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n-Conjugated Anions: From Carbon-Rich Anions to Charged Carbon
Allotropes
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Stable m-conjugated anions are formed in the reaction of -
conjugated systems with alkali metals. Reactivity, aromatic
properties and aggregation of the anions are described.

Bowl-shaped and fullerene anions, as well as helicene and
planar polycyclic anions, are discussed vis-a-vis their aro-
maticity and charge delocalization pattern.

Introduction

Anions derived from the reactions of neutral, fully n-con-
jugated hydrocarbons with alkali metals such as Li, Na, K,
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Rb, and Cs were first studied some 85 years ago.l':?) The
study of charged m-conjugated systems represents a bridge
between physical organic and theoretical chemistry. With
the recent discovery of novel m-conjugated molecules such
as fullerenes and nanotubes, a renewed insight into the
charge distribution, magnetic properties, and electronic
structures of these materials revived interest in the field.
The chemical preparation of the carbanions of conjug-
ated m-systems is being carried out in two principal ways.
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The main method involves the preparation via an electron
transfer process by alkali metals. The second involves an
electron shuttle which is by itself a reduced hydrocarbon
that acts to transport electrons to insoluble systems. In both
cases, the reduction leads to various degrees of charging,
ranging from monoanions to hexaanions and even to higher
charged species. In an alternating fashion some of these spe-
cies have paired electrons and are diamagnetic, some have
odd number of electrons and are thus paramagnetic. The
various species can be studied by magnetic resonance spec-
troscopy, optical spectroscopy, X-ray diffraction and via
photoinduced ET reaction in which solvated electrons are
involved. Experimental criteria for charge distribution and
aromaticity are derived from the NMR parameters, and the
local chemical shifts differences allow the determination of
the charge distribution pattern. The number of n-electrons
involved in a conjugated system influences the HOMO/
LUMO gap; this may lead to electronic states that are close
to one another.’] The magnetic properties of aromatic spe-
cies serve as an experimental criterion for aromaticity-an-
tiaromaticity. Thus in annulenes with (4n+2)n-electrons
in their perimeter the signals of the outer protons will be
shifted in their NMR spectrum to a low field and the sig-
nals of the inner protons to a high field.®! Systems with
(4n)m-electrons show the opposite behavior. Simple annul-
enes, cyclophanes and annulenes within annulenes e.g. co-
rannulene and Kekulene,!” show such a behavior.

The formation, the mode of charge distribution, the stor-
age and transport of charge, the thermodynamic behavior,
and the reactivity of a wide range of novel n-conjugated
polyanions are described herein. It has been suggested that
the ability of a system to maintain a peripheral ring current
is quenched as the perimeter of the system increases beyond
a certain size. Marked changes in ring currents are observed
with symmetry variations in the topology of the charged
annulenes (e.g. 1-4, vide infra). While the simple annulenes
are not strictly defined as polycyclic systems, inner-cavity
bond formation can afford such systems in which both an-
nulenic and polycyclic behaviors are maintained. One such
system is the corannulene 5. However it should be noted
that for polycyclic m-systems, a correlation between aro-
matic character and the total number of m-electrons does
not always exist. In principle, destruction of the central core
by bond breaking would ultimately afford a classical poly-
cyclic helicene, to which no annulenic behavior could be
attributed. Proceeding from simple annulenes to helicenes
and to planar polycyclic hydrocarbons, unlike in the case of
corannulene itself, the ability of the system to accept elec-
trons in a stepwise reduction process depends, inter alia, on
the ability of the individual building blocks to transport the
imposed charge among themselves. Stilbene, and its higher
styrylbenzene homologues, make up the first group of
small, fully conjugated hydrocarbons, reduction of which
affords insight into the interchain charge transport operat-
ive through olefinic bonds, as in the case of polyenic annul-
enes. The oligoarylenes, on the other hand, act as reductive
precursors for the synthesis of small helicenes and planar
polycyclic hydrocarbons. The topological relationship that
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exists between the subunits in the arylenes or in the olefin-
bridged systems can either quench or favor electron trans-
fer. Electron transfer to multi-charged arylene systems often
results in reductive cyclizations and the formation of small
helicenes. Extreme charge localization may be best exhib-
ited in larger helicenes, which make up the third part of
this review. As in the helicenes and arylenes, through-space
interactions and electron hopping can provide greater con-
trol over the electron-transfer process in the case of annul-
enes and cyclophanes. Increasing the carbon-to-hydrogen
ratio by going from annulenes to corannulene 5 results in
drastic alterations in the electronic behavior of the system.
Further expansion of the carbon framework to the ultimate
carbon allotropes Cgo and C,4 and to graphite provides a
fascinating insight into potential systems exhibiting unique
optical and electrical properties. In each case ion-solvation
equilibria should not be overlooked.

The Effect of the Counterion and of n-Delocalization
Patterns in Charged Cyclophanes: Cyclophanes as
Annulenes

As a direct consequence of the simple topology of annul-
enes, their orbital energies can form a closed shell with an
orbital sequence exhibiting characteristic regularities.’! In
even-membered rings, the orbitals occur in degenerate pairs
(except for the energetically lowest and highest levels, which
are both nondegenerate); thus, a (4n+2)n-system is charac-
terized by a stable closed shell. Bond length alternation as-
sociated with Jahn-Teller distortion also leads to closed
shells in (4n)annulenes.™ The reduction of annulenes allows
a straightforward alternating interconversion of (4n) and
(4n+2)m-systems, and thus can be used as a good model
for theory and spectroscopy.’) The increased number of 7-
electrons involved in a conjugated monocycle influences the
HOMO/LUMO gap, thereby leading to distorted ground
state configurations.

Annulenes with aromatic rings built into the perimeter
have become readily available by means of multiple Wittig
reactions.[®! [2.2.0.2.2.0]Paracyclophanel” 1 has a rigid
backbone with a well-defined ring configuration. The neut-
ral cyclophanes, which formally have 32 m-electrons (4n)
around the periphery, can be regarded as normal aromatic
compounds with no significant contributions from the large
conjugated perimeter. Hiickel calculations predict a set of
nondegenerate LUMO and NLUMO (0.288p and 0.4808,
respectively), in accordance with the lower symmetry of 1
relative to a simple m-conjugated polyenes. Annulene 1 can
therefore be expected to yield stable di- and tetraanions
upon reduction.

Semiempirical calculations predict that 1 and 2! should
maintain fairly planar n-structures in the charged forms.
This suggests that the reduction is accompanied by a con-
siderable geometrical change, as well as by an increased bar-
rier to rotation of the benzene rings about the adjacent
single bonds. Such large, stable, cyclic anions, with fairly
planar conjugated m-system, can be expected to exhibit un-
usual magnetic properties.
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Cyclophane 1 was first synthesized and reduced with li-
thium!® and potassium.®! Careful contact with lithium
metal at low temperature (195 K) led to a temperature-de-
pendent '"H-NMR spectrum, which was assigned to the di-
anion of 1. As a result of the strong diatropic ring current,
the signals of the inner protons are shifted to higher field,
while an opposite effect is exerted on the peripheral pro-
tons.

Further contact of 1~ with the metal did not yield the
expected tetraanion. The stable dianion was the only species
detectable in solution. Quenching the dianion with oxygen
yielded the starting material as the sole recovered product.

The reduction of 1 with potassium, however, proceeded
differently. The peripheral ring current effect of the dianion
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of 1 with potassium, as reflected in the change in proton
chemical shifts, was dramatically enhanced relative to that
in the dianion with lithium.! It is to be expected from the
polarizing power of the counterions that they may influence
the mode of the n-charge distribution within the anion. Any
perturbations in the cyclic m-conjugation are predicted to
partly quench the observed ring current effects. The small
lithium cation is more effective in attracting the m-charge
and thus in decreasing the ring current effect of the peri-
meter. Hence, the most extreme shift differences for the in-
ner and outer protons are achieved by potassium reduction.
However, the influence of the reducing metal on the
charged cyclophane is found to be weaker when we move
to systems with smaller perimeters. Cyclophane 2, which
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was first synthesized and reduced using lithium,®¥ yielded
stable di- and tetraanions.'” The dianion of 2 with the
better reducing metal (potassium) appears immediately
after a brief contact with the metal, but, in contrast to 1,
both lithium and potassium salts exhibit very similar 'H-
and 3C-NMR spectra.!

Further reduction of 1>~ with potassium produces a new
'TH-NMR spectrum, attributable to the tetraanion.”l Addi-
tion of four electrons to the periphery of the neutral system
renders the system anti-aromatic (36 m-electrons). Due to
improved conjugation, the tetraanion is characterized by a
stronger than expected paramagnetic behavior, and a
greater change in chemical shift is observed for the inner
protons. In the case of 2, reduction with potassium led to
the formation of the tetraanion only after an extended reac-
tion time. This unstable tetraanion gives rise to a very weak,
broad 'H-NMR spectrum, while no '3*C-NMR spectrum
could be detected. Besides differences in their stabilities, the
tetraanions of 2 with both lithium and potassium as coun-
terions behave similarly with only minor differences in their
chemical shifts.

Further reduction of 14 with potassium led to the disap-
pearance of the spectrum, presumably as a result of the
formation of a new paramagnetic species. Quenching of all
anions of 1 (12, 1+, 15°) with oxygen quantitatively af-
forded the starting material and thus supports the assump-
tion that the final stage of charging was indeed a more
highly reduced species (radical-penta anion).

The subtle competition between electronic stabilization
and coulomb effects is influenced not only by the distribu-
tion of the m-charge within the substrate, but also by its
interaction with the counterions and the solvent. While the
reduction of 2 with lithium led to stable di- and tetraan-
ions,['% the reduction with potassium yielded a stable dian-
ion, and only after a long contact with the metal did further
reduction to the unstable tetraanion occur. The opposite
behavior was found in cyclophane 1. While the reduction
with lithium stopped at the dianion, cyclophane 1 could be
reduced with potassium to its tetraanion and even further.
Such a situation, where small polycyclic compounds yield
stable anions with lithium while larger systems prefer a
heavier alkali metal like potassium has been previously ob-
served.'!] The explanation is based mainly on the differ-
ences in ion pairing equilibria and the capability of the li-
thium cations to aggregate and to stabilize the anions.

Polycyclic anions exist in solution as rapidly equilibrating
mixtures of solvent-separated and contact ion pairs, the ra-
tio of which is very sensitive to the experimental condi-
tions."?! In anions with efficient n-charge delocalization,
such as annulenes, it is accepted that solvent separated ion
pairs are favored.!'3] The efficiency of reduction of small
systems with lithium is influenced by the relatively high
charge density, and hence the tendency of lithium cations
to form stable anions. As we move to larger polycyclic sys-
tems, it is not the reduction potential of lithium but the
stability of the lithium salt that is formed in the early reduc-
tion state that impedes further reduction. However, with
potassium metal, where a stable structure cannot be formed
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in the initial stage of reduction, the reductive ability de-
pends on whether the system is large enough to accommod-
ate the extra charge and on whether it can be surrounded
by the larger potassium cations. This ability usually leads
to stable, highly reduced hydrocarbons.

The 7Li chemical shifts of the lithium counterions have
been shown to be sensitive to the mode of ion pairing. Cat-
ions located directly above the plane of the carbanion
would lie in the shielding region of a diatropic system; con-
sequently, the 7Li chemical shift can give us an indication
of the degree to which the lithium cation resides in the in-
ternal cavity of the compounds. In dianions 1>~ and 2%, we
find 7Li chemical shifts of § = 4.7 and & = 2.0, respectively.
It seems that while the internal cavity becomes more spa-
cious, the preferred location of the lithium cations is still
above the cavity, but closer to the molecular plane. Larger
rigid cyclophanes, such as 3 and 4, can accommodate the
cation closer to the center of their cavity and are thus ex-
pected to show extreme chemical shifts to low or high field
depending on the magnetic properties of the m-system.

Corannulene: A Representative of Curved n-Systems

The carbon framework of corannulene 5 represents the
polar cap of buckminsterfullerene. It is not until Cyq is re-
ached that the Cgy fragments acquire the most interesting
feature of buckminsterfullerene, i.e. its curvature.l!*15] As
model compounds for fullerene anions, curved-surface co-
rannulene derivatives are of great interest. The progression
from smaller to larger charged fragments on the fullerene
surface allows a better understanding of fullerene-like an-
ions. As these highly strained curved molecules represent a
compromise between strain and conjugation, the nature of
the aromaticity in these systems is of great interest.

Although the synthesis of 5 was achieved by Barth and
Lawton in 1966,1'°] this interesting bowl-shaped hydrocar-
bon remained relatively inaccessible prior to the studies of
Scott et al.l'”l and two alternative synthetic routes reported
by Siegell'®l and Zimmermann!'*?! due to the difficulty of
the original method. The 'H-NMR spectrum of 5 consists
of one line (6 = 7.93, THF, 298 K), indicating a diamag-
netic ring current about the perimeter. It was first found°l
that reduction of 5 with excess lithium metal in [Dg]THF
leads to a series of three color changes, to green, purple,
and finally brownish-red. The '3C-NMR spectrum corres-
ponding to the final stage shows three bands (5 = 86.8,
95.1, and 112.4) at very high field compared to those of the
neutral hydrocarbon (& = 127.9, 132.3, and 136.9). The to-
tal change in chemical shift of XA8 = 722 ppm, as well as
quenching experiments that resulted in tetrahydrocorannu-
lene as a major product, provide convincing evidence for
the quadruply-charged system, 5*. The '"H-NMR spectrum
of 5%, however, consists of a single line at = 6.95. In view
of the high electron density in the tetraanion, such a low
field chemical shift points to a significant induced diamag-
netic ring current effect. The “annulene-within-an-annu-
lene”” model first suggested for 5 by Barth and Lawton!'®-21]
nicely describes the tetraanion as a system that has particu-

Eur. J. Org. Chem. 2000, 10911106



n-Conjugated Anions: From Carbon-Rich Anions to Charged Carbon Allotropes

MICROREVIEW

lar stability as an aromatic cyclopentadienyl anion (6¢/5C)
surrounded by an aromatic (18¢/15C) annulenyl trianion.
This charge distribution was supported by MNDO calcula-
tions on the lithium salt of 5,?2 and thus demonstrates the
domination of aromatic stabilization over the Coulomb re-
pulsion induced by four negative charges. However, molecu-
lar orbital calculations,?! carried out at both the semiem-
pirical AM1 and ab initio levels, suggest that the tetraanion
structure may be more complicated than the highly sym-
metrical “anion-within-a-trianion” model. The ab initio
calculation suggests somewhat less than the 1.0 excess elec-
tron density within the central ring that would be required
for this model.[?!-23!

Analysis of the quenching product, tetrahydrocorannu-
lene,”* by NMR spectroscopy shows clearly that, as ex-
pected, one proton is attached to the hub while the other
three are attached to the perimeter, and hence supports the
annulene model.[?#

At the time of these earlier studies on 5, there was no
evidence to suggest that the corannulene tetraanion, with
its four lithium cations, might exist as a dimer. Although
the structure of 5 seems ideal to allow close packing and
attractive -7 interactions, the crystal structure of the neut-
ral compound does not show any degree of bowl-stack-
ing.['>1 However, an interaction between 5 and its radical
cation 5°* in the gas phase had been observed.*’) MNDO
calculations,® including the lithium cations of what, at that
stage, was believed to be a monomeric tetraanion, yielded
a global minimum where all four lithium cations reside on
the convex face of a bowl-shaped tetraanion.

The first evidence for the formation of dimers of the co-
rannulene tetraanion was provided by studies on derivatives
of 5.2l Owing to their lower symmetry, dimers of monos-
ubstituted corannulene tetraanions are expected to exhibit
supramolecular stereochemistry, existing in meso and d,/ di-
meric forms. Reduction of ferz-butyl-5 with excess lithium
metal in [Dg]THF leads to two sets of alkyl groups in al-
most equal abundance, thus pointing to the presence of
tightly bound dimers. Compelling evidence for dimerization
comes from the successful detection of a “mixed dimer”
between 5%/4Li* and tert-butyl-5*/4Li*.1*°1 Diffusion
measurements’®”) on 5 show a significant decrease in the
self-diffusion coefficient of the tetraanion, indicating an in-
creased solvation of the anion, association of the cations,
and self-aggregation.

The "Li-NMR spectrum of 5* recorded at a low temper-
ature (210 K)P1 features two signals of equal intensity
(6 = —4.5 and —11.7). These chemical shifts represent two
different types of lithium cations: one sandwiched between
the two tetraanion decks (CIP) and one on the outside
(SSTIP). The addition of lithium bromide causes an aver-
aging with the broad (SSIP) ’Li signal at low temperature,
but not with the sharp Li signal (CIP).[?%! This phenom-
enon provided further support for the dimeric nature of 5+
At higher temperatures (e.g. 260 K), the Li cations all ex-
change, resulting in a single line at 6 = —8.1.

Although the geometries of the corannulene components
in these dimers could not be gleaned from NMR experi-
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ments, semiempirical MNDO molecular orbital calcula-
tions?®! clearly favored a “stacked-bowl” geometry (convex
face to concave face). The equivalence of the four external
lithium cations was accounted for in terms of rapid inter-
molecular exchange. However, to explain the equivalence of
the two corannulene units, it was necessary to propose a
rapid bowl-to-bowl inversion of both corannulene decks.
The validity of this proposal was supported both theoretic-
ally®! and experimentally.[*”]

Due to its doubly-degenerate, low-lying LUMO, the co-
rannulene dianion 5% was thought to be paramagnetic.®!
However, a Jahn-Teller distortion led to the eventual detec-
tion of 'H- and '3C-NMR spectra of the dianion.’ The
extreme high-field shifts of the protons (6 = —5.6) are typ-
ical of molecules with a paratropic ring currenti*'l and can
be explained by the “annulene model”, where a cyclo-
pentadienyl anion (6e/5C) is placed in the center of an an-
tiaromatic (16e/15C) annulene perimeter.

The temperature-dependent behavior of the proton spec-
trum, which is no longer seen at high temperature (7 >
230 K), was attributed to mixing of a low-lying triplet state
into the electronic structure of the corannulene dianion
with increased temperature.[31 Such temperature-dependent
'H-NMR behavior has been reported previously for poly-
cyclic anions.[3%

Despite the two extra electrons in its backbone, the '3C-
NMR spectrum of 5> shows three single peaks (8 = 120,
154, and 204) at low field relative to those of the neutral
compound. The extremely low field signal of the quaternary
hub carbon (8 = 204) can be explained by the strong deshi-
elding effect of the outer antiaromatic ring current.

Quenching of the dianion with water affords dihydroco-
rannulene as the major product, as well as some tetrahy-
drocorannulene and corannulene due to an electron transfer
process. Assignment of the dihydrocorannulene signals
shows that the two protons reside on the perimeter.[33 The
7Li-NMR spectrum of 5% features only one broad absorp-
tion around & = 3.3-3.7 (T = 173-220 K), showing only a
small temperature effect, which is typical for loose ion-pair
structures (SSIP).’* Based on its magnetic behavior ('H-,
13C-, and "Li NMR), it was concluded that 5> exists as a
monomer with two associated lithium cations.

The radical anion and the tri-radical anion of § are both
paramagnetic species and so can be followed by EPR. The
EPR spectrum of the corannulene mono-radical anion 5
shows an 11-line hyperfine pattern (¢H = 0.157 mT) for the
ten equivalent protons.?>3¢ Differences seen with potas-
sium and lithium as counterions are negligibly small.*%
Counterion couplings were observed in the triradical anion
lithium species. 3¢

The trianion radical of 5 with lithium (5°3) shows a
highly resolved EPR spectrum where additional 7Li (and
SLil¢l) couplings are evident [g = 2.0025, aH = 1.62 mT,
a’Li (I = 3/2) = 0.04-0.10 mT].3% As no change in the
characteristic hyperfine pattern could be observed in the
EPR spectra of the trianion radical over the entire reduc-
tion process from the di- to the tetraanion, a dimerization
process for the trianion can be ruled out.
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The detection and characterization of all four reduction
stages with lithium metal allows the delineation of a full
reduction path for corannulene, which indicates that the
formation of the dimer takes place only at the tetraanionic
stage.’% Following the early studies on the corannulene an-
ions, it was accepted that lithium is the only alkali metal
that can produce the highly charged tetraanion due to its
tendency to aggregate. Recently,’®! however, we have suc-
ceeded in detecting the 'H- and '3C-NMR spectra of di-
and tetraanions of corannulene with all alkali metals other
than sodium (sodium was the only metal with which the
reduction terminated at the dianion stage).

In view of the formation of the octalithium dimer of co-
rannulene 5, the two corannulene units bridged by an al-
kane chain in 1,8-dicorannulenyl octane 61> can be ex-
pected to provide a pre-organized sandwich in the charged
form. Such an organized system reduced with alkali metals
could thus be expected to form either intra- or intermolecu-
lar sandwiches. Similar to the reduction of 5, the reduction
of 6 with lithium, potassium, and cesium led to the para-
magnetic tetraanion (bis-dianion) followed by the appear-
ance of a diamagnetic octaanion, while reduction with so-
dium stopped at the tetraanion.¥

The "Li-NMR spectra of 6% show similar behavior as
seen for 5*. The two signals seen at low temperature (5 = —
4.5 and —11.5) coalesce at 275 K to give one sharp line
(0 = —8.3). The calculated barrier for the exchange process
in 6% (AG%;5 = 13.7 kcal/mol) is somewhat higher than that
in the case of 5% (AG#%;s = 13.2 kcal/mol) and may point
to further stabilization of the charged species.

The question of inter- vs. intramolecular interaction in
6% was investigated by diffusion measurements and by
competition studies, i.e. aggregation with free 5. Both ex-
periments pointed to an intramolecular sandwich forma-
tion.124

Despite its considerable curvature, 5 is surprisingly flex-
ible. The bowl-to-bowl inversion barrier has been deter-
mined by NMR methods to be AGH, = 10.2 + 0.2 kcal/
mol.? In 6, each methylene unit of the bridge can, in prin-
ciple, serve as a diastercotopic probe for the bowl-to-bowl
inversion process of the corannulene units. The barrier for
the bowl-to-bowl inversion in 6 is found to be AG%;, = 10.9
+ 0.3 kcal/mol. Using a remote methylene group in 6, which
is sufficiently distant from the effect of the induced mag-
netic field of charged moieties yet still sensitive to the bowl-
to-bowl inversion process, enabled us to determine the
bowl-to-bowl inversion barriers in 6*/4K* and 6*/4Cs™
(AG%;y = 8.8 £ 0.3 kcal/mol and AGH;, = 9.2 £ 0.3 kcal/
mol, respectively).3”I These low barriers can be rationalized
by taking into account the better conjugation and thus the
closeness to planarity of the highly charged systems. For all
octaanions of 6, the dynamic behavior points to low bar-
riers, as was suggested in the initial study of the corannu-
lene tetraanion./?!

In the reduction of 1,3,5,7,9-penta-fert-butyl-corannulene
7 with lithium, four reduction stages are observed.[*¥! The
paratropic dianion and the diatropic tetraanion resemble
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the behavior seen with 5. In the final stage of the reduction,
however, three distinct tetraanionic species could be de-
tected; the two sandwich-type diastercomers, as in 5, and
another species assigned as a tetraanionic monomer (which
slowly disappears).

Dibenzo[a,g]corannulene 813°! and dibenzo[a,g]cyclopen-
ta[k/]Jcorannulene 91! are extended corannulenes with extra
conjugated five- and six-membered rings. These compounds
are extended subunits of Cg, with 28 and 30 carbon atoms,
respectively, in which the bowl-type structure is maintained.
The additional five-membered ring in 9 leads to a signific-
ant increase in curvature relative to 5.14!1 The potential ener-
gies!!! for the LUMOs of 8 and 9 (semiempirical AM1 cal-
culations) are calculated to be —1.180 eV and —1.558 eV, re-
spectively, even lower than in the case of 5 (—1.028 eV). In
8 and 9, as in 5, the LUMO is nondegenerate, but there is
only a small energy gap between the LUMO and the
NLUMO (0.22 eV and 0.62 eV, respectively), which thus al-
lows the formation of highly reduced species.*?! The reduc-
tion products of 8 and 9 show a dependence on the redu-
cing metals as well as on the m-array of electrons. With li-
thium, 8 and 9 could not be reduced to a tetraanion as
disappearance of the spectra occurs. The total change in the
carbon chemical shifts in 8> and 9> with lithium were
YA0= +50ppm and XAd= -178 ppm, respectively
(Kcexpy= +25 and —89 ppm per unit of charge, respect-
ively). These values are markedly different from those ob-
tained for 5>~ (£A8= +366 ppm and Kc(expy= +183 ppm).
It thus seems that the strong paratropic effect that operates
in 5% and leads to very low-field shifts in its carbon spec-
trum is absent in 8> and 9% . Such behavior is reasonable,
since the magnitude of a paramagnetic ring current is
known to be inversely related to the size of the HOMO-
LUMO gap,*3 and the gap for these dianions increases in
the order 5>~ < 8% < 9%, The Kc(exp) values of 8% and 9>
are a characteristic feature of polycyclic systems.[*3¢l The
external fused rings, mainly the five-membered ring in 9%,
exert a strong charge-withdrawing effect. In 8> and 9>
there is a distortion of the “annulene behavior”, although
some annulenic effect of the internal five-membered ring,
especially in 8%, is still present. Reduction of 8 and 9 with
potassium leads first to the dianions, and then new spectra
are seen due to the corresponding tetraanions. Both 8 and
9 behave similarly upon reduction, although their different
n-topologies give rise to opposite characteristics in the mag-
netic field (NMR). The center of gravity of the chemical
shifts in the 'H-NMR spectrum of 8* is shifted to lower
field (center of gravity at § = 6.32) relative to 8 (center of
gravity at 8 = 3.51), reflecting the diatropic (4n+2)m char-
acter of this new species. The center of gravity of the 'H
chemical shifts of 9* appears at higher field (center of grav-
ity at & = 5.58) than that of 9% (center of gravity at § =
6.93), as can be expected for a (4n)n system (antiaromatic).

There is an obvious difference between the behavior of 5
and that of the extended corannulenes 8 and 9 in the reduc-
tion reaction. While the reduction with lithium led to the
most stable tetraanion of 5, the tetraanions of 8 and 9 were
only produced with potassium. This behavior can be ex-
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plained by the tendency of 5% to dimerize, unlike the
monomeric forms of 8 and 9*-.['1]

Benzannelation of corannulene modifies the m-topology
and the charge delocalization pattern so that the anions no
longer behave as annulenes within annulenes. Compounds
8 and 9 have the characteristics of large polycyclic systems
with some annulenic character rather than the highly pro-
nounced annulene character of corannulene 5.

Helical n-Conjugated Anions

As a result of severe steric interactions between the ter-
minal benzene rings, the helicenes*¥ adopt a spiral config-
uration with C, symmetry.[*>4¢ The smallest of the helicene
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CH; CH; CH,
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=
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series is phenanthrene 10. Computational studies of the de-
gree of helicity in phenanthrene point to the fact that upon
reduction to the dianion (10?°), planarity is disrupted, with
the bay dihedral angle increasing from complete planarity
to 15.8°.471 Phenanthrenes substituted at the bay region, i.e.
at C* and C°, such as in 11 and 12, afford the smallest
neutral helicenes.i*®! The effect of nonplanarity on the prop-
erties of the charged systems in these helicenes was studied
by comparing neutral and charged 13. The racemization of
13 having a diastereoscopic isopropyl marker at the bay re-
gion position C* yielded a free-energy barrier (AG*) for the
racemization process of 22.2 kcal mol™'. For 13>, the calcu-
lated barrier was 15.4 kcal mol™'. The most important

16

R’ 23 R=R'=H
23a R=CH3, R'=H .
23b R=H, R'=tBu 24
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structural parameter obtained from the theoretical study of
the racemization of 13 was the twist angle of 38.34° for the
bay region carbons. The coplanar configuration of the bay
region of 13 does not permit the methyl group at C° and
the isopropyl group at C* to exchange positions. Such a
coplanar transition state for racemization requires a calcu-
lated free energy of ca. 36 kcal mol™!. It was therefore con-
cluded that the transition state involves complex move-
ments. The dianion may adopt a planar structure, thus al-
lowing better delocalization, or it may induce localization
resulting in a twisted configuration. The decreased barrier
for the racemization observed in the dianion is a direct con-
sequence of the C°-C'° bond elongation.[*?! Similar bond
elongations are observed in all other helicene anions.

The paratropic shifts and the line shapes of the signals
in the 'H-NMR spectra of the substituted phenanthrene
dianions can be used as probes for determining the anti-
aromaticity of the systems. On going from 10°> to 11%> or
127, the '"H-NMR lines become much narrower and a
highly resolved spectrum can be recorded. Dianion 10>/
2Na™* shows no spectrum, even at —70 °C, while with li-
thium a well-resolved spectrum is observed. A significant
narrowing of the lines is observed for 11>~. When sodium is
used, the spectrum of 11>~ at —70 °C consists of narrow
lines with no apparent spin-spin couplings. The lithium salt
of 11> gives a well-resolved spectrum, even at room tem-
perature. Dianion 12>, however, shows spectra at higher
temperatures with both sodium and lithium. The diatropic-
ity of the system is said to be independent of the helicity,
as observed from the changes brought about by different
substituents at the bay positions C* and C>. However, in
the (4n)r charged systems, a relationship between the para-
tropicity and the helicity has been established. Since antiar-
omaticity requires an efficient delocalization, as does aro-
maticity, the twisting of the system quenches its antiarom-
atic properties.[32-3

Higher homologues of 10, such as pentahelicene 14 and
benzo[a]pentahelicene 15, are reduced to stable dianions,
further electron transfer afforded the cyclization products
16 and 17, respectively, as shown in Figure 1.1 Alkyl sub-
stitution at positions C! and C'# of 14 or further arene an-
nelation at the terminal positions of the pentahelicene pre-
vent such cyclizations and allow the isolation of reduced
states. The inability of helicenes 14, 15, 18, 19, 20, and 21
to bear a large excess of charge is evident from their reduc-
tion only to dianions.’?33 Comparison with systems of
similar size, which are capable of producing highly charged
anions, as is the case in corannulene 5, requires an explana-
tion. Due to the helicity of the system and the close proxim-
ity of the terminal benzene rings, charge distribution is in-
capable of depositing electron density at the far ends of the
molecule. As a consequence, coulombic repulsions between
the charged layers result in the relocation of charge at the
central rings of the helicene units, which in turn prevents
the storage of further imposed charge. This explanation is
borne out by the localization patterns observed in the 'H-
NMR spectra of 187, 20>, and 21> as compared with their
neutral analogues. For a similar reduction step of helicenes,
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the average change in proton chemical shifts seems to de-
pend both on the size of the helicene (charge per carbon),
and the degree of helicity (intensity of paratropicity effect).
In 1,12-dimethyl[4]helicene 18, there are only four benzene
rings in the framework and a relatively low helicity. Thus,
18> is expected to be paratropic [ASy(average) =
—4.63 ppm]. In charged 2,15-dimethyl[6]helicene 20>, al-
though the framework is larger, the degree of paratropicity
increases [Ady(average) = —6.36 ppm]. Three significant
chemical shifts are worth pointing out in the 'H-NMR
spectrum of 20%>~. The chemical shifts of H!/H'®, H/H®,
and H’/H!© exhibit total shifts of —7.81, -9.35, and
—7.77 ppm, respectively. Such significant paratropic effects,
especially for H¥H® and H’/H'°, point to charge densities
residing on the corresponding carbon atoms, besides the
strong ring current present in the planar portion of the mo-
lecule. The high-field shift observed for H!/H!® does not
stem from the increased paratropicity of the system, but
rather from the relative positioning of the two protons with
respect to the terminal rings A and F.

L1

s

ﬂ’%’ N

ol — 7 —
14 14
| m | 2
f=a

16>

Figure 1. Reductive cyclization of [5]helicene 14

[7]Helicene 21, having the largest skeleton, exhibits the
smallest paratropic effect among the three dianions. Only
one strong paratropic shift of —8.16 ppm is observed in the
system due to H!'/H'® residing at the ends of the helicene.
This shift stems from the relative positioning of the protons
in the ring system, as is the case for H' and H'® in 20>

Cross-Conjugated Aromatics: Extended Stilbenes

Much interest has been focused on the design of organic
systems that are capable of storing and transporting charge.
Effective conjugation through the molecule should result in
a single extended system with a significantly altered
HOMO-LUMO gap. Such a system may be described by
a single potential minimum. Interruption of the resonance
mobility by introducing conjugative insulators or saturated
bridges results in a certain degree of uncoupling of the bon-
ded subunits, with the degree of conjugation between them
being dependent on the inter-ring bond.[>¥

Localization of charge in a hydrocarbon with extended
conjugation can be achieved by restricting the topology.l!
Furthermore, excess charge residing on a polymer can be
confined to a segment made up of only a small number
of building units. The behavior exhibited by the oligomeric
segment should be closely related to that of the polymer.[>®
Such is the case with meta-distyrylbenzene 22>, in which
the excess charge is localized on just one of the stilbene
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units.?”1 While the reduction of 22 to a tetraanion can be
attributed to the absence of resonance conjugation through
the meta topology, the reduction of para-distyrylbenzene 23
to a tetraanion is based on the ability of 23 to fold through
an s-trans/s-cis mechanism.’® Such a mechanism causes an
interruption in the charge delocalization of 23%~ and facilit-
ates the introduction of a second pair of electrons, as shown
in Figure 2. The electronic distribution in 23*" exhibits fully
quinoidal characteristics as compared with that in dianion
23%, where some charge localization remains. Substitution
of the alkyl groups as in 23a or 23b quenches the folding
mechanism, and thus both compounds afford only dian-
ions.’8-%1 The rather puzzling finding that the ortho-distyr-
ylbenzene 24 is capable of accepting four electrons with re-
duction to the tetraanion has been explained in terms of
the cation solvation effect.[¥) With the close proximity of
the two olefinic bonds, the two charge centers of 24* are
better solvated by the cationic shell, thus 24 is a better elec-
tron acceptor than 23.

Figure 2. Reduction of a p-distyrylbenzene polaron to a tetraanion

EPR and electron absorption studies of higher homo-
logues such as 25 seem to support the evidence gathered in
the study of the disubstituted systems 22-24. No spectral
dependence on chain length was found in the absorption
spectra of the meta series. In all cases, the absorptions at
lower wavelengths resembled those of the stilbene radical
anion. Whether the conjugation present in the system is re-
stricted by substitution, as in 22, or by spontaneous folding,
such as in 23, the basic polaron segment that is charged is
the stilbene unit.

Anions derived from cyclophanes such as 26, 27, and 28
are unique in the sense that possible through-space interac-
tions can strengthen their charge storage properties.[!-62!
The forced proximity of the charged cyclophane decks re-
sults in a migration of the charge to the molecular peri-
phery. Reduction of 27 and 28 leads to tetraanions with all
alkali metals utilized.’! Although there are slight differ-
ences in the chemical shifts, the charge distribution with
Na, Li, or K is practically the same. The total '*C-NMR
chemical shift order of Na > K > Li points to a different
behavior of the system under SSIP (lithium salt) and CIP
(potassium and sodium) conditions, which is supported by
UV/Vis studies. Slow rotation of the phenyl groups is ap-
parent. Charge density distribution along the p-distyrylben-
zene segment in 274 is identical to that observed in 23a>.
Stepwise reduction of the cyclophanes studied by electro-
chemistry begins with the introduction of the first electron
into one of the decks, followed by introduction of a second
electron into either the already charged deck or the neutral
segment. Fast and efficient electron hopping facilitates the
formation of a triplet-state paramagnetic diradical species.
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As the two other electrons are introduced, a doubly-charged
two-deck cyclophane tetraanion is obtained. The "Li-NMR
spectrum exhibits only a single peak for the lithium cation
at 8;; = —1.1. The appearance of only one signal does not
necessarily indicate a fully symmetric positioning of the
four lithium atoms, but may more correctly attest to a fast
exchange on the NMR time scale.[®%4 Semiempirical cal-
culations, however, indicate that the lithium cations are situ-
ated near the olefinic bonds. The structure in which the cat-
ions are closer to the cyclophane center is higher in en-
ergy.l®]

The derivatives frans-29 and cis-1,2-bis(9-anthryl)ethyl-
ene 30, synthesized utilizing McMurryl® and Wittig reac-
tions, respectively, were reduced to the corresponding di-
and tetraanions and characterized at low temperatures.[®
The NMR spectral data clearly showed the two dianions
292~ and 302 to be identical. Likewise, the tetraanions were
found to be identical. This points to the fact that the two
compounds undergo significant conformational changes,
with one common intermediate conformation, at each of
the reduction stages. With the NMR spectra of the dianions
29%~ and 30> exhibiting extra signals compared to those
observed for the neutral species, the existence of an aver-
aged planar conformation is evident. At the tetraanionic
stage, further conformational changes take place in the sys-
tem. The '"H-NMR spectra of 29* and 30*, as compared
with those of the corresponding dianions, point to the in-
creased symmetry of the tetraanion. Under quenching con-
ditions, the tetraanion originating from both 29 and 30 pro-
duces only the trans isomer 29 with no trace of 30.1°¢! The
fact that the reduction process produces planarity in the
dianion and nonplanarity upon further reduction to the
tetraanion suggests that there are significant changes in the
charge distribution patterns in the two species, as shown
in Figure 3. Electrochemical reduction!®”! of 29 revealed no
interaction between the anthryl subunits (£, — E; = 0). In
33, however, a potential difference of £, — E; = -0.21 V
was measured, indicating a greater interaction between the
anthryl units. Similar results were obtained when the
Stokes’ shifts were considered for both compounds, indicat-
ing that 33 possesses a more planar conformation.[°®! Des-
pite 33 maintaining a less favorable electronic topology, the
release of strain as compared with the 9,9'-substitution of
29 minimizes the energy difference between the aromatic
and quinoid forms, thus allowing for better conjugation
through the inter-ring bond.

Reduction of compound 32 affords the highly charged
hexaanion.® The preceeding dianion and tetraanion stages
are triplet anions, which are paramagnetic in character and
hence NMR inactive. The highly charged hexaanion 32°-
was found to exist in the all-¢rans configuration, with most
of the imposed charges residing on the external anthryl su-
bunits. The charge distribution pattern exhibited by 32% is
similar to those observed in the tetraanions 29* and 30*.

The isolation of long-lived polyanions such as 32% is of
great interest, not only due to its electron-storage capabilit-
ies, but also in view of the selectivity of the process. While
many carbon-rich systems are incapable of storing more
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29 n=0
31 n=polymer
32 n=l1

30

I Q2
L), A,
(D e O s

29 29%

Figure 3. Charged density distributions in dianion 29>~ and tetra-
anion 29* (the spheres indicate the location of the lithium cations)

than two electrons upon reduction, other smaller hydrocar-
bons are transformed into polyanions with great ease. In
the polyanion family, one considers systems such as 14, 2%+,

1100

34

54, 23%, 325, C§,, C%, and 34%, among others. Of the
four hexaanions mentioned, 34% bears the greatest charge
per carbon atom, amounting to —0.2 ¢~ per carbonl®! as
compared to —0.13 e~ per carbon estimated for 32°.[°¢1 Co-
rannulene tetraanion 5%, while exhibiting an identical
charge per carbon as 34, is capable of doing so by virtue
of dimerization, as discussed above. As in the case of 32%,
neither the dianion 34% nor the tetraanion 34* were ob-
served.l8l Octalene tetraanion is also exceptional as it has
four negative charges on 14 carbons i.e. 0.28 e per car-
bon.[%¢"] Semiempirical calculations point to a reduction
mechanism involving a single stilbene polaron, as was ob-
served in the case of 22% and 23*. A two-electron transfer
to the neutral molecule 34 reduces one of the stilbene units,
creating a dianionic polaron segment attached to two al-
most neutral phenylene arms. With the dianion triplet state
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lying only 0.035 eV above the singlet state, the system exists
in a triplet-singlet equilibrium with overall paramagnetic
character. Introduction of two electrons into the dianion
also results in triplet-state species, having a stilbene dianion
and two phenylene arms each charged with a single elec-
tron. There is no spin pairing at this stage, and the tetraan-
ion remains paramagnetic. Like the charge profile observed
for 23*, the charge distribution in 345 is homogeneous and
is concentrated at the internal ends of the olefinic bonds.[®

Planar n-Conjugated Anions

In the arylene series 35-38, the ability of the system to
transport and store charge depends not only on the size of
the acene electrophore but also on the magnitude of the
steric hindrance present between the electrophores. The
magnitude of the steric interaction may be used as a cri-
terion for the evaluation of the existence or absence of m-
conjugation in the system.l®! One immediate outcome is the
creation of multi-charged anions. Several studies of the geo-
metries and conformations of a series of diarylenes yielded
potential curves for the various systems. For 1,1’-binaph-
thyl 35, the rotational movement about the inter-ring bond
showed minima at 50° and at 130°.°7 For 9,9’-bianthryl
36, the rotational barrier increases, and the system adopts

O‘ 38
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a ground state conformation with an inter-ring angle of
nearly 90°.71:721 This conformational change leads to only
a small interaction between the two subunits in 36 as com-
pared with that in 35. Only a small potential difference is
observed between the first and second electron transfers in
36. In fact, when a higher oligomer is examined (n > 0),
no significant alteration is observed in the first reduction
potential.l’3-74 Reduction of 36 yields a triplet dianion!”>-7°]
and a tetraanion composed of two noninteracting subun-
its.’71 Recently, a crystal structure of the radical trianion of
36 showed that 81% of the total charge resides on just one
of the two anthryl subunits.[”®! The remaining charge resides
on the second anthryl group and arises from the intramolec-
ular interaction of this almost neutral anthryl segment with
a second charged molecule in the solid phase. System 35,
however, acts as a single n-system.

In the case of 9,9’-biphenanthryl 3711 and 1,1’-bipyryl
38,1891 the behavior of the redox system depends on the re-
duction conditions and on the ion pairing. Although the
topology of both 37 and 38 is expected to be similar to that
of 35, the redox behavior would appear to be different. An
explanation is provided by the size of the orbital coefficients
of the SOMO calculated for the bridgehead carbons.Bll A
stable diamagnetic dianion is obtained upon contact of 37
with the reducing metal.”® Semiempirical calculations
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showed a decrease of 12.1° in the torsion angle and an in-
crease in the double bond character at the inter-ring bond
as a direct result of the reduction. This leads to a com-
pletely delocalized system in which steric electronic repul-
sions exist between the inner protons H® and H¥ and pos-
sibly between the excess charge residing around these atoms.
The repulsive interaction is enhanced as the tetraanion 374
1s formed. With increased interaction between the subunits,
further reduction of the torsional angle to 61.0° in the
charged tetraanion, as compared to 95.1° in neutral 37 and
83.0° in 37%, is observed. Localization of greater charge
densities at C* and C° of the anions, along with the distribu-
tion of lesser charge densities at the ring positions C3?
through to C*, implies that the system minimizes cou-
lombic repulsions between the charge centers and so at-
tempts to lower the energy associated with the formation of
an antiaromatic system. This gain/loss pattern, by which
localization requires planarity but imposes repulsive inter-
actions, is at an overall favorable state with the gain in de-
localization or resonance energy compensating the increase
in coulombic repulsions.l””! The degree of electron delocal-
ization over the whole dimer varies with changes in charge
localizations at the inter-ring positions. Lowering of the
charge densities at these positions by extension of the sur-
face for potential delocalization (as in going from phen-
anthrene subunits to pyrene units) results in a greater sep-
aration between the two subunits and hence a lower con-
jugation. A further decrease in the dihedral angle as a result
of continued reduction leads to the formation of a new C—
C bond, thereby yielding dianion 42783

Both dianions 42%  and 432 exhibit charge distribution
profiles consistent with oligoperinaphthalene systems (of
which perylene is a member).[¥?l The charge densities are
greatest at the peri positions, equivalent to the C! and C8
positions in naphthalene. Further charge resides at the four
bay positions of 42>~ and 43?~. While the charge residing at
the bay regions of 43?>" is comparable with that in the per-
ylene dianion, the charge density at one of the bay regions
of 422 is quite large.®3 Of the total charge, 36% resides on
the two bay region carbons C' and C'2. The degree to
which this high charge density affects the system as a whole
is evident from long-range isotope effects observed in the
C!'-C!? deuterated system and from the polarization of the
C-C bonds as predicted by semiempirical calculations.
However, the most compelling evidence comes from the re-
action of the dianion with molecular oxygen to yield dike-
tone 44 in high yield.[®

The effects that take place in a neutral system upon sub-
stitution of a heteroatom are highly important in the under-
standing of the influence of the heteroatom on the charge
distribution patterns and the ability of the atom to quench
paratropicity in charged states. Several heteroaromatic sys-
tems have been investigated in the neutral and charged
states.®¥ One such case is the sulfur derivative of hydrocar-
bon 42, i.e. 45. Reduction of 45 results in a dianion which
is considerably different from 422", While 42> exhibits a
charge distribution pattern in which charge densities are
concentrated at the periphery of the system, sulfide dianion
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45>  behaves as a disubstituted phenanthro[c]-
thiophene.’” In such a charge distribution, the involvement
of the thiophene ring in carrying some charge is reflected
in the small charge that resides on the sulfur atom itself. On
further reduction, dianion 45% undergoes loss of sulfur
atom through an extrusion sequence initiated by charge
transfer to the carbon segment of the molecule and not to
the sulfur atom as is traditionally observed in C-S bond
cleavages. Successive bond cleavages and protonations lead
to anion 427

Similar cyclization products were obtained when anions
38* and 40* were exposed to the metallic surface to yield
43> and 417, respectively.[””) However, no such cyclization
was observed in the case of 39* .18 In contrast to the non-
planar geometries of the tetraanions derived from the diac-
enes, their cyclized products are planar and behave as single
redox units. This results in a lowered reduction power and
anions with a smaller charge.[3%-37]

In bicorannulenyl 46, such reductive cyclization is not ex-
pected. Reduction of 46 with lithium resulted in a species
identical in color to the dianion of 5, yet no '"H-NMR spec-
trum could be observed. The formation of a paramagnetic
diradical system existing in a fast equilibrium as in the case
of 37* clearly occurs. No further reduction products were
observed.[?4

One unique and extreme situation where the effect of
electron hopping may be investigated is the dianion of the
spirodicyclooctatetraenyl system 47188 Prolonged contact
with the reducing metal affords a tetraanion, in which there
is no interaction between the two octatetraenyl subunits.
However, the less highly charged systems 47'*~ and 47> are
of greater interest. The monoanion is fully localized. Even
at high temperatures, there is no indication of any charge
hopping from one subunit to the other. For the dianion, the
'H- and '3C-NMR spectra indicate beautifully the presence
of one charged planar cyclooctatetraenyl dianion and one
neutral tub-shaped cyclooctatetraene subunit.®] The
unique charge localization observed here stems from the
characteristics of the subunit. Upon introduction of an elec-
tron to the cyclooctatetraene system, a flattening of the sys-
tem is observed. Furthermore, the stabilization of the dian-
ion compensates for the electronic repulsion involved in in-
troducing a second electron to an already charged sys-
tem.°¥

A Highly Reactive Graphite Electron Donor

In 1954, Riidorff and SchulzeP!! used X-ray diffraction
analysis to describe the structure of the first-stage intercala-
tion product of potassium and graphite. The graphite layers
in CgK, the color of the solid,[®? and its reactions with or-
ganic and inorganic materialst®>°4 helped in explaining the
unique nature of this material. The graphite intercalate CgK
is a useful and efficient reducing agent. Its highly ordered
structural characteristics along with its high reactivity
makes it a reagent of choice over such classical reduction
reagents such as alkali metals in liquid ammonia. The ease
of preparing the reagent, the inexpensive materials required,
and the possibility of performing the reactions at relatively
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high or low temperatures affords a reagent capable of ex-
ecuting organic reactions under room temperature condi-
tions in short periods of time. Moreover, the inability of
large polyaromatic hydrocarbons to mimic the reactivity of
the reagent as a metal intercalate adds to the unique nature
of CgK.[*I The properties of CgK as a catalyst and reactant
in organic synthesis have been exploited in a wide range of
organic reactions. Among the many reactions are ste-
reospecific debrominations,®! reductions of double bonds
in a,B-unsaturated ketones, carboxylic acids, and Schiff ba-
ses,””] alkylation of carbon acid derivatives such as nitriles,
esters,”®l and imines,®! reductive cleavage of C—S bonds in
vinylicl'%! and allylic!'®! sulfones, and reductive coupling
of alkyl and aryl halides.['%?]

(a) Reductive Coupling of Aromatic Acid Esters and Ke-
tones: The reaction of CgK with carbonyl compounds
served as a model in understanding its mode of action.
Benzophenone undergoes reductive coupling in the pres-
ence of CgK to give the corresponding pinacols.'®3 The
reaction of methyl benzoate, on the other hand, yielded
phenanthroquinone in a one-pot reaction, as did that with
benzil. When dimethyl diphenate was treated with CgK,
three major products were isolated: fluorene, fluorenol, and
phenanthroquinone, as shown in Figure 4. Traces of fluor-
enone were also isolated. On the basis of kinetic studies,
the “layer-edge” mechanism was suggested to explain these
reactions of a-ketones.['%4193] A diketone such as benzil in-
teracts with two adjacent potassium atoms of the intercalate
to afford a benzil dianion linked to the graphite layer-edge.
At this stage, the two phenyl rings are in a syn conforma-
tion, allowing ring-closure to occur with the formation of
a dihydro compound. Aromatization and aerial oxidation
results in the phenanthroquinone. However, a similar reac-
tion with potassium metal does not yield the desired qui-
nones.[1°¢

OO.CH3E(> O H~-||H+ O,; + OO+ 0
e

Figure 4. Reactions of CgK with esters and ketones

(b) Reductive Cyclizations in Aromatic Hydrocarbons Con-
taining Nitrogen Atoms: Cyclizations of substituted aro-
matic heterocycles such as 48 and 50 yield heterocycles 49
and 51, respectively, as the sole products in high yields (Fig-
ure 5).'171 The layer-edge mechanism described above was
also found to be operative in the cyclizations of compounds
48 and 50.[104.105]

(c) Birch-Type Reduction of Aromatic Compounds: A
unique application of the CgK reagent is the Birch-type re-
duction of aromatic hydrocarbons, performed in ethereal
solutions. Treatment of dialkylnaphthalenes with CgK af-
fords fair to good yields of 1,4-dihydronaphthalenes. The
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Figure 5. Reductive cyclization of nitrogen containing hydrocar-
bons

effect of electron-donating groups on the Birch reduction
of naphthalene derivatives is known. Under CgK condi-
tions, the reduction of 52 occurs only on the unsubstituted
ring and yields 53, while substitution at the 2,3-positions
promotes the reduction of both rings and the isolation of
both 55 and 56. In contrast to the temperature dependency
of the Birch reduction in ammonia, in the presence of a
large excess of CgK and at elevated temperatures, the prod-
uct composition does not change. Only one of the two ben-
zene rings is reduced.['®® The amount of CgK used has an
influence on the overall conversion of naphthalene derivat-
ives to the corresponding 1,4-dihydronaphthalenes. The op-
timal conditions for this conversion were found to be 1:12.5
starting material to CgK. Smaller ratios were found to lower
the yields.

(d) Reduction of Aromatic Hydrocarbons: Potassium
metal reduces polycyclic aromatic hydrocarbons and forms
n-conjugated anions, nearly all (4n)m in character. The re-
duction with the potassium intercalate, although less react-
ive and hence more selective than the metal itself, produces
identical results.

Fullerenes: Charging via an Electron Shuttle and Their
Electron Delocalization

In 1985, it was discovered that vaporization of graphite
by laser irradiation produces stable Cqy and C;, 1% The
calculated and experimentally detected!'!?) structures of
these fullerenes point to the existence of highly symmetrical
cavities. Kroto, Heath, O’Brien, Curl, and Smalley made
the remarkable discovery that buckminsterfullerene, Cg, is
a stable molecule due to geodesic and electronic properties
inherent in the truncated icosahedral cage structure.[''!]

For polycyclic m-systems, there is not always a correlation
between aromatic character and the total number of n-elec-
trons. In fullerenes, which are not only polycyclic, but also
three-dimensional, such a correlation is even less obvious.
Since they have no hydrogen to replace and the orbitals that
make up their n-system have significant s-character, fuller-
enes undergo a variety of addition reactions rather than
substitution, which is typical for polycyclic aromatic hydro-
carbons. The resonance energy of fullerenes, however, is
only slightly less than that of graphite. The question of =-
delocalization and the degree to which the m-electrons are
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free to move about the surface of the molecule may be par-
tially answered by the use of magnetic techniques.

The '3C-NMR spectrum of Cg, in benzene consists of a
single line at & = 142.7, confirming the icosahedral struc-
ture.l''? The *C-NMR spectrum of C-, in benzene consists
of five lines (6 = 150.7, 148.1, 147.4, 145.4, and 130.9),
confirming the highly symmetrical football-shaped struc-
ture (Cs, symmetry).[H13]

The triply-degenerate LUMO in Cg!''¥ and the doubly-
degenerate LUMO+1, close in energy to a nondegenerate
LUMO, in C5!'!3] confirm that the hexaanions of these two
molecules are accessible. Cyclic voltammetric datal!'®l show
six reversible electron reductions of these two fullerenes
[E12(Cep) = —0.98, —1.37, —1.87, -2.35, -2.85, and -3.26 V
and E»(Cy) = -0.97, -1.34, -1.78, -2.21, -2.70, and -3.07
V], thus providing evidence for the electrochemical produc-
tion of these hexaanions.

Reduction of a mixture of Cyy and C,, using lithium
metal in [Dg]THF with the aid of an ultrasonic bath gener-
ated a red-brown solution.''”] The '3C-NMR spectrum at
room temperature showed a single line at 6 = 156.7 for the
reduction of Cg, and five resonances for the reduced C;,
(6 = 158.3, 152.3, 149.6, 137.9, and 133.7). Despite the im-
posed charges, both anions are deshielded. However, in con-
trast to the remarkable deshielding effect exhibited by the
anion of Cg (14 ppm/carbon atom), only a slight deshield-
ing is shown by the anion of C, (0.9 ppm/carbon atom).
The "Li-NMR spectrum of a mixture of reduced Cg, and
C;o at room temperature shows a broad signal at 6 = 1.6,
indicating a solvent-separated ion pair/contact ion pair
equilibrium.1181

The internal cavities of Cq, and C;, were found to be
sufficiently large to encapsulate a helium atom and thus
form stable helium compounds.''”) The *He atom used as
an internal probe for the magnetic shielding environment
inside the fullerene allowed studies of the aromaticity of
the fullerenes. The *He-NMR chemical shifts of *He atoms
encapsulated in Cgy and C; are found to be 6 = —6.3 and —
28.8, respectively.'?”] These results indicate a significant
diamagnetic ring current in Cgy and an even larger one in
C7().

The hexaanions of Cg, and C,, were calculated to show
diamagnetic behavior; however, Cg, was expected to show
the largest magnetic effects. London calculations of the ring
current chemical shift for an atom at the center of C$; pre-
dicted a value of & = —40.5.1'21:122 More recently, ab initio
calculations of a central *He atom (*He@Cyg) indicated an
even larger shielding for the hexaanion of Cg (8 =
—58.31221 and —56.1112%)), While the He atom in He@Cs is
predicted to be strongly shielded on reduction to the hexa-
anion, theory predicts the opposite for He@C-,. Both Lon-
don and ab initio calculations predict values corresponding
to a considerable deshielding relative to that in the neutral
system (8 = —12.00'241 and —10.6,1'2% respectively).

Preliminary attempts to prepare the hexaanions of
SHe@Cg and *He@C, under strongly reductive conditions
(excess lithium metal with sonication) failed to give any
3He-NMR signals. Addition of corannulene, which served
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as an efficient electron carrier between the lithium metal
and the solid Cgy, facilitated reduction of the fullerenes un-
der gentle conditions so as to afford their hexaanions.

Reduction of *He@Cg, and *He@C-, with excess lithium
metal and corannulene as mediator showed *He-NMR
spectra of both endohedral fullerene hexaanions.['?] As
predicted, the *He inside the Cg, hexaanion was more
strongly shielded (& = —48.7), while that inside the C;, hexa-
anion was more strongly deshielded (6 = +8.3) relative to
those in the neutral fullerenes. Figure 6 summarizes graph-
ically the changes in *He chemical shifts upon reduction of
SHe@Cgp and *He@C-, to their hexaanions.

Free ‘He ° He@Cygo 3He@Cm
0063 288
BHC@Cmé' - . 3HC@C606-
+83 00 -48.7
He>

Figure 6. *He NMR chemical shifts of *He@Cg, and *He@C;, and
their respective hexaanions

Reduction of Cg, and Cy, with all other alkali metals
leads to colored solutions that probably contain the anion
radicals. Further reduction leads to products that are too
insoluble for analysis by solution NMR spectroscopy.

The strong shielding/deshielding effect on the *He atoms
inside these fullerenes provides compelling evidence for the
ability of electrons to move freely about the surfaces of such
spheroidal mt-systems.
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