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The synthesis of singlet ground state derivatives of non-Kekulé
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It is known that a two-electron reduction of  tetrabutylammonium 3,4-dioxo-4H,8H-dibenzo[cd,mn]pyren-
12-olate gives a trioxy (tri-O2) derivative of  the non-Kekulé polynuclear aromatic compound
dibenzo[cd,mn]pyrene (triangulene). This derivative is stable in solution and, like triangulene itself, has a
triplet ground state. In exploring the generality of  this strategy for the synthesis of  high-spin derivatives
of  non-Kekulé polynuclear aromatic compounds we have investigated two electron reductions of  4,8-
dioxo-4H,8H-dibenzo[cd,mn]pyrene (to give a dioxy derivative of  triangulene), 7,8-dioxo-7H,8H-
dibenzo[de,hi]naphthacene (to give a dioxy derivative of  dibenzo[de,hi]naphthacene) and 7,9-dioxo-
7H,9H-dibenzo[de, jk]pentacene (to give a dioxy derivative of  dibenzo[de, jk]pentacene). Dibenzo-
[cd,mn]pyrene (triangulene), dibenzo[de,hi]naphthacene and dibenzo[de, jk]pentacene should all have
triplet ground states, but the presence of  two O2 substituents on these aromatic nuclei will ( just) lift the
degeneracy of  the putative singly occupied molecular orbitals. We have shown that the splitting this
produces is sufficient to ensure that all of  these dioxy derivatives have singlet ground states. Hence the
strategy employed for making and stabilising triplet triangulene as its trioxy derivative does not provide a
paradigm for other high-spin non-Kekulé polynuclear aromatics. The reduction reactions were studied by
cyclic voltammetry, by UV–VIS spectroscopy, and by EPR spectroscopy. Improved synthetic routes are
described for 7,8-dioxo-7H,8H-dibenzo[de,hi]naphthacene and for 7,9-dioxo-7H,9H-dibenzo[de,jk]-
pentacene. Violent explosions were encountered in attempts to repeat the literature procedure for the
synthesis of  4,6-dichlorobenzene-1,3-dicarboxylic acid.

In Ovchinnikov’s seminal paper on organic molecular magnets 1

he made the imaginative suggestion that high-spin systems
could be made by creating the ‘triangularly bounded’ series of
polynuclear aromatic hydrocarbons 1–4, etc. shown in Fig. 1.
Hence the phenalenyl radical 1 has a doublet ground state,
triangulene 2 a triplet ground state,2–4 the hydrocarbon 3
should have a quartet ground state and so on. His suggestion
involves exploiting the known stability of the phenalenyl
radical. An alternative way of doing this, of ‘creating’ high-spin
polynuclear aromatics, is not to extend from one edge of the
molecule as in this sequence, but to linearly fuse the phenalenyl
nuclei as in the series 1, 5–7, etc. or in the series 1, 8–10 etc.
(Fig. 1). In such linearly fused phenalenyl systems the detailed
topology is all important. Hence, the second and third
sequences shown in Fig. 1 should build up high-spin systems
but, although it looks similar, the fourth sequence 1, 11–13, etc.
is expected to generate nothing more than doublet ground
states. Whereas compounds 2–10 are non-Kekulé polynuclear
aromatics,3 compounds 11–13 are Kekulé in nature.

Although the structures shown in Fig. 1 may excite the theor-
etician, to the synthetic organic chemist they appear unrealistic
targets. Like most polynuclear aromatics, the compounds them-
selves, and most of their precursors, are likely to be insoluble
whilst their open-shell nature suggests that they will be highly
unstable, particularly towards oxygen, to dimerisation and to
polymerisation processes––a problematic combination of prop-
erties. However, it may be that the solubility problems can be
overcome by suitable ‘side-chain’ substitution and recent suc-
cess in the synthesis of the first derivative of a non-Kekulé
polynuclear aromatic, the trioxy triangulene 14 (Fig. 2),2–4 sug-
gests, either that these systems are not as unstable as was at one
time believed,5,6 or that they can be stabilised by suitable substi-
tution.3 This paper describes the synthesis of the analogous
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dioxy derivative 15–17 of  the non-Kekulé polynuclear aromatic
compounds 2, 5 and 8 (as shown in Fig. 2). Unfortunately, they
all prove to be singlet biradicals.

The parent hydrocarbons 2, 5 and 8 are all expected to have
triplet ground states. This is because, as shown in Fig. 3, they
all possess a degenerate pair of singly occupied molecular
orbitals which are orthogonal but coextensive 7 (non-disjoint
in Borden’s terminology 8). They have atomic sites in common.
This is the classical Hund’s Rule situation. For either atomic
and molecular systems, degenerate, coextensive, orthogonal
singly occupied orbitals lead to a strong exchange interaction
and a high-spin ground state.9 In the special case of the tris-
O2 derivative of triangulene 14, the introduction of the three
O2 substituents into the hydrocarbon nucleus preserves the
threefold-symmetry of the system and neither affects the
degeneracy nor the coextensive nature of the singly occupied
molecular orbitals.4 This is, however a special case. In the
analogous bis-O2 derivative 15 of  compound 2, the analogous
bis-O2 derivative 16 of compound 5, and the analogous bis-
O2 derivative 17 of compound 8, the presence of the two
substituents lifts the degeneracy of the putative singly occu-
pied molecular orbitals by between 0.09 and 0.15β (Fig. 2). In
such cases there is a ‘competition’ between the exchange inter-
action, which in coextensive systems favours the high-spin
state, and the perturbing effect of the substituents, which
favours the low-spin state. The outcome of this competition
cannot be predicted by simple molecular orbital methods. It
requires an accurate calculation of correlation energies in what
are relatively large molecules. Hence predictions must be based
on analogies to known systems. In this case the obvious ana-
logies are to derivatives of the related non-Kekulé polyene 3

trimethylenemethane 10 and of the related non-Kekulé quino-
methane,3 m-quinodimethane.11 These show that unsym-
metrically substituted, strongly perturbed derivatives with cal-
culated splittings >0.15β still have triplet ground states. This
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Fig. 1 Families of high-spin polynuclear aromatic compounds based on extended or repeated versions of the phenalenyl nucleus

suggests that, despite the magnitude of the splitting, it is not
unreasonable to expect compounds 15–17 to have triplet
ground states.

The HMO calculations of the splittings of the putative singly
occupied molecular orbitals given in Fig. 2 assumed (of course)
that all of these π systems are near planar. This is confirmed by
the X-ray crystal structure of the tetrabutylammonium salt of
compound 18 4 and by RHF-MNDO optimisations of the
geometry of compounds 18 19, and 21 but these same calcu-
lations suggest a significantly non-planar geometry for the
dione 20. This arises from a strong steric interaction between
the hydrogens on carbons 1 and 14. As a result the ‘terminal’
benzene nuclei twist out of the plane and the molecule adopts a
conformation in which these hydrogens lie one above the
other.

This paper is concerned with the synthesis and the investi-
gation of the spin ground states of the biradicals 15–17. In doing
this we have extended our work on the triangularly bound poly-
nuclear aromatics 2–4 to include the two simplest linearly fused
phenalenyl systems (the second members of both of the series 2
and 3 in Fig. 1) and have tried to lay a foundation for future
work on solubilised/stabilised non-Kekulé polynuclear aromat-
ics. The synthetic chemistry we have employed was based on the
success of the two-electron reduction strategy used for the dike-
tone 18 (Fig. 2), the relative ease by which the diketones 19,12

20 5 and 215 can be made, the known ease of the one-electron

reduction of phenalenone, and the known stability of the
resultant radical anion.13

The synthesis of the biradical precursors 19–21
The synthesis of all three of these biradical precursors has been
described in the literature. However, only the synthesis of com-
pound 19 proved to be as straightforward as the literature sug-
gests. As described by Weiss and Korczyn,12 this can be
obtained by a zinc–sodium hydroxide reduction of the potas-
sium salt of compound 18.4

As a first step in the synthesis of the bisdione 20, the
naphthylmalonic ester 22 14 was prepared by the condensation
of 1-naphthaldehyde with diethyl malonate. This was converted
to the diester 23a by reaction with the Grignard reagent derived
from 1-bromonaphthalene 14 and this was hydrolysed to the
diacid 23b.5 According to Clar and co-workers, when this acid
is added to a refluxing mixture of phosphorus pentoxide and
nitrobenzene and the mixture heated for a further ten minutes a
red product is obtained which, on recrystallisation from xylene,
gives a ‘very small’ yield of the desired red–brown ketone 20,
mp 250 8C decomp., although (also according to Clar) ‘some-
times without reason’ an unidentified colourless isomer, mp
250 8C, is obtained.5 This and related ‘Freidel–Crafts’ processes
have since been investigated by various groups with rather vari-
able results. Gupte et al. investigated the reaction of the diacid
23b with phosphorus pentoxide–phosphoric acid in chloro-
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Fig. 2 The second member of each of the first three families of polynuclear aromatic compounds shown in Fig. 1. The triplet ground state
molecules 2, 5 and 8, their dioxy and trioxy derivatives (compounds 14–17 which are the main subject of this paper), and the bis-diones (compounds
18–21) from which they are made. In the HMO calculations of the differences in energy between the putative singly occupied molecular orbitals, hO

was taken as 2.0 and kCO as 1.0.

benzene at 130 8C and they isolated a colourless product, mp
248 8C, which they identified as an indanone.15 When this reac-
tion was reinvestigated by Shotter and co-workers16 they revised

Fig. 3 Spatial distribution of the singly occupied molecular orbitals
for the hydrocarbons 2, 5 and 8 showing their orthogonal, coextensive
(non-disjoint) nature

the structure of Gupte’s ‘indanone’ to that of the monocarboxy-
lic acid 24a. Gerasimenko and Didenko subsequently showed
that treatment of the acid chloride 24b with aluminium chloride
gave the cyclised product 25 and its dehydroderivative 26.17

Our attempts to repeat the cyclisation of the acid 23b under
Clar’s conditions (ca. 10 min with phosphorus pentoxide in
nitrobenzene at 130 8C) gave a crude product which was cer-
tainly red but which proved to be a complex mixture, separated
only with difficulty by column chromatography. The main
product, and the main source of the red colouration, proved to
be the phenalenone 27. The assignment of this particular struc-
ture to this product rests on the elemental composition C23H12O
and the 1H NMR spectrum which shows the presence of a one-
hydrogen singlet, one ‘isolated’ CHCH spin system, and three
‘isolated’ CHCHCH spin systems. The known compounds 25
and 26 17 were also isolated from the chromatography column
but in smaller yields. It seems that, at 130 8C, the main products
are those of monodecarboxylation. The simplest explanation
of the formation of these products would be one in which
decarboxylation is the first step, i.e. 23b → 24a → 25 →
26 → 27 although more complex schemes could be envisaged.
Even when authentic samples of the desired product 20 were
available we were unable to detect any (by spectroscopic or
chromatographic methods) in the crude product obtained
under Clar’s reaction conditions. Traces were, however, detected
when the temperature of the reaction was lowered. The best
yield was obtained when the reaction was carried out at room
temperature. It seems probable that the variable results and
yields (‘very small’ to ‘non existent’) reported by Clar resulted
from poor temperature control and the use of high tem-
peratures that favour decarboxylation rather than the desired
cyclisation reaction.

Difficulties were also experienced in repeating Clar’s syn-
thesis of the dione 21.5 The dichloro compound 28 is readily
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obtained from direct chlorination of meta-xylene,18 in a rather
low-yielding process but one that is easy to perform on a large
scale. According to Koch 19 this dichloride can be converted to
the dicarboxylic acid 29 by heating with concentrated nitric
acid in a sealed tube at 220 8C for 10 h. CAUTION Although
this was repeated successfully by Clar 5 and also by our-
selves, our experience shows that THIS IS AN EXTREMELY
DANGEROUS PROCEDURE. In all except three of about
twenty attempts to repeat this reaction the tube has exploded.
These explosions were extremely violent reducing standard Car-
ius tubes with a wall thickness of 3.5 mm to the consistency of
sand and on three occasions causing substantial damage to
the door of a strongly built Carius tube oven. When, on the
final attempt, a tube exploded after being cooled to room
temperature and removed from the oven (but still within its
guard tube) we concluded that THIS PROCEDURE IS TOO
DANGEROUS TO REPEAT. The explosions were not the result
of inexperience in the use of Carius tubes, nor of any obvious
impurities in the starting materials (which were carefully
checked), nor of the quantity of material in each tube (which
was reduced to a lower level than that recommended). Since, on
some occasions no significant pressure was developed and the
desired product was obtained but on others high pressure
developed and the tube exploded, it seems that there is some
variability in the course of the reaction the cause of which we
have not been able to identify.

The search for alternative oxidation methods was initially
unsuccessful. Part of the problem is that compound 28 is a solid
that is highly volatile and steam volatile. Hence any attempt to
heat with a water-based oxidising agent such as permanganate
or dichromate using conventional apparatus results in a rapid

and quantitative transfer of the solid, unchanged dimethyl
compound from the aqueous solution to the inner walls of the
condenser. The procedure that eventually proved successful was
based on an industrial procedure for oxidations with concen-
trated nitric acid. The acid was slowly dripped into a solution
of the dichloride 28 in nitrobenzene at 160 8C in an apparatus
fitted with a Dean and Stark separator.

This procedure has been carried out several times on a scale
of up to 50 g without mishap although it is clear that the add-
ition must be slow and that over-rapid addition of the acid can
lead to an exothermic processes. The resultant acid 29 was con-
verted to the acid chloride by reaction with phosphorus penta-
chloride 20 and reacted with naphthalene and aluminium tri-
chloride to give the diketone 30a. When heated with potassium
hydroxide and quinoline this gave a low yield of the desired
yellow dione 21.5 Attempted cyclisation reactions using other
reagents or the related precursors 30b and 30c failed and these
are detailed in the experimental section.

Although various salts of the dione 18 seem to be indefinitely
stable at room temperature the diones 19–21 were all unstable.
This probably explains the difficulty of obtaining high yields of
these compounds. Samples stored for more than a few days at
room temperature always showed traces (1H NMR and thin
layer chromatography) of decomposition products. Hence, for
all of the reduction studies described herein, it was necessary to
use freshly chromatographed material. The diones 20 and 21
also proved to be somewhat sensitive to acid conditions and
it was necessary to chromatograph these materials on basic
alumina rather than on silica.

In each case, conversion of the precursors 18–21 to the
(potential) triplet, non-Kekulé polynuclear aromatic, level of
oxidation requires a two-electron reduction. The reduction
of these compounds has been studied in three ways, by cyclic
voltammetry, by UV–VIS spectroscopy, and by EPR spectro-
scopy. These confirm that such a reduction is indeed feasible
but that only the precursor 18 yields a triplet product.

The reduction of compounds 18–21 and 31––studies by cyclic
voltammetry
Cyclic voltammetry results obtained for a solution of com-
pound 18 in dimethylformamide, at a mercury droplet elec-
trode, with tetrabutylammonium tetrafluoroborate as the

Fig. 4 Convolution–deconvolution voltammetry results for com-
pound 18 in dimethylformamide, at a mercury droplet electrode, with
tetrabutylammonium tetrafluoroborate as the supporting electrolyte,
under an argon atmosphere, and with a silver–silver chloride reference
electrode. For fast electron transfer the I1 convolution is a function only
of the potential and allows software compensation to be applied to the
E axis to bring the peaks in the dI1/dE plot into coincidence. In this
case, hardware compensation at the potentiostat was itself  almost
adequate for this and only 30 Ω of  additional software compensation
was necessary. For this voltammogram the potential was swept in
the cathodic direction (lower trace) and the upper trace represents the
reverse sweep in the anodic direction.
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Table 1 Reduction potentials of compounds 18–21 and 31 obtained by cyclic voltammetry in dimethylformamide, at a mercury droplet electrode,
with tetrabutylammonium tetrafluoroborate as the supporting electrolyte, under an argon atmosphere, and with a silver–silver chloride reference
electrode

Compound E1/V E2/V E3/V E4/V

Phenalenone, 31
Tetrabutylammonium 4,3-dioxo-4H,8H-

dibenzo[cd,mn]pyren-12-olate, 18
4,8-Dioxo-4H,8H-dibenzo[cd,mn]pyrene, 19
7,8-Dioxo-7H,8H-dibenzo[de,hi]naphthacene, 20
7,9-Dioxo-7H,9H-dibenzo[de, jk]pentacene, 21

21.53
21.718

21.18
21.20
20.70

22.53 a

22.065

21.92
21.78
21.48

22.263

22.20 a

21.95 a

21.95

22.58 a

22.75 a

22.50

a Step chemically partially irreversible under these conditions.

supporting electrolyte, under an argon atmosphere, and with a
silver–silver chloride reference electrode, are shown in Fig. 4.
The symmetry of Fig. 4, shows that for compound 18 under
these conditions the first three one-electron reduction steps
(E1 = 21.718, E2 = 22.065, E3 = 22.263 V) are simple elec-
tron transfer processes and that the intermediates are chem-
ically stable. This was only the case when an argon atmosphere
was maintained since the intermediates involved proved to be
very oxygen sensitive. The width at half  height of the peaks in
the plot shown in Fig. 4 (ca. 120 mV) is somewhat broader than
is normal for fast one-electron transfer (ca. 90.5 mV). The dif-
ference between the first and second reduction potentials (347
mV) is comparable to that found in related compounds in this
solvent in which two electrons are placed in degenerate but
coextensive orbitals. It arises mainly from coulombic factors
and reflects the fundamentally coextensive nature of the
orbitals themselves.21 All of the compounds studied undergo
between two and four reduction steps between 0 and ca. 23 V
and the reduction potentials are detailed in Table 1. The poten-
tials measured for the first reduction steps for these and related
molecules correlate moderately well with the energy of the
lowest unoccupied molecular orbital as derived by Hückel
molecular orbital calculations.22,27 Although these phenalenone
structures superficially resemble quinones, they are substan-
tially more difficult to reduce. For most simple quinones in
dimethylformamide, E1 generally lies between 0 and 20.75 V.
From the standpoint of the production of molecular magnets,
the fact that these reduction potentials are relatively high, is a
disappointing observation. A priori, compound 18 (in particu-
lar) appears to be an ideal candidate for producing ‘charge
transfer’ molecular ferromagnets 23 of  the type first proposed by
McConnell 24 and subsequently studied in depth by the groups
of Breslow 25 and of Miller et al. 26 (except that in this case
the ferromagnetic coupling would have to be driven by triplet
anion rather than triplet cation character). The molecule has
three-fold symmetry, the two-electron reduction product has a
triplet ground state and it is thermally stable. However, the high
reduction potentials of compound 18 make the production
of charge-transfer complexes a difficult proposition unless a
derivative with strong electron-withdrawing substituents could
be prepared or a specific donor molecule designed for this
particular acceptor.27

From the preparative standpoint the most significant fact
arising from these cyclic voltammetry studies is that all four of
the precursors of interest, 18–21, gave the desired two-electron
reduction and that this part of the process is reversible down to
slow sweep rates (ca. 10 min). This suggests that the desired
two-electron reduction products can be obtained and are stable
in solution, at least on this timescale.

The reduction of compounds 20 and 21—studies by UV–VIS
spectroscopy
When a solution of the dibenzonaphthacene 20 in degassed
tetrahydrofuran and a small pellet of lithium metal were sealed
under vacuum the yellow colour of the starting material slowly
evolved through orange (ca. 2 h) to deep red (ca. 30 h). The
spectrum of the starting material, characterised by an absorp-

tion maximum at ca. 410 nm, was replaced by one with λmax

ca. 445 nm (Fig. 5).
When a solution of the dibenzopentacene 21 was reduced in

a similar manner the colour more slowly (ca. 2 weeks) evolved
from yellow through orange to blood red (Fig. 6). The spectrum
of the starting material, characterised by absorption maxima
at 400 and 423 nm, was replaced by one with λmax 540 nm.
An attempt to carry out this reduction using potassium
metal resulted in an almost immediate development of the red
colouration but thereafter a brown precipitate rapidly formed
and no spectrum could be obtained.

Figs. 5 and 6 also show calculated spectra for the starting
materials, the corresponding singlet dianions and triplet dian-
ions. In both the case of the naphthacene 20 (Fig. 5) and the
pentacene 21 (Fig. 6) there is a reasonable match with the
observed spectrum of the starting material whereas the product
spectrum matches (reasonably well) that expected for either the
singlet or triplet dianion but being rather closer to that for the
singlet case.

These studies further confirmed that these substrates would
undergo the desired two-electron reductions and that at least the
lithium salts of the products of these reductions are reasonably
stable in tetrahydrofuran. The extent to which ZNDO predic-
tions of the UV–VIS spectra of such species can be relied on is
not wholly clear but they provide the first indication that these
biradicals may possess the singlet rather than the desired triplet
ground state.

The reduction of compounds 18–21 and 31––studies by EPR
spectroscopy
When a solution of phenalenone 1 in degassed tetrahydrofuran
was sealed under vacuum (ca. 1025 mmHg) and reduced with
sodium, a bright green solution was obtained and an EPR
spectrum which corresponds to that known for the radical
anion:13 a(5 H), 6.25; a(3 H), 2.0 G (1 G = 1024 T). As in all
of the monoradicals that are formal phenalenyl derivatives the
hyperfine splittings to the α-hydrogens are substantially greater
than those for the β-hydrogens. An HMO calculation on the
parent phenalenyl radical yields large coefficients at the α-
positions for the singly occupied molecular orbital but nodes
at the β-positions. The small splittings observed for the β-
hydrogens in this parent system are attributed to negative spin
density. In this solvent and under these conditions the small
differences due to the fact that not all of the α-hydrogens and
β-hydrogens have quite equivalent hyperfine splittings could
not be resolved.

In a similar manner, reduction of tetrabutylammonium 4,3-
dioxo-4H,8H-dibenzo[cd,mn]pyren-12-olate 18 with sodium–
potassium alloy in tetrahydrofuran gave the EPR spectrum of
the monoradical dianion; a(6 H), 2.90; a(3 H), 0.80 G (ref. 2,
Fig. 1). More prolonged reduction with sodium–potassium
alloy in dimethylformamide resulted in the loss of the blue
colour of the starting material and the formation of a brown–
green solution. When this solution is frozen the strong triplet
EPR spectrum of the two-electron reduction product, the
diradical trianion 14, was observed: g = 2.0034; |D/hc| = 0.0064
cm21; |E/hc| = 0.0000 (ref. 2, Fig. 2). The zero value of |E/hc| is
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consistent with a triplet biradical which is uniaxial. The half
field line is very weak. The intensity of the spectrum shows the
‘Curie Law’ temperature dependence expected for a ground
state triplet. The same spectrum could be obtained using
potassium metal.2

Reduction of 4,8-dioxo-4H,8H-dibenzo[cd,mn]pyrene 19
with potassium metal in tetrahydrofuran resulted in a trans-

Fig. 5 (a) (top) The UV–VIS spectrum of the naphthacenedione 20
(continuous line) between 300 and 700 nm together with the spectrum
assigned to the diradical dianion 16 (dashed line) obtained by reduction
with lithium metal in tetrahydrofuran. (b) The spectrum of the neutral
molecule calculated by the ZINDO/S method. (c) The calculated
spectrum for the singlet dianion. (d) (bottom) The calculated spectrum
for the triplet dianion.

formation from a pale red to a strong ruby red coloured solu-
tion and the generation of an EPR spectrum which can be
attributed to the radical anion: a(1 H), 7.0; a(4 H), 4.5; a(2
H), 0.9 G. Splittings due to the β-hydrogens could not be
resolved. When the solution was frozen, the spectrum attrib-
uted to the doublet component broadened to the extent that the

Fig. 6 (a) (top) The UV–VIS spectrum of the pentacenedione 21 (con-
tinuous line) between 300 and 700 nm together with the spectrum
assigned to the diradical dianion 17 (dashed line) obtained by reduction
with lithium metal in tetrahydrofuran. (b) The spectrum of the neutral
molecule calculated by the ZINDO/S method. (c) The calculated
spectrum for the singlet dianion. (d) (bottom) The calculated spectrum
for the triplet dianion.
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hyperfine structure was lost but at no stage, even when the
reduction was allowed to proceed for several weeks, could a
triplet EPR spectrum be detected.

When a solution of 7,8-dioxo-7H,8H-dibenzo[de,hi]naphtha-
cene 20 was reduced with potassium, lithium or calcium in tetra-
hydrofuran the solution evolved from yellow to orange to red.
The many line EPR spectrum attributed to the radical anion
varied significantly according to the nature of the counterion
and was strongest at the ‘orange’ stage. When solutions
obtained with any of these reducing agents were frozen either
at the ‘orange’ or the ‘red’ stage of the reduction no triplet
EPR spectra were observed, simply broadening of the residual
spectrum of the monoradical. As the reduction progressed
further the EPR signal became progressively weaker.

When a solution of 7,9-dioxo-7H,9H-dibenzo[de, jk]penta-
cene 21 was reduced with lithium, potassium or sodium–
potassium alloy very similar results were obtained, a many line
spectrum attributable to the radical anion but when the solu-
tion was frozen, either at the ‘orange’ or at the ‘red’ stage of the
reduction, no triplet EPR spectra were observed.

Conclusions
The cyclic voltammetry studies show that it is possible to
carry out two-electron reductions of compounds 18–21 at an
electrode surface and that the products of these reductions
are stable in dimethylformamide. The UV–VIS spectroscopy
studies confirm that for compounds 20 and 21, this same
two-electron reduction can be carried out using a group 1
metal in tetrahydrofuran and that the dilithium salts are
stable. The EPR studies show that compounds 18–21 can all
be reduced in this medium to the monoradical stage and
these radicals observed by EPR spectroscopy. On further
reduction only compound 18 gives a product showing a trip-
let EPR spectrum, the products of further reduction of com-
pounds 19–21 being EPR silent. In the case of compounds 20
and 21, the colour change matched that which corresponded
to dianion formation but no triplet EPR spectra were
observed. Furthermore calculated fits to the UV–VIS spectra
of the dianions 16 and 17 were better for the singlet than for
the triplet state. Although the main evidence is inevitably
negative (the failure to observe EPR spectra) the weight of
that evidence seems to indicate that we have succeeded in
reducing the precursors 18–21 to the desired non-Kekulé
polynuclear aromatic compounds 14–17 in a variety of differ-
ent ways but that only 14 is triplet and that 15–17 have sing-
let ground states. Whereas dibenzo[cd,mn]pyrene (triangu-
lene), dibenzo[de,hi]naphthacene and dibenzo[de, jk]pentacene
should all have triplet ground states, the addition of the two
O2 substituents to these aromatic nuclei seems to lift the
degeneracy of the putative singly occupied molecular orbitals
to such a degree that the derivatives 15–17 are no longer
triplets. Hence, the strategy that proved successful for making
trioxytriangulene 14 does not provide a general recipe for
making high-spin non-Kekulé polynuclear aromatic com-
pounds. Furthermore, since any progress in the area of high-
spin non-Kekulé polynuclear aromatic chemistry must surely
rely on making derivatives with stabilising and/or solublising
substituents, and, in almost all cases, such substituents will
lift the degeneracy of the singly occupied molecular orbitals,
this seriously diminishes the prospects for making high-spin
derivatives, particularly of those non-Kekulé polynuclear
aromatic compounds shown in the second and third series of
Fig. 1. Progress with those systems shown in the first series in
Fig. 1 seems to be a more realistic option. For these, provided
the substituents and/or heteroatoms are symmetrically placed,
(as in the biradical 14) the high-spin nature of the π system
should be preserved and some high-spin derivatives of these
polynuclear aromatics remain reasonably attainable if  chal-
lenging synthetic targets.

Experimental
Melting points were determined either on a Reichart Hot Stage
or in a Griffin melting point apparatus and are uncorrected.
Samples for combustion analysis were routinely dried by heat-
ing at 65 8C and 0.5 mmHg for 3 d. UV–VIS spectra were
recorded using a Pye-Unicam PU8800 UV–VIS spectro-
photometer. IR spectra were recorded on a Perkin-Elmer 1420
ratio recording spectrophotometer or a Philips PU 9706 spec-
trophotometer. Only significant or assignable absorbances are
reported. NMR spectra were recorded on a General Electric
QE300 or a Bruker AM400 instrument. Chemical shifts are
relative to SiMe4, coupling constants (J ) are given in Hz. Mass
spectra were obtained on a VG Autospec instrument. All peaks
> 20% of the base peak (and less intense peaks of particular
significance) are reported. Solvents were routinely purified
according to the procedures recommended by Perrin et al.28

Column chromatography on silica refers to the use of Merck
Kieselgel 7731 Type 60 and TLC to Merck Kieselgel 7730
GF254. Column chromatography on alumina refers to the use
of BDH ‘active basic alumina’.

4,8-Dioxo-4H,8H-dibenzo[cd,mn]pyrene 19 12

Potassium 4,3-dioxo-4H,8H-dibenzo[cd,mn]pyren-12-olate 14
(50 mg, 0.14 mmol) 4 and zinc powder (100 mg, 1.5 mmol) in 5%
m/m aqueous sodium hydroxide (20 cm3) was refluxed for 24 h.
The mixture was cooled and filtered. Oxygen was bubbled
through the filtrate for 15 min, the solution acidified (pH 1)
with 36% hydrochloric acid. The resulting black precipitate was
isolated by centrifugation and dried. Preparative TLC on silica
eluting with dichloromethane–methanol (399 :1) gave 4,8-
dioxo-4H,8H-dibenzo[cd,mn]pyrene 19 as an air-sensitive red
solid (2.5 mg, 5.8%); λmax(EtOH)/nm 356 (ε/dm3 mol21 cm21

18 500), 392 (24 400), 332 (17 100), 466 (13 100), 492 (11 600)
and 526 (12 500); νmax/cm21 (Nujol) 1720 (C]]O); δH(CDCl3)
7.82 (1 H, t, J 8.0, C6H), 7.92 (2 H, t, J 7.7, C2,10H), 8.52 (2 H,
d, J 8.0, C5,7H), 8.86 (2 H, d, J 7.7), 8.88 (1 H, s, C12H) and 8.99
(2 H, d, J 7.7).

Diethyl 1-naphthylmethylenemalonate 22 14

A solution of benzoic acid (2.4 g, 20 mmol) and piperidine (3.6
g, 40 mmol) in benzene (8 cm3) was added dropwise to a vigor-
ously refluxing solution of 1-naphthaldehyde (40 g, 0.26 mol)
and diethyl malonate (48 g, 0.30 mol) in benzene (160 cm3).
After refluxing for a further 3 h and cooling to room temp. the
mixture was poured into 2  hydrochloric acid (200 cm 3). The
organic phase was separated, washed with water (2 × 50 cm3),
dried (magnesium sulfate), filtered, the solvent removed under
reduced pressure and the residue distilled under reduced pres-
sure to give diethyl 1-naphthylmethylenemalonate 22 as a
colourless oil (66 g, 86%) (Found: C, 72.6; H, 6.15. C18H18O4

requires C, 72.5; H, 6.0%); λmax(EtOH)/nm 232 (ε/dm3 mol21

cm21 39 100), 240 (136 000) and 310 (95 700); νmax/cm21 (film)
1720 (C]]O) and 1640 (C]]C); δH(CDCl3) 1.04 (3 H, t, J 7.1,
CH3), 1.35 (3 H, t, J 7.15, CH3), 4.15 (2 H, q, J 7.15, CH2), 4.39
(2 H, q, J 7.1, CH2), 7.43 (1 H, t, J 7.7), 7.5 (3 H, m), 7.59 (1 H,
d, J 7.7), 7.84 (2 H, m), 7.89 (1 H, d, J 7.1) and 8.48 (1 H, s);
δC(CDCl3) 13.5 (CH3), 13.9 (CH3), 61.1 (CH2), 61.4 (CH2),
123.7, 124.9, 126.1, 126.2, 126.6, 128.4, 129.0, 130.2, 130.5,
131.1, 133.1, 140.8, 163.6 (C]]O) and 165.8 (C]]O).

Diethyl bis(1-naphthyl)methylmalonate 23a 14

A solution of 1-bromonaphthalene (4.3 g, 20 mmol) in tetra-
hydrofuran (15 cm3) was added dropwise over 30 min to mag-
nesium (0.5 g, 20 mmol) in tetrahydrofuran (15 cm3). The mix-
ture was refluxed until all of the magnesium had dissolved and
a green solution had formed (about 3 h). A solution of the ester
22 (5.5 g, 18 mmol) in tetrahydrofuran (25 cm3) was added
dropwise over 30 min. The mixture was refluxed for a further
3 h, cooled to room temp., poured onto 2  hydrochloric acid
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(100 cm3), the organic phase separated, washed with water
(3 × 50 cm3), saturated aqueous sodium hydrogen carbonate
solution (2 × 50 cm3), dried with magnesium sulfate, filtered,
and the solvents removed under reduced pressure to give the
ester 23a as a white powder (2.4 g, 31%); mp 108–110 8C (from
ethanol, lit.,14 113–114 8C) (Found: C, 78.9; H, 6.15. C28H26O4

requires C, 78.9; H, 6.1%); λmax(EtOH)/nm 232 (ε/dm3 mol21

cm21 86 500) and 284 (31 000); νmax/cm21 (film) 1770 (C]]O) and
1610 (C]]C); δH(CDCl3) 0.90 (6 H, t, J 7.1, CH3), 3.9 (4 H, q, J
7.1, CH2), 4.26 (1 H, d, J 12.0, CHCH), 6.52 (1 H, d, J 12.0,
CHCH), 7.5 (8 H, m), 7.75 (2 H, d, J 7.1), 7.85 (2 H, d, J 7.5)
and 8.42 (2 H, d, J 7.5); δC(CDCl3) 13.2 (CH3), 40.1 (CH), 58.3
(CH), 61.1 (CH2), 123.2, 124.6, 124.9, 125.3, 126.1, 127.4,
128.5, 131.2, 133.7, 137.4 and 167.7 (C]]O).

Bis(1-naphthyl)methylmalonic acid 23b 5

A mixture of the foregoing ester 23a (29.1 g, 68 mmol) and
potassium hydroxide (112 g) in ethanol (750 cm3) was refluxed
for 3 h. The ethanol was distilled off  and water added. This was
also distilled off, a second volume of water (250 cm 3) added,
and the pH adjusted to pH 1 by addition of 36% HCl. The
mixture was cooled to room temp. and filtered. The residue was
recrystallised from ethanol to give the acid 23b as colourless
needles (19 g, 75%); mp 190–192 8C (lit.,5 196 8C) (Found: C,
78.1; H, 5.0. C24H18O4 requires C, 78.1; H, 4.9%); λmax(EtOH)/
nm 246 (ε/dm3 mol21 cm21 75 100) and 280 (36 600); νmax/cm21

(film) 1710 (C]]O) and 1610 (C]]C); δH(CDCl3) 3.57 (1 H, d, J
3.6, CHCH), 6.52 (1 H, d, J 3.6, CHCH), 7.33 (2 H, t, J 7.6),
7.45 (6 H, m), 7.73 (2 H, d, J 7.9), 7.90 (2 H, d, J 7.9) and 7.98 (2
H, d, J 7.6); δC(CDCl3) 42.3 (CH), 53.4 (CH), 123.3, 125.2,
125.2, 126.1, 126.6, 126.8, 128.8, 131.1, 135.3, 139.5 and 173.5
(C]]O).

7,8-Dioxo-7H,8H-dibenzo[de,hi]naphthacene 20. Attempted
preparation by the Clar procedure 5

Phosphorus pentoxide (2.4 g) was added to the acid 23b (0.6 g,
1.6 mmol) in nitrobenzene (8 cm3) at 155 8C under argon. After
a further 15 min at 155 8C the mixture was cooled to room
temp., water was added dropwise and the nitrobenzene was
removed by steam distillation. The residue was dissolved in
dichloromethane and the dichloromethane solution was
washed with water, aqueous ammonia and water, dried with
magnesium sulfate, filtered and the solvent removed under
reduced pressure. The resulting red–brown gum (520 mg) was
subjected to chromatography on silica eluting first with 9 :1
light petroleum (bp 40–60 8C)–diethyl ether, then 1 :1 light
petroleum–dichloromethane, dichloromethane and finally
97 :3 dichloromethane–methanol to give 2,3-dihydro-3-(1-
naphthyl)phenalen-1-one 25 as a white crystalline solid (32 mg,
7%); mp 75–76 8C (lit.,17 75–76 8C) (Found: M+, 308.1201.
C23H16O requires 308.1201); νmax/cm21 (CHCl3) 1705 (C]]O),
1590 and 1625 (C]]C); δH(CDCl3) 2.70 (1 H, dd, J 18 and 1.5,
CH2), 3.60 (1 H, dd, J 18 and 8, CH2), 5.82 (1 H, dd, J 8 and 1.5,
CH), 6.70 (1 H, d, J 7), 7.22 (1 H, d, J 7), 7.3–8.2 (10 H, m) and
8.47 (1 H, dd, J 7 and 1); m/z 308 (M+, 100%), 279 (27,
M+ 2 CHO), 265 (23, M+ 2 C2H3O), 155 (25), 153 (22,
279 2 C10H6), 152 (49, 279 2 C10H7), 127 (27, C10H7

+) and 126
(21, C10H6

+): 3-(1-naphthyl)phenalen-1-one 26 as a white crys-
talline solid (35 mg, 7%); mp 189–190 8C (lit.,17 189–190 8C)
(Found: M+, 306.1035. C23H14O requires 306.1044); νmax/cm21

(CHCl3) 1640 (C]]O), 1610 and 1570 (C]]C); δH(CDCl3) 6.82 (1
H, s, vinyl CH), 7.2–8.1 (11 H, m), 8.24 (1 H, dd, J 8 and 1) and
8.76 (1 H, dd, J 7 and 1); m/z 306 (M+, 28%), 305 (28, M+ 2 H),
289 (56, M+ 2 OH), 277 (21, M+ 2 CHO), 276 (67, M+ 2
CH2O), 274 (24), 144 (20), 138 (71) and 137 (29 ): and the
hexacycle 27 as a red solid (220 mg, 44%); mp 280–285 8C
decomp. (Found: M+, 304.0931. C23H12O requires 304.0888);
νmax/cm21 (CHCl3) 1630 (C]]O), 1600 and 1570 (C]]C);
δH(CDCl3) 7.31 (1 H, s), 7.45 (1 H, t, J 8), 7.48 (1 H, t, J 8), 7.67
(1 H, t, J 8), 7.73 (1 H, d, J 8), 7.81 (2 H, d, J 8), 7.98 (1 H, dd, J

8 and 1), 8.03 (1 H, d, J 8), 8.11 (1 H, d, J 8), 8.24 (1 H, d, J 8)
and 8.54 (1 H, dd, J 8 and 1); m/z 304 (M+, 100%), 276 (67,
M+ 2 CO), 274 (31, M+ 2 CH2O), 138 (45) and 137 (27).

7,8-Dioxo-7H,8H-dibenzo[de,hi]naphthacene 20. Improved
procedure
A mixture of the acid 23b (19 g, 51 mmol) and phosphorus
pentoxide (18.5 g) in nitrobenzene (100 cm3) was stirred at room
temp. for 3 d under argon. Water (100 cm3) was added dropwise
and the nitrobenzene was removed by steam distillation. The
resulting black solid was filtered off, dried and subjected to
chromatography on alumina eluting first with light petroleum
(bp 40–60 8C) then 1 :1 light petroleum–dichloromethane, 1 :3
light petroleum–dichloromethane, and finally 1 :10 light
petroleum–dichloromethane until the eluent was colourless.
Then 1 :339 methanol–dichloromethane gave 7,8-dioxo-7H,8H-
dibenzo[de,hi]naphthacene 20 as an acid-sensitive yellow solid
(90 mg, 5%); λmax(EtOH)/nm 205 (ε/dm3 mol21 cm21 27 500),
244 (28 600), 362 (8530) and 410 (15 000); νmax/cm21 (Nujol)
1670 (C]]O) and 1570 (C]]C); δH(CDCl3) 7.75 (2 H, t, J 7.8), 7.82
(2 H, t, J 7.7), 8.18 (2 H, d, J 7.8), 8.23 (2 H, d, J 7.7), 8.25 (2 H,
d, J 7.7) and 8.72 (2 H, d, J 7.8); δC(CDCl3) 125.4, 125.9, 127.6,
128.3, 129.9, 130.3, 131.3, 132.3, 133.3, 134.4, 135.3, 135.4 and
181.7 (C]]O).

4,6-Dichloro-1,3-dimethylbenzene 28 18

Chlorine gas was bubbled for 30 h through a well-stirred mix-
ture of 1,3-dimethylbenzene (240.5 g, 2.45 mol) and ferric
chloride hexahydrate (18 g, 0.066 mol) maintained at 0–5 8C by
external ice–salt bath cooling. When ca. 1 mol of chlorine had
been absorbed (by mass) the mixture was washed with 2 
hydrochloric acid (2 × 500 cm3), water (2 × 500 cm3), dried
(CaCl2) and filtered. The filtrate was distilled under reduced
pressure. The fraction boiling at 85–100 8C and 0.5 mmHg was
refrigerated at 24 8C for 3 d and filtered to give colourless
needles of 4,6-dichloro-1,3-dimethylbenzene 28 (60 g, 10%); mp
70 8C (from ethanol, lit.,18 68.5 8C); νmax/cm21 (Nujol) 1560
(C]]C); δH(CDCl3) 2.25 (6 H, s, CH3), 7.0 (1 H, s) and 7.25 (1 H,
s); δC(CDCl3) 19.3 (CH3), 128.7, 131.8, 132.6 and 134.2.

4,6-Dibromo-1,3-dimethylbenzene 29

Iodine (0.5 g) was added over 30 min to a vigorously shaken
mixture of 1,3-dimethylbenzene (26 g, 0.245 mol) and bromine
(43.4 g, 0.27 mol). This mixture was shaken for a further 3 h,
and then shaken with 2  sodium hydroxide (200 cm3) for 10
min. The resulting suspension was filtered, the residue washed
with water, and recrystallised from ethanol to give 4,6-dibromo-
1,3-dimethylbenzene (14.5 g, 22%); mp 67–69 8C (lit.,29 69 8C)
(Found: C, 36.5; H, 3.0; Br, 60.35. C8H8Br2 requires C, 36.4; H,
3.0; Br, 60.6%); νmax/cm21 (Nujol) 1560 (C]]C); δH(CDCl3) 2.25
(6 H, s, CH3), 7.0 (1 H, s) and 7.6 (1 H, s); δC(CDCl3) 22.0
(CH3), 122.5, 132.5, 135.0 and 136.9.

4,6-Dichlorobenzene-1,3-dicarboxylic acid 29
A vigorously stirred solution of 4,6-dichloro-1,3-dimethyl-
benzene 28 (50 g, 0.29 mol) in nitrobenzene (50 cm3) in an
apparatus fitted with a Dean and Stark separator was heated to
150 8C. Concentrated nitric acid (d = 1.4, 25 cm3) was added
dropwise over 30 h at such a rate that the temperature of the
reaction mixture neither fell below 150 8C nor rose above
180 8C. Over-rapid addition of the acid resulted in a highly
exothermic process. The reaction was complete at the point at
which (at 160 8C) a thick emulsion was produced. The mixture
was cooled to room temp. Carbon tetrachloride (150 cm3) was
added, and the mixture filtered to give colourless needles of 4,6-
dichlorobenzene-1,3-dicarboxylic acid (24 g, 38%); mp 276–
278 8C (from ethanol, lit.,18 280 8C); λmax(EtOH)/nm 221 (ε/dm3

mol21 cm21 39 400) and 244 (18 600); νmax/cm21 (Nujol) 2400–
3200 (OH), 1700 (C]]O) and 1590 (C]]C); δH[(CD3)2SO] 7.6 (1 H,
s) and 8.4 (1 H, s); δC[(CD3)2SO] 129.0, 132.2, 134.5, 136.1 and
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165.0 (C]]O); m/z 236 (37Cl35Cl M+, 65%), 234 (35Cl2M
+, 98), 219

(37Cl35Cl M+ 2 OH, 66) and 217 (35Cl2M
+ 2 OH, 100).

In a similar manner 4,6-dibromo-1,3-dimethylbenzene was
converted to 4,6-dibromobenzene-1,3-dicarboxylic acid in 50%
yield; mp 248–250 8C (from ethanol, lit.,30 250–254 8C) (Found:
C, 29.6; H, 1.2; Br, 49.2. C8H4Br2O4 requires C, 29.6; H, 1.2; Br,
49.2%); λmax(EtOH)/nm 221 (ε/dm3 mol21 cm21 78 000) and 243
(36 600); νmax/cm21 (Nujol) 2000–3300 (OH) and 1700 (C]]O);
δH[(CD3)2SO] 8.05 (1 H, s) and 8.4 (1 H, s); δC[(CD3)2SO] 124.7,
131.1, 133.5, 139.0 and 166.0 (C]]O).

4,6-Dichlorobenzene-1,3-dicarboxylic acid dichloride 20

A mixture of 4,6-dichlorobenzene-1,3-dicarboxylic acid 29 (10
g, 42 mmol) and phosphorus pentachloride (17.7 g, 85 mmol) in
carbon tetrachloride (250 cm3) was refluxed for 4 h. The result-
ing yellow solution was filtered and the solvent removed under
reduced pressure. Phosphoryl chloride was removed at 100 8C
and 0.5 mmHg. The residue was recrystallised from light pet-
roleum (bp 40–60 8C) to give colourless needles of the unstable
4,6-dichlorobenzene-1,3-dicarboxylic acid dichloride (13.9 g,
86%); mp 74–76 8C (lit.,20 76.5 8C); νmax/cm21 (CHCl3) 1755
(C]]O) and 1585 (C]]C); δH(CDCl3) 7.72 (1 H, s) and 8.87 (1 H,
s); δC(CDCl3) 131.6, 134.2, 137.9, 140.0 and 163.3 (C]]O).

In a similar manner 4,6-dibromobenzene-1,3-dicarboxylic
acid dichloride was obtained as colourless needles (yield 87%);
mp 70–72 8C (lit.,31 76.5 8C); νmax/cm21 (CHCl3) 1760 (C]]O) and
1570 (C]]C); δH(CDCl3) 8.1 (1 H, s) and 8.7 (1 H, s); δC(CDCl3)
127.4, 134.1, 136.9, 140.8 and 164.1 (C]]O).

4,6-Dichloro-1,3-di(1-naphthoyl)benzene 30a 5

A mixture of 4,6-dichlorobenzene-1,3-dicarboxylic acid dichlo-
ride (2.6 g, 9.5 mmol), naphthalene (2.44 g, 19 mmol) and alu-
minium trichloride (7.72 g, 58 mmol) in dichloromethane (40
cm3) was stirred at room temp. for 5 h. The mixture was poured
into 2  hydrochloric acid (150 cm3). The organic phase was
separated, washed with water (2 × 50 cm3), dried (calcium
chloride), filtered and the solvent removed under reduced pres-
sure to give an orange–yellow gum. Column chromatography
on silica eluting with 1 :1 light petroleum (bp 40–60 8C)–
dichloromethane gave 4,6-dichloro-1,3-di(1-naphthoyl)benzene
30a (2.8 g, 65%) as a yellow powder, mp 50 8C (lit.,5 152 8C)
(Found: M+, 454.0519, 456.0491. C28H16O2

35Cl2 and
C28H16O2

35Cl37Cl require 454.0527, 456.0497); λmax(EtOH)/nm
228 (ε/dm3 mol21 cm21 27 700) and 232 (20 000); νmax/cm21

(Nujol) 1660 (C]]O) and 1585 (C]]C); δH(CDCl3) 7.6 (14 H, m)
and 8.85 (2 H, d, J 8.7).

In a similar manner 4,6-dibromobenzene-1,3-dicarboxylic
acid dichloride was converted to the pale-yellow 4,6-dibromo-
1,3-di(1-naphthoyl)benzene 30b in 19% yield; mp 68–74 8C;
λmax(EtOH)/nm 218 (ε/dm3 mol21 cm21 28 400) and 252
(16 800); νmax/cm21 (Nujol) 1665 (C]]O) and 1580 (C]]C);
δH(CDCl3) 7.6 (7 H, m), 7.8 (7 H, m) and 8.85 (2 H, d, J 9.0); m/z
544 (M+, 4%), 155 (42, naphthoyl+), 127 (38, naphthyl+) and 80
(Br+).

In a similar manner benzene-1,3-dicarboxylic acid dichloride
was converted to the pale-yellow 1,3-di(1-naphthoyl)benzene
30c in 26% yield; mp 170–178 8C (lit.,32 1918 C); λmax(EtOH)/nm
221 (ε/dm3 mol21 cm21 37 300); νmax/cm21 (Nujol) 1650 (C]]O)
and 1590 (C]]C); δH(CDCl3) 7.45 (9 H, m) and 7.7–8.5 (9 H, m).

7,9-Dioxo-7H,9H-dibenzo[de,jk]pentacene 215

A mixture of 4,6-dichloro-1,3-di(1-naphthoyl)benzene 30a (4.3
g, 9.5 mmol) and potassium hydroxide (0.85 g) was refluxed in
quinoline (10 cm3) for 3 h. The mixture was poured into 2 
hydrochloric acid (200 cm3) and the resultant black solid fil-
tered off. This was dried and purified by chromatography on
alumina eluting first with light petroleum (bp 40–60 8C), then
1 :1 light petroleum–dichloromethane, 1 :3 light petroleum–
dichloromethane and finally 1 :10 light petroleum–dichloro-
methane until the eluent was colourless. Finally, 1 :399

methanol–dichloromethane gave 7,9-dioxo-7H,9H-dibenzo-
[de, jk]pentacene 21 as an air-sensitive yellow solid (118 mg,
5.2%); λmax(EtOH)/nm 224 (ε/dm3 mol21 cm21 20 800), 320
(5730), 400 (5220) and 423 (6620); νmax/cm21 (Nujol) 1740
(C]]O) and 1610 (C]]C); δH(CDCl3) 7.80 (4 H, t, J 6.8), 8.11 (2
H, d, J 6.8), 8.25 (2 H, d, J 6.8), 8.75 (2 H, d, J 6.8), 8.82 (2 H, d,
J 6.8), 9.30 (1 H, s) and 9.59 (1 H, s); δC(CDCl3) 125.1, 125.7,
125.8, 126.5, 126.7, 128.4, 128.8, 129.1, 129.7, 130.0, 130.1,
131.3, 135.2, 139.3 and 173.4 (C]]O).

Attempts to prepare the same product through a potas-
samide–liquid ammonia mediated cyclisation of 30a and 30b,33

by the reaction of 30b with methylmagnesium bromide and
cobalt chloride,34 through the reaction of 30a–c with alu-
minium trichloride,35 through the reaction of 30b with tributyl-
tin hydride, and by photolysis of 30a–c,36 all failed to produce
detectable amounts.

Studies by cyclic voltammetry 37

These studies were carried out using an EG & G PARC Model
303 SMDE voltammetry stand coupled to an EG & G Model
362 scanning potentiostat with the system controlled by an
Amstrad PC 1640 personal computer running the ‘CON-
DECON 310’ cyclic voltammetry software. The cell consisted
of a mercury droplet working electrode, a platinum wire coun-
ter electrode, and a silver–silver nitrate (0.01  silver nitrate and
0.1  tetrabutylammonium tetraflouroborate in DMF) refer-
ence electrode. The dimethylformamide used as the solvent was
freshly purified by the procedures described in Perrin et al.,28

passed through a short column of alumina and stored over 4 Å
molecular sieves. The substrates 19–21 were all freshly purified
by column chromatography before use. The supporting electro-
lyte was tetrabutylammonium tetrafluoroborate. The solutions
were purged with argon for a minimum of 20 min prior to the
start of data acquisition and argon flowed throughout the
experiment. Anthracene was used as the standard and its reduc-
tion potential checked before each new set of experiments.

Studies of the reductions by UV–VIS spectroscopy
These studies were carried out using the apparatus and methods
previously described.38 A small pellet of lithium metal and a
few (ca. 3) mg of the substrate 20 or 21 were placed in the
‘anion generation chamber9 of  the cell (Fig. 4, ref. 38) which was
attached to the vacuum line and evacuated to ca. 1024 mmHg.
Dry, deoxygenated tetrahydrofuran from a store over Na/K
benzophenone ketyl (ca. 5 cm3) was distilled through the mani-
fold of the vacuum line into the ‘anion generation chamber’.
This was then frozen in liquid nitrogen, the system reevacuated
to ca. 1025 mmHg and the cell sealed and detached from the
vacuum line by melting the glass at the constriction point.
Ultrasound from a Kerry Ultrasonics Ltd. Type PUL55 ultra-
sound bath was used during the first 12 h to speed up the reduc-
tion process. From time to time a small portion of the solution
was filtered into the Pyrex UV cell and was diluted to an
appropriate level by distilling over some of the tetrahydrofuran.
The calculated spectra shown in Figs. 5 and 6 were based on
molecular structures for which the geometry of the neutral
molecule was optimised at the MNDO-RHF level. The geom-
etries of the ions were assumed to be the same as those of the
neutral molecule and, indeed, MNDO calculations suggest that
the reduction process has quite a small effect on the geometries.
UV spectra were calculated using the ZINDO/S method 39 with
a σ–σ atomic orbital overlap of 1.267 and a π–π overlap of 0.585
and with a configurational interaction in which the 36 lowest the
singly excited states for the neutral molecules and all those with
equivalent excitation energies (<5.5 eV) were included for the
dianions. Finally, for all the results shown in Figs. 6 and 7 the
energies of the transitions were scaled down by 15%.40

Studies of the reductions by EPR spectroscopy
These studies were carried out using very similar apparatus and
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procedures to that used in the UV–VIS spectroscopic studies.38

EPR spectra were recorded on a Varian E-6 spectrometer fitted
with a Bruker 4111 VT variable temperature unit.
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