extrapolate the [18]annulene shifts
to absolute zero temperature34),

C. The Absence of Conformational Mobility and
the Thermal Stability of the [16]Annulene Dianion. A
dynamic process by which the inner and outer protons
would exchange their magnetic sites does not take place
in the dianion of [16]annulene; the spectra recorded at
—100 and +140° are identical (Figure 5). This is in
complete contrast with the dynamic behavior of [16]-2
and [18]annulene.”3¢ If one accepts the idea that the

(33) See London, Table IV, footnote b.
(34) J.-M. Gilles, J. F. M. Oth, F. Sondheimer, and E. P. Woo, J.
Chem. Soc. B, 2177 (1971).

® Reference 37. <8 = —15to —18 kcal!® (—15.2 adopted).

ZAssuming the same AS¥ value as for [18)annu-

enthalpy of activation of the conformational mobility
in the aromatic annulenes of large size ([14]-, [18]an-
nulene) represents essentially the energy required to
overcome the resonance energy associated with the
delocalized (4n + 2) m-electron system,34% then one
has to conclude that the resonance energy in the [16]-
annulene dianion is greater than in the isoelectronic
[18]annulene. The activation enthalpy for the con-
formational mobility in [18]annulene was found to be
AH* = 16.1 kcal mol~! (AG¥(140°) = 13.46 kcal
mol—1); from this experimental value it is possible to
deduce, using thermochemical arguments, that the
resonance energy associated with the delocalized 18-
electron w-bond system must be smaller than 19 kcal
mol~1.3¢ The fact that the dianion of [16]Jannulene does
not show any sign of nmr exchange at 140° implies
that the activation free-energy AGF(140°) of a possible
exchange process is certainly greater than 25 kcal
mol—! (i.e.,, ca. 12 kcal mol~! greater than in [18]-
annulene). This would indicate that the resonance
energy of the [16]annulene dianion is at least 12 kcal
mol—1! greater than the resonance energy of [18]annulene,
its isoelectronic neutral analog. Simple HMO cal-
culations® confirm this conclusion and indicate that
the delocalization energy!*% in the [16]annulene dianion
is 16-19 kcal mol=* (—1.07 B unit; 3 = —15to —18
kcal)'? greater than in [18]annulene. We should point
out here that simple HMO calculations predict
that the delocalization energy (and thus the resonance
energy) in the annulenes should increase with ring size
(in the [4n + 2] and the [4nJannulenes). This is in con-
tradiction with the conclusion that we have drawn from
the quantitative study of the dynamic behavior of the
annulenes;* the resonance energy was found to be
very small ([l6]annulene) or even negative (COT,
i.e., [8]lannulene) in the case of the [4n]annulenes, and
positive but decreasing with ring size ([14]- and [18]-
annulene) in the case of the [4n + 2]annulenes. These
conclusions are supported by the semiempirical MO
calculations (Pariser, Parr, Pople, and split p orbitals)
of Dewar and Gleicher.¥” Table VII shows the par-
allelism which exists between the computed delocaliza-
tion energy DE (simple HMO calculations®¢) or the
computed resonance energy RE (semiempirical MO
calculations®) and the enthalpy of activation AH¥ for
the dynamic process responsible for the exchange of
internal and external protons in the aromatic planar'! 12

(35) J. F. M. Oth, Pure Appl. Chem., 24,573 (1971).

(36) J. F. M, Oth and J.-M. Gilles, unpublished results.

(37) The delocalization energy (DE) and the resonance energy
(RE) here have the same significance as discussed by M. J. S. Dewar
and G. J. Gleicher, J. Amer. Chem. Soc., 87, 685 (1965).
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[I8lannulene,** in the aromatic (most likely planar)
[16]annulene dianion, or the enthalpy of activation for
the 7-bond shift in the two configurations (85 and 91)
of the nonaromatic [16]jannulene.®

The great stability of the [16Jannulene dianion as
regards conformational mobility is paralleled in its
great thermal stability (the dianion is stable up to
+140°; the nmr tube was not heated above this tem-
perature). In contrast, [16]annulene is known to be
thermally unstable and to undergo the following thermal
rearrangement, even at room temperature, 339

L A

(le]-85 li6]-85
1 ' another conformation
[16]~9l

D. The Uv-Visible Spectra of the Three Species R,
R-—, and R?*~. Having very good reasons to believe
that the radical anion and the dianion of [16]annulene
have a Dy, symmetry, it is interesting to interpret the
uv spectra of R, R-—, and R~ on the basis of the en-
ergy levels computed in the variable 8 Hiickel approx-
imation using the correct point group symmetry.

The general formula for the energy levels of a S,
structure is

(38) G. Schroder, W, Martin, and J. F. M. Oth, Angew. Chem., 719,
861 (1967); Angew. Chem., Int. Ed. Engl., 6, 870 (1967).

(39) The kinetic and thermodynamic parameters of this thermal re-

arrangement were measured in a temperature-programmed calorimeter.
The results will be published elsewhere,

1 2 2y2
HBiBs — Bi)? — 166:8:84f. sin? ’;—”] }

where 81, B, B3, and 3. are the resonance integrals of
four consecutive C—-C bonds, and v takes values from
0 to 3, depending on the level symmetry (y = O for b;
v = 2fora; ¥ = 1 or3fore). The energy levels of
the D, structures may be obtained from the same
formula.

In the case of the neutral molecule we have used the
geometry as determined by X-ray structure analysis.
For the radical anion and the dianion we have used
the same geometries as in the chemical-shift calcula-
tions. In each case the resonance integrals were found
using the relationship given above (paragraph III-A).
The energy levels obtained for the three species in the
simple Hiickel and with the variable 8 approximation
are shown in Figure 12, A tentative position of the
true energy levels based on the observed electronic
transitions is also given. The assignments of the ob-
served transitions in the three species R, R-—, and R*~
are given in Table V (in the D¢, point groups and in
the true point group representations). The selection
rules based on point group symmetry are also given in
Table V and in Figure 12. The correlation between
the various transitions of the three species is indicated
in Table V by the correlation numbers of the second
column. It is clear from Figure 12 that the most im-
portant effect of higher order interactions is to split
the accidentally degenerate levels found with the
variable § Hiickel approximation.

The relation between the 8 unit of the Hiickel cal-
culations and the frequency scale deduced from the
observed transitions has been obtained by assuming
that the energy difference between the 2e, and 3e, or-
bitals of the radical anion was correctly computed.
This corresponds to taking 8 = —29,650 cm™}, i.e.,
a value which compares favorably with the value re-
quired to fit the optical spectrum of naphthalene (8 =
—29,000 cm~1),13

The agreement between the qualitative theoretical
predictions and the experimental results is very satis-
factory. The transition frequencies are consistent and
the selection rules are correct. The only nonobserved
transition is forbidden and predicted to occur at 11,250
cm~! in the absorption spectrum of the radical anion;
this region of the spectrum has not been explored in
this work. It is interesting to note that the splitting
between the last bonding and first antibonding orbitals
(the two nonbonding Hiickel orbitals) decreases on
going from R to R-— and R*~. This splitting is con-
nected with the heterogeneity of the resonance integral
distribution. This shows that this distribution is
more homogeneous in R-~ than in R, and in R*" than
inR-—.

It is interesting to note that the dianion of [16]-
annulene gives only two absorption bands, as expected
from simple HMO considerations. The two bands
correlate reasonably well with the three bands observed
in the uv-visible region for the aromatic annulenes
C,H,. These three bands, ordered in increasing en-
ergy, are assigned by Heilbronner# to the following

(40) H. R. Blattman, E. Heilbronner, and G. Wagniére, J. Amer.
Chem. Soc., 90, 4786 (1968).
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transitions (considering the D,, symmetry of the simple
Hiickel perimeter)

Ajg —> Buu symmetry of the transition, Bay m
Ajg —> B symmetry of the transition, B, )
A —> En symmetry of the transition, E;, 3)

and their positions 7 are predicted and found to be a
linear function of sin w/n. The A,, - E,, transition
in {16]Jannulene dianion has to be correlated with the
transition A,;; — E;, of the aromatic annulenes and is
expected to appear at about 28,000 cm—! (observed
at 24,260 cm~1); the degenerate transition A,, = E,,
has to be correlated with the two nondegenerate transi-
tions A;; — B,, and A, — B,, of the aromatic annulenes
and is expected to appear at about 19,500 cm—! (ob-
served at 17,250 cm—1).  Figure 13 shows how the above-
mentioned correlation between the three transitions
in the aromatic annulene and the two transitions
observed in the dianion of [16]annulene was established.
Note that the two broad transitions observed in the
dianion of cyclooctatetraene*! are also found at their
predicted positions.

IV. Conclusions

Due to its great size, the {16Jannulene ring has the
ability to adjust its geometry easily (i.e., with very small
strain energy changes) in order to allow the = system to
reach its minimum energy. The [16]Jannulene ring can
also undergo a conformational mobility, the activation
energy of which depends much more upon the resonance
energy associated with the = system than upon strain
and nonbonding energies. These facts are a great
advantage for the study of the 7 system and the evalua-
tion of the associated resonance energy, as the total
number of = electrons is modified. We thus have in-
vestigated by spectroscopy the bond situation (bond
localization or delocalization) and the geometry (plan-
arity or nonplanarity) prevailing in the neutral [16]-
annulene molecule and in its radical anion and dianion,
as well as the dynamic behavior of the neutral molecule
and of the dianion.

According to Hiickel’s rule the neutral molecule
should have a smaller delocalization energy than the
dianion. However, as simple HMO calculations in-
dicate, the delocalization energy should be highly posi-
tive in both species (¢f. Table VII) and thus sufficient
to force the ring to be planar. Consequently, both
species R and R2~ should exhibit m-bond delocalization
and have a planar geometry. [We should note here
that the Jahn-Teller theorem would not be violated if
the neutral molecule would have the 85 or the 91 con-
figuration with delocalized 7 bonds and planar geom-
etries (D4, and C,, symmetry, respectively); the two
nonbonding MO’s are not degenerate for symmetry
(¢f. Table I); of course, the Jahn-Teller theorem does
not apply to the dianion, which has the two nonbonding
MO’s filled.] The fact that the neutral molecule ex-
hibits bond localization and nonplanarity in both 85
and 91 configurations implies that the delocalization
energy associated with a planar 16w-electron system
cannot be as high as predicted by simple HMO cal-
culations. We have good reason to believe that the
resonance energy of such a system is in fact negative.
The argument is the following: each of the two con-

(41) J. F, M. Oth, unpublished results.
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Figure 13, Position (5 in cm~1) of the electronic transitions ob-
served in the “aromatic' annulenes and in the dianions of COT
and of [16]annulene as a function of the size n of the perimeter.

figurations of [l6]Jannulene undergoes an isodynamical
m-electron shift which is characterized by a low-ac-
tivation enthalpy (8 kcal mol~!; ¢f. Table VII); since
the transition states implied by these processes must
show bond delocalization (and planarity), and since
the strain energy change associated with the ring flat-
tening is certainly smaller than 8 kcal mol—1, it follows
that the resonance energy associated with a planar-
delocalized 16-electron w-bond system must be slightly
negative.?® On the other hand, the dianion of [16]-
85-annulene shows w-bond delocalization and is most
likely planar. It also has a great thermal stability and
does not show any sign of conformational mobility.
These facts support the HMO prediction that the res-
onance energy associated with the 18w-electron system
in the [16]annulene dianion should be —28 units (30
kcal mol—1) greater than that associated with the 167-
electron system in the neutral molecule. Thus, we see
that the qualitative predictions of Hiickel’s rule are
verified here again. However, if the simple HMO cal-
culations predict the correct order of magnitude of the
difference in delocalization energy that should exist
between the neutral molecule and the dianion, they do
not predict their absolute values; particularly, HMO
calculations do not predict that the [4n]annulenes should
have small (or even negative) resonance energies. More
refined calculations, such as those made by Dewar and
Gleicher,® predict those energies more correctly. Un-
fortunately, such calculations have not yet been made
for dianions.

From the absence of any dynamic behavior in the
[16]Jannulene dianion, and from our quantitative study
of the conformational mobility shown by [18]annulene,
we can conclude also that the resonance energy as-
sociated with 18 = electrons delocalized on 16 p, atomic
orbitals is greater than the resonance energy associ-
ated with 18 = electrons delocalized on 18 p, orbitals
(DE[16]* > 25 kcal mol—}; DE[18] < 19 kcal mol—?).
This difference in delocalization energy is also pre-
dicted by simple HMO calculations.

According to simple HMO calculations, the reso-
nance energy associated with 17 m electrons delocal-
ized on 16 p, atomic orbitals should be — 13 higher in
energy than that of the 16w-electron system, and — 13
lower than that of the 18w-electron system. The fact
that the radical anion shows bond delocalization and
has a planar geometry proves that indeed it has also a
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high resonance energy. The fact that the dispropor-
tionation equilibrium 2R-— = R + R?* is in favor of
the radical anion indicates that the resonance energy
in this species is closer to that of the dianion than that
of the neutral annulene.
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Abstract:

Electrophilic additions to 1,2-dehydro[2.2]paracyclophane (1) and solvolysis of resulting products

were studied. Deuterium bromide addition in nonpolar solvents and bromine addition in both aprotic and protic

solvents followed a cis stereochemical course.

The addition products and their diastereomers underwent silver

ion catalyzed acetolysis with retention of configuration. The stereochemistries of products from both the addition

and solvolysis reactions were determined by a combination of nmr and chemical techniques.

Conformational

factors which influence assignment of configuration to one of a pair of geometric isomers are discussed. A mech-
anism based on the formation of highly strained phenonium ion intermediates is used to explain the stereochemical

course of both the addition and solvolysis reactions.

Our previous paper demonstrated the unusual sol-
volytic stereochemistry and reactivity in the side-
chain chemistry of [2.2]paracyclophane.? This paper
reports on the stereochemical course of electrophilic
additions of 1,2-dehydro[2.2]paracyclophane (1), and
on the reactions of the adducts. Although the meth-
ylene bridges of [2.2]paracyclophane are in a formal
sense benzylic, the uv absorption spectra of the derived
olefin 12 and of 1-keto[2.2]paracyclophane* indicate that
v °
1

the w-electron systems of the bridge carbons and the
benzene rings are essentially unconjugated with one
another. The low carbonyl absorption frequency in
the infrared spectrum of the ketone (1698 cm—1)¢ does
not reflect conjugation, but rather carbonyl absorption
in a large ring system.® Molecular models of [2.2]-
paracyclophane suggest a highly rigid structure which
allows only slight deviation from face-to-face structures

of the two benzene rings. Reviews of electrophilic
additions® and recent investigations’ indicate that both

[2.2]paracyclophane 1-keto[2.2]paracyclophane

(1) The authors warmly thank the National Science Foundation for
a grant that supported this work., Some of the results appeared in a
preliminary form: R. E. Singler, R, C. Helgeson, and D. J. Cram,
J. Amer. Chem. Soc., 94, 7625 (1970).

(2) R. E. Singler and D. J. Cram, ibid., 93, 4443 (1971).

(3) K. C. Dewhirst and D. J. Cram, ibid., 80, 3185 (1958).

(4) D. J. Cram and R. C, Helgeson, ibid., 88, 3515 (1966).

(5) L. J. Bellamy, “Advances in Infrared Group Frequencies,” Me-
thuen and Co., London, 1968, p 123,

cis and trans products occur with hydrohalide and hal-
ogen additions to olefins. The mechanisms involve
cationic intermediates, and both products and rates are
highly dependent on the electrophilic agent, the solvent
system, added salts, and the nature of the starting
olefin.” The unique geometry of 1 suggested the system
might exhibit unusual stereochemical behavior in di-
recting the course of electrophilic addition reactions.
The products of addition promised to be interesting
starting materials for solvolytic reactions.

Results

Addition of Deuterium Bromide to 1,2-Dehydro[2.2]-
paracyclophane (1). Deuterium bromide in benzene-
pentane at 25° was added to 1 to give within the limits
of detection exclusively the product (48%) of cis
addition,  cis-1-bromo-2-deuterio[2.2]paracyclophane
(2-d). In the nmr spectrum of 1-bromo[2.2]paracyclo-
phane (2-4), the substituted bridge provides an ABX
pattern with the highest field proton cis vicinal to the
bromine on the adjacent carbon. The cis and trans
coupling constants for such configurations are reported
as 8.85 and 7.40 Hz, respectively® In the 100-MHz
nmr spectrum, the highest field proton band present for
2-h was absent for 2-d. In the spectrum of 2-d, the

(6) (a) P. B. D. de la Mare and R. Bolton, “Electrophilic Additions
to Unsaturated Systems,” Elsevier, New York, N. Y., 1966; (b) R. C.
Fahey, Top. Stereochem., 3, 237 (1968); (c) T. G. Traylor, Accounts
Chem. Res., 2, 152 (1969).

(7) (a) R. C. Fahey and H. J. Schneider, J. Amer. Chem. Soc., 90,
4429 (1968); (b) J. H. Rolston and K., Yates, ibid., 91, 1469, 1477, 1483
(1969); (c)R. C. Fahey and C. A. McPherson, 1bid., 91, 3865 (1969); (d)
Y. Pocker, K. D. Stevens, and J. J. Champoux, ibid., 91, 4199 (1969);
(e) Y. Pocker and K. D. Stevens, ibid., 91, 4205 (1969); (f) R. C. Fahey,
M. W. Monahan, and C. A. McPherson, ibid., 92, 2810 (1970); (g)

R. C. Fahey and M, W. Monahan, ibid., 92, 2816 (1970).
(8) E. B. Whipple and Y. Chiang, J. Chem. Phys., 40, 713 (1964).
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