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Abstract - In aramatic polycyclic systems both the local contribution of
the camponents and the peripheral m-delocalization influence the net
aramatic nature of the system. Polycyclic conjugated systems are classi-
fied according to the number of m-electrons involved in each ring. A
(4n§e+ 2)m + (4n2 + 2)m fusion results in a (4n + 2)7 periphery. Indeed,
theSe systems haVe aramatic character. However, steric effects (e.g. peri
H-H interactions and biphenyl backbone) influence the gradual formation of
the aromatic ions and direct their stereochemistry. A (4ny + 2)m + 4npm
fusion results in an antiaromatic 4nm periphery. The fusion of a cyclo-
pentadienyl anion to a planar COT camponent in a polycycle shows paratropic
character. Oxidation of a polycyclic molecule which includes a planar COT
component yields an aromatic system which includes a COTH moiety. The
fusion of 4nym + 4nym systems represents an aramatic (4n + 2)7 periphery,
while the components are antiaromatic. The preparation of benzannelated
pentalene dications shows that they exhibit diatropicity and that the
peripheral (4n + 2)7 delocalization dominates. The two electron oxidation
and reduction of dibenzopentalenes to the respective aramatic dications
ard dianions show that 4nm conjugated polycycles behave similarly to the
corresponding monocycles in attaining arcmatic character.

INTRODUCTION

The study of the monocyclic non-benzenoid Huckeloid series established a field of challenging
synthetic and theoretical efforts (1). However, the aramaticity of polycyclic m-conjugated
frameworks requires further insight. One of the basic problems of the polycyclic systems is
best visualized with one of the oldest "aramatic" molecules, i.e. pyrene (1) . This system is
considered to be aramatic despite the non-Huckeloid conjugation of 16m electrons. Two ap-
proaches were. suggested to account for the aramaticity of poly-fused conjugated ring systems.
One approach considers the partial aromatic contributions of the rings camwposing the poly-
cycle (2). The second, coined as the "peripheral model," emphasizes the peripheral m-
conjugation, while the hridging bonds of the polycycle are considered as a cross-linked per-
turbation on the conjugated periphery (3). Based on the latter, the aramaticity of pyrene
(1) originates fram a "Huckeloid" l4m-peripheral delocalization perturbed by an "ethylenic
bridge," la. Although the aramaticity of pyrene may be satisfactorily explained by either
of these two theories, several limitations become apparent when these concepts are applied to

G

Our objectives in recent years were directed towards gaining insight into the aramaticity of
charged polycyclic systems. As we shall see, we are confronted by new phenamena that are
important in attaining aramaticity in polycyclic systems and that are non-existing in the
monocyclic non-benzenoid series.

Conjugated polycyclic systems can be classified according to three different modes of fusion:
(a) The fusion of a (4ny + 2)7 ring with a second Huckeloid (4ny + 2)7 ring system results
in a polycycle that includes a (4n + 2)7 periphery, while each component contributes aramatic
character. Indenyl anion (2) represents this type of fusion, as it includes a 10w conjugated
periphery and two 6m aramatic contributions.
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(b) The fusion of a (4n] + 2)7 ring with an antiaramatic 4n,m system results in a peripheral
4nm delocalization. However, the carponents contribute contradicting aramatic and antiaro-
matic character to the nature of the entire system. Benzocycloheptatrienyl anion (3) repre-

sents this type of fusion (4).
CO-—CD
3 30

(c) The fusion of two antiaramatic rings (4mpm + 4n21r) yields an aramatic (4n + 2)7 conjuga-
ted periphery, while the camponents yield two antiardmatic contributions. Octalene (4) (5)

with a 14n periphery or heptalene dianion (5) (6) with a 10m conjugated periphery, represent
this type of fusion.

00-C0

In the last two groups it may be questioned whether the contributions of the camponents
viz. 4 and 5 or the peripheral conjugation 4a and 5aaredaminant in characterizing the
system.

STERIC EFFECTS IN (4n + 2)m PERIPHERIES

The (4n + 2) + (4n2 + 2)m ring fusion is indeed characterized by aromatic character. How-
ever, several stericC effects were shown to play an important role in the efficiency of m-
overlap as well as in the stereochemistry of the resulting aromatic species. In partlcular,
these steric effects are significant when one of the camponents in the polycycle is a
medium-sized ring. Two important effects are peri H-H repulsions along the periphery (6) (7)
and ortho interactions in a biphenyl backbone (6a). These are expected to introduce steric
strain in a planar structure, thus perturbing an efficient m-m overlap in the polycycle (8).

&,

An illuminating exazrple that demonstrates the importance of the steric effects operative in
polycyclic aramatic systems is observed in the deprotonation of tetrabenzo—trans trans—[13]-
annulene (7) (8,9). The NMR spectrum of 7 reveals that the molecule is in a flexible struc-
ture, whereby an averaged equ:.valence of the olefinic bands is achieved. However, its de-
rived aramatic[13J]annulenyl anion (8) appears to be in a fixed d:.stmct structure. The NMR
spectrun of 8 reveals three different kinds of protons present in the "inner" paratropic
region of the aramatic periphery: two highfield doublets of protons, H3 and Hg, and a high-
field singlet for proton Hyj. The resulting configuration of the anion 8 is attributed to a
"self-recognition" property of the system to direct its structure into the most favored
spat:.al arrangement. The two trans bonds are forced into oppos:.te directions in order to
minimize interplanar H-H repulsmns (which should be enphas:.zed in a Hy, Hg "inner" oonflgu—
ration). In turn, proton Hj,; is flipped into the perlphery in order to prohibit two pairs
of peri H-H repulsions with %he adjacent benzene rings.
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The rele of the biphenyl backbone in influencing the aramaticity of a polycyclic system was
demonstrated in the deprotonation of dibenzocyclononatetraenes (CNT) (8). The deprotonation
of 1,2:5, 6—d:.benzo—CNT(9) mmedlately yields the aramatic diatropic anion 10 (10) . However,
deprotonation of the isameric hydrocarbon, 1,2:3, 4-d1benzo—CNT(ll) (8,11) 1s accampanied by
the initial formation of a non-aramatic part:Lally delocalized anion 12, which undergoes a
gradual process to form the planar aramatic, diatropic anion 13. The : mtermedlate formation
of 12 is attributed to a steric barrier introduced by biphenyl ortho interactions. A similar
behavior is observed in the deprotonation of 14 to dibenzo[gh,op Jnonalene dianion (15) (12) .
The initial formation of a non-aramatic, non-planar partially delocalized dianion 16 is ob-
served. Based on its NMR characteristics (Figure 1a), a double pentadienyl anionic delo-
calization is attributed to 16. The non-planar dianion 16 undergoes a gradual modification
and the formation of a new species is observed. The proton NMR spectrum of the new product
(Figure 1B) and its quenching products confirm the formation of dibenzo[gh,op Jnonalenide
dianion (15). The low field shifts observed in 15 as campared to those of the non-planar
dianion 16 reveal that 15 exhibits diatropic aramatic character.
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Figure 1: Top (A) NMR Spectrum (100 Miz) of 16. Bottam (B) NMR Spectrum (100 Miz) of
Dibenzo[gh,op]nonalene Dianion(15) .
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Dibenzo[gh,op]nonalenide dianion (15) represents a benzannelated aramatic 18 nonalenide
dianion, a higher hamolog of the pentalene and heptalene dianions.
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Although ortho-interactions due to the biphenyl structure introduce a barrier in achieving a
planar configuration of the systems, the special stab:.lity of 12 and 16 suggests an addi-
tional stabilization present in the pentadienyl anionic intermediates. Molecular models
reveal that 16 exists in a twisted conformation l6a. In this structure, p~m overlap between
pOSLtions 4,8 and 12,16 may result in homoaramatic interactions which further contribute to
the unique stabilization of this intermediate (13).

IONS FROM PIANAR COT POLYCYCLE

Recalllng the classification of ring fus:Lon, a polycycle camposed of a 4nym + “(4np + 2) T rings
acquires an antiaromatic 4nm peripheral conjugation. The paratropicity involved with an
antiaramatic system is theoretically established. However, its experimental verification is
difficult due to non-planarity of 4nm systems (excluding the unstable cyclobutadiene).
Realizj_ng these difficulties, we wished to examine the influence of a 4nm peripheral delocali-
zation in a polycycle which is camposed of a 6m-aramatic cyclopentadienyl anionic ring fused
to a planar 8m-cyclooctatetraene (COT) moiety (14). The non-planarity of OOT prov1ded us
with the challenge of designing a polycyclic system in which the COT camponent is forced to
be planar. Cycloocta[def]fluorene(l7) seemed tq fulfill these requirements on the basis of
simple geametrical considerations. ~The camplementary angles of fluorene at positions 4a and
5a are equal to 1320; therefore the schematic fusion of a butadiene residue to COT seemed a
promising approach to a QOT moiety with octagonal a.ngles (1349)., The synthesis of 17 is
outlined in scheme I.
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Scheme I
Synthetic Route to Cycloocta[def]fluorene (17)

Indeed, we find that the vinylic protons Ha and Hp in 17 are characterized by a significant
paratropic shift as campared to closely related polycycles with a non-planar COT camponent.
(For exanple, 18 and '19). Campariscn of the vinylic proton shifts of ‘17 to those of the cor-
responding protans in 18 reveal that the protons Ha and Hp experience a significant paratropic
shift of ca. 0.8 ppm.. These observations imply that an antiarcamatic, planar 8m-ring camponent
is fused to the polycycle.

Hales)

The planarity of the OOT cawponent in 17 enables one to examine the contribution of a
peripheral 4ny conjugation when fused to an aramatic 6m-cyclopentadienyl anionic camponent.
Cycloocta[def Jflucrenyl anion (20) is obtained by deprotonation of 17, and the possible con-
tribution of an anti-aramatic 16w peripheral delocalization (20a) should be considered (14).
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The deprotonation of 17 to 20 is accampanied by a paratropic shift of all the protons. In
particular, the protons Hy - H7 are shifted to the highest extent (AS = 2.4 ppm). Analysis
of the benzene proton pattern emphasizes that a charge shielding is not the sole reason for
the highfield proton shifts. In order to estimate the effect of charge shielding on the
chemical shifts, the deprotenation of a reference system viz. cyclopenta[def]phe.nanﬂmene(n)
to 22 was conducted. Formally, 21 is derived fram the parent hydrocarbon 20 by the shortening
of an "ethylene" hridge. However, as 22 is not expected to show antiaramatic properties, its
chemical shifts are influenced by charge shielding only. Camparison of the "parallel" protons
of the two anions 20 and 22 indicates that the protons of 20 are shifted to significantly
higher field. We therefore consider cyclooctal[def]fluorenyl anion (20) to be an antiarcmatic-
paratropic system due to a peripheral l6m-conjugation (20a). The low acidity of the parent
hydrocarbon 17 (pKa = 27) serves as further suppart for this conclusion. As far as we are
aware, this Is the lowest acidity value observed in a system which includes a fluorene
counterpart, and we attribute this property to the antiaromatic character of the conjugate
base 20. Trinajstic (2a) confirmed these conclusions in a graph theory calculation, whereby
a negative TRE-PE was found for 20-(-0.0118), consistent with an antiaramatic species.

The planarity of the COT camponent in 17 led our attention to the possibility of pursuing an
oxidation of the conjugated perlphexy o the corresponding Huckeloid dibenzo—COT dication
(15). The problems encountered in the formation of COT-dication (23) originate fram charge
repulsions and steric strain operative in the planar 11ght-manbered ring (see also relevant
work described by Olah (16)). The fused benzene rings in 17 are both charge delocalizing
camponents and together with the initial planarity of the OOT moiety are expected to suppress
the difficulties involved in the oxidation of the monocycllc system, Therefore, we investi-
gated the behavior of cycloocta[def]ﬂuorenone(zll) in a strong axidizing acidic medium
(FSO3H:SkFg, 1:1). In this enviromment, in addition to protonation of the carbonyl site of
24, oxidation of the conjugated periphery is expected to occur. The resulting tricationic
cycloocta[def]fluorenone protonate dication (25) might behave as a non-aramatic l2r-conjugated
trication 25a. On the other hand, charge localization at the protanation site should result
in a partial l4m-aramatic delocalization over the dibenzo-COT counterpart. Reaction of 24

with SbFg:FSO3H at low temperatures (-40°C) leads to the conjugate acid 26. Elevation of the
terperature of 26 afforded an n:revers:.ble two—electron oxidation to form 25 (Scheme IT).
dicationic nature of 25 is confirmed by 13C-NMR spectroscopy. The transformation 26 + 25 1s
accanpanied by a total downfield 13C-chemical shift of 401 pmm. As a single positive charge
is expected to affect the 13C-NMR chemical shifts by a total deshielding of 180-200 ppm, the
observed change confirms the dicationic nature of 25. The oxidation process of 26 + 25
shows a drastic downfield shift in the proton spectrum, which accumilates to a value of 35.2
pom.  Recalling Schaeffer and Scheinder's correlation (18), a total downfield shift of 21.4

ppm (10.1 ppm/unit of charge) is expected due to deshielding. Thus, the additional down-
fleld shifts can be attributed to a diamagnetic ring current operative in the aramatic
dication 25. In order to establish these conclusions and to differentiate between the charge
deshielding and the diatropic effect on the chemical shift, we examined the oxidation of
cyclopenta[def]phenanthrylem ketone (27) as a reference substrate (15). Reaction of 27 with
FSO3H:ShF5 in SO resulted in a behavior similar to that described for 24. At low temperature
(-40°C) the protonate 28 is formed, while at room temperature it undergoes a two-electron
oxidation to the corresponimg cyclopenta[ def Jphenanthrylene protonate dication (29) (Scheme
II). The dication 29 is formally de.rlved fram 25 by the elimination of a vinylic group.
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Scheme IT

However, as this system is expected to be non-aramatic, the deshielding which accampanies the
oxidation process 28 -+ 29, acts as an indicator of charge deshielding effect only. The
assigrment of the TH-NMR chemical shifts involved in the oxidation of the protonates 26 and
28 is summarized in Table I. Camparison of the charge deshielding effects observed in the
reference system and the downfield shifts in 25 shows that all the protons in 25 experience a
downfield shift which is more than twice as large as that expected from the charge deshield-
ing effect only. This increment is attributed to a diamagnetic ring current operative in the
aramatic dibenzo-OOT-dicationic counterpart. Indeed, the spectral characteristics of 25 are
consistent with the localization of the third positive charge (oxonium ion) at the protona-
tion site. It seems to us that the selective localization of one positive charge and the
delocalization of the other two charges originate fram charge repulsions as well as from

the aramaticity of the debenzo-COT dicationic moiety.

Table I

PROTON CHEMICAL SHIFT DATA OF THE OXIDATION PROCESSES OF THE PROTONATES 26 - 25 and 28 + 29

Hg M H W, H. H. H

Hbenz. 9°"10 benz. 4 5 6 7
28 7.12(2H), 7.6(4H) 7.32 2% 7.60 5.23 6.3¢ 6.76 6.00
29 7.59(2H), 8.1(4H) 8.58 25 9.30 8.82 8.54 8.54 8.82
88, 0.47; 0.4 1.26 88, 1.7 3.59 2.2 1.78 2.82
a8, (av.)? 0.42 1.26 asfav)?® 17 2.6

(a) Center of multiplet; (b) a8, = 841(29) - 8,;(28)5  (c)agy; = &,;(25) - 8y;(26); (d)asy(av.) =
EMHi/E"m; ny is the number of the protons of the relevant group.

FUSHD 4nm SYSTEMS

The third subclass of conjugated polycycles involves a (4
previously, this type of system includes a (4n + 2)7 periphery, while each of the fused cam-
ponents contributes antiaramatic character. Heptalene dianion (30), reported several years
ago by Vogel (6), highlighted the significance of the peripheral 14w arcmatic delocalization
in characterizing the system. However, attempts to broaden this hamologous series by the

We attribute the difficulties in
the preparation of 31 to mutual charge repulsions operative in the relatively small molecular

addition of 6m pentalene dication

(31) were unsuccessful.

+ 4ny)1 ring fusion. As discussed
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similar to the difficulties encountered in the formation of OOT dications. Therefore, our
approach involved the investigation of a dibenzannelated pentalene dication, where the ben-
zene rings are expected to relieve the charge repulsions (19). The parent conjugated hydro-
carbon, dibenzo[b,f]pentalene(32) (20), and its dimethyl derivative 33 (21), are oxidized
chemically by ShFg in SO,CIF to their respective dications 34 and 35. The oxidation of the
parent hydrocarbons 32 and 33 was also conducted electrochemically. The el hemi
oxidation follows a consecutive stepwise one-electron pathway. The first one-electron oxi-
dation products are the radical cations 36 and 37, identified by ESR spectroscopy (22).

o — e,

5

These intermediary ions undergo a further one-electron oxidation process to the respective
dications 34 and 35. The dicationic nature of the chemically formed species 34 and 35 was
confirmed by the T3C-NMR chemical shift differences accampanying their formation., The cum-
mulative deshielding of carbon shifts is ca. 360 ppm, and is in agreement with the formation
of a doubly positive charged species (17). The aramatic nature of the dications 34 and 35
is elucidated by anmalysis of the changes in the proton chemical shift involved with the oxi-
dation process. The Schaeffer and Schneider correlation predicts a total deshielding of the
proton shifts of 10.7 ppm per unit of positive charge (18). So, an estimation of the
deshielding effect on the proton shift is possible. The formation of the dibenzo[b,fJpenta-
lene dications reveals a significant downfield shift. The analysis of the lH-NMR spectrum
accampanying the oxidation processes is summarized in Table IT. The average downfield shift
for each of the protons appears to be 2.8 ppm. Charge deshielding is expected to affect the
chemical shifts by an average value of 1.3 ppm; howver, the observed downfield shifts in the
formation of 34 and 35 are significantly greater than this (by an average of 1.5 ppm). The
additional downfield shift is attributed to the influence of a diamagnetic ring current
operative in these aramatic dications. The benzannelated ring proton absorption patterns
show that charge delocalization as well as diamagnetic ring current are operative over the
whole molecular perimeter of 34 and 35. We find that the 16C perimeter of the dibenzo[b,f]-
pentalene dications 34 and 35 reveals similarities in its 1H and 13CAWMR characteristics to
the aramatic [16Jannulene dication-(38) (23) and dibenzofa,e]COT dication (39) (16). We
therefore realize a similarity in the electronic properties of these isoelectronic systems.
Our results emphasize that charge delocalization and induced diamagnetic ring current are
operative over the periphery, and we consider the dibenzo[b,f]pentalene dications as peri-
pheral [16Jannulene dications cross-linked by three o-perturbation bridges 34a and 35a (19).
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R Table II

]H NMR CHEMICAL SHIFTS (ppm)a FOR THE OXIDATION OF 32 AND 33 TO THE DICATIONS 34 AND 35

System Hs, Hegs Hyps Mg Hgs Hgs Hyps Hy3 Hy» Hg CHy
33 6.9° 2.17
3 9.84 (d,J = 9 Hz) 9.72 (t,d = 7.6 Hz) 4.08

9.49 (d.J = 8 Hz) 9.40 (t.J = 7 Hz)

aoH, 2.94; 2.59 2.82; 2.50 1.91
32 6.9° 6.4
3 9.90 (d,d = 7.4 Hz; 9.70 (t.d = 7.4 Ha) 10.1 (s)

9.52 (d.J = 7.2 Hz 9.45 (t.) = 7.2 Hz
a6H.© 3.0; 2.62 2.8; 2.55 3.7

2 1In parts per million downfield from Me4Si, SOZCIF at 30°C, 270 MHz.
b Center of multiplet

€ Chemical shift difference between the respective bands of dication and hydrocarbon.

Monocyclic 4nm-conjugated systems undergo a two~electron oxidation or a two electron reduc-
tion process to their respective aramatic systems. Since the formation of the dibenzo[b,f]-
pentalene dications 34 and 35 represent the two-electron oxidation of a 4nm polycycle, we
wished to prepare the camplementary aramatic derivatives viz. the respective dibenzo[b, f]—
pentalene dianions 40 and 41. DJ.benzo[b,f]pmtalene dianion (40) was prepared by deprotona-—
tion of 42, while 41 was produced via a stepwise reduction of 33 with alkali metals (19).
Similarly, the parent hydrocarbons were reduced electrochemically in two successive unielec-
tronic steps (19, 22). The radical anions 43 and 44 were characterized by ESR spectroscopy
and underwent a further one-electron reduction to the respective dianions. The dianionic
species 40 and 41 were characterized by quenching experiments and their spectral properties.
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Camparison of the proton shifts of the dianions 40 and 41 with their correspording parent
conjugated hydrocarbons 32 and 33 reveals that despite the two negative charges introduced,
the proton shifts are influenced by a campensating mechanism to the charge shielding effect.
This counter-effect is attributed to a diamagnetic ring current operative in the aramatic
dianionic systems (19). The proton shifts of the benzenannelated rings imply that the
negative charge delocalization and diamagnetic ring current are operative over the whole
molecular periphery and are not limited to the pentalene moiety. We therefore rationalize
the aramatic character of the dibenzo[b,f]pentalene dianions by a peripheral 18w electron
delocalization 40a and 4la. The two electron oxidation and reduction of dibenzo[b,f]penta-
lene to the respective aramatic dication or dianion demonstrate that a polycyclic system
canposed of two fused 4nm rings behaves similarly to monocyclic 4nm systems in attaining
aramaticity. Thus, the contributions of the antiaramatic cyclopentadienyl cationic campo-
nents present in 34 seem to be quenched by the aramatic peripheral delocalization which is
daminant in characterizing the system.

The results we have described allow same insight into the aramaticity of polycyclic charged
species. In the discussion, we emphasized the peripheral electron delocalization as a
significant contribution to the resultant aramatic or antiaramatic nature of the system. We
demonstrated that steric effects, partial and hawcaramatic delocalization, and regulation of
the degree of charge delocalization are important in the development of aramaticity in the
polycyclic series. We visualize that the polycyclic systems represent a variety of new
hamologous non-benzenoid aramatic series. For example, fluorenyl anion (45), dibenzotropyli-
um cations 46 and 47 represent isoelectronic systems to the neutral phenanthrene (48) and
anthracene (49). Dibenzo[a,e]COr dianion (50) and the dibenzocyclononatetraenyl anions 13
and 10 represent hamoelectronic systems to the neutral phenanthrene (48) and anthracene (49).
Similarly dibenzo[cd,ghlpentalene dianion (51) and dibenzo[gh,cpJnonalene dianion (15)
represent iso and hamoelectronic systems related to the neutral pyrene (1). The campletion
of this variety of hawologous series is still a challenge for the future.
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