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Chemical reduction of polyaromatic hydrocarbons yielded
solutions of long-lived polyanionic species. Reduction of a
sulfur heterocycle afforded a stable sulfur-containing
dianion. Sulfur extrusion from this dianion proceeded upon
further contact with the reducing metal. NMR and UV
studies indicate a sulfur extrusion mechanism different than
that previously observed in THF. Electron transfer to the

already reduced hydrocarbon skeleton results in the stepwise
cleavage of the two C-S bonds and the extrusion of a sulfur
atom. Dimers of aromatic hydrocarbons such as pyrene and
phenanthrene have been reduced as well. The interplay
between coulombic repulsions and resonance energies is
described.

Introduction

Storage and transport of charges are of great importance
in the fields of photo- or electrically conducting polymers. X
In the study of a conductive polymer, smaller yet suitable
fragments having similar conformational tendencies and ex-
hibiting a minimum of interference and insulating effects
are required. The rigidity of such systems helps in correctly
mapping out the spin density along the conjugated segment
and in determining the spin state of the system, both being
of immense importance in the fields of chemiluminescence,
magnetic materials and molecular electronics.”?? The effec-
tive conjugation present along a polymeric chain does not
depend solely on the structure and topology of the fused
entities. It also depends on the type of bonding which holds
the subunits together and on the conformational variations
that exist along the chain. Doping n-conjugated systems
such as polycyclic aromatic hydrocarbons can reinforce the
effects imposed on the system by charge delocalization pat-
terns and thus be used to probe them. Polycyclic aromatic
compounds linked together by various spacers, for which
the degree of electronic interaction between the subunits
increases with increasing m conjugation are classified as
either redox or conducting polymers. The design and
characterization of such stable redox entities having low ©
conjugation between the separate electron-storage units is a
basic requirement in the design and synthesis of organic
ferromagnets.! In polyaryl compounds the extent to which
single-electron transport takes place, or the extent to which
electron pairing is possible, depends intrinsically on the
conformation of one entity relative to the other. While EPR
studies showed that extended conjugation is present in
anthrylenevinylene compounds, the interaction is missing
when the vinyl spacer is omitted as in the bianthryl series. !
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In attempting to bridge the gap between organic chemis-
try and material science we have been studying the elec-
tronic behavior of a series of polycyclic aromatic hydro-
carbons among them a number of systems having hetero-
aromatic subunits.®! The preparation of charged hydro-
carbons containing sulfur atoms has been a challenge due
to the relative weakness of the carbon—sulfur bond (65
kcal/mol). Very few examples of such reduced polycycles
are known. Full or partial sulfur extrusion from hetero-
cyclic compounds has been used extensively in organic syn-
thesis as a method for ring cyclization and bond transfor-
mations.™® The hydrodesulfurization or desulfurization pro-
cesses have been of prime importance in the fuel and coal
industries where extreme efforts have been made to learn
and understand these processes on both the theoretical and
practical levels.[] Large amounts of data have been col-
lected regarding the reactions of sulfur-containing hydro-
carbons with metal complexes producing C—S bond scis-
sions.[® Alkali metal induced carbon—sulfur bond scission
has been used with dialkyl and diary! sulfides where sulfide-
thiol transformations were required. These have been used
primarily for the purpose of identifying sulfur-containing
compounds in coal-tar, mineral oil and biological
samples.® We have previously reported on the reductions
of small annulated thiophene systems such as 1,3-diphenyl-
benzo[c]thiophene (1)1 and benzo[b]thiophene (2)*Y and
the stability of the carbon—sulfur bond. Unlike the stability
observed with 1 and 2, compound 3 was reported to suffer
from a partial sulfur extrusion with cleavage of one of the
two C—S bonds.™? No mention was made of an initial re-
duction of the dibenzothiophene ring system.

Compounds 4—8 were used in this study as substrates
for generating polyanion systems. The questions of charge
delocalization and structural changes imposed by such elec-
tron transport processes are important in our continued
study of reduced polyaromatic hydrocarbons and graphite-
like surfaces. We now present the synthesis, characterization
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and electronic behavior of several related hydrocarbons
along with Flavophen 3l (4) and its reduction profile.

Synthesis

Compound 4 was synthesized from tetraphenylthiophene
by a milder procedure adapted from the original synthesis
of Badger et al.[**1 2,3:10,11-Dibenzperylene (5; also labeled
as 5HH) was synthesized from 4 by sulfur extrusion or by
utilizing a two-step approach leading to annelated peryl-
enes.[*4 Coupling of 9-bromophenanthrene by nickel-phos-
phane catalysed Grignard coupling, 6l afforded 9,9'-bi-
phenanthryl (6) in 52% yield.!”] Nearly quantitative cycli-
zation to 5 was achieved when treated with potassium in
DME, followed by oxidation with cadmium chloride. Di-
mer 7 was similarly synthesized from 1-bromopyrene in a
lower yield of 43%. Cyclization of 7 was achieved in the
melt in the presence of sodium chloride and aluminum
chloride® to afford 2,4:9,11-dinaphthoperylene (8)1 in
60% yield.

Results and Discussion
Reduction of Flavophen (4)

Reduction of 4 to a dianion proceeded smoothly at
—40°C in the presence of potassium metal. Under identical
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conditions with lithium or with sodium the reduction did
not proceed beyond the radical anion stage even after two
weeks of contact. The first reduction step, accompanied by
a deep blue color, resulted in the disappearance of the neu-
tral species having UV/Vis bands at Ay = 405, 381, 360,
316 and 295 nm, affording a paramagnetic species exhibit-
ing a bathochromic (red) shift and no *H-NMR spectrum.
Continued exposure to the metal yielded further changes in
the electronic absorption spectrum, and the appearance of
a sharp *H-NMR spectrum (Figure 1).

Quenching with oxygen afforded 4 as the sole product
while quenching with D,O yielded [D,]-4 having a base
peak of m/z 386 in the GC-MS spectrum. We therefore, con-
cluded that a two-electron reduction process had occurred
with the formation of dianion 4?~. From the charge densi-
ties deduced for the dianion based on both NMR spectral
datal®®! and from the charge distribution profile calculated
using semiemperical methods, 24 it is clear that only a small
charge resides on the sulfur atom. While most of the carbon
atoms carry small charge densities with 3*C ranging from
104.6 to 139.5, C4 resonates at a higher field of 6 = 97.2
with a measured second largest charge density of 0.20 e~/
carbon atom (Table 1).

The size and polarizability of the sulfur atom, which di-
rects the added charge towards the a-carbon atom resonat-
ing downfield of C4 at 6 = 104.6, also induces charge de-
localization at C4 and C3'. The chemical shift of the o-
carbon atom, C1, tells very little about the charge at that

Eur. J. Org. Chem. 1999, 37—48
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Figure 1. (a) *H NMR of sulfide 4; (b) IH NMR of dianion 427/2K* at 240 K; (c) *H NMR of mixed dianions 42~ /2K* and 5% /2K™*

at 240 K

Table 1. *H- and ** C-NMR chemical shifts for neutral and reduced 4

1,12 2,11 3,10 3a,9 4,9 58 6,7 6a, 6b 13,14 14a,13a 1',11" 2'12" 313" 4’14’
Neutral *H — - - - 8.87 7.71 8.31 - - - 8.87 7.68 7.56 8.76
4 BC 1374 1317 1292 1297 1238 127.0 1246 1281 1267 130.0 126.8 126.0 1253 123.4
472K+ 1H - - - - 4.60 5.31 4.37 - - - 5.13 5.97 5.31 6.13
(240 K) 3C 104.6 1230 119.7 1183 972 128.8 108.2 139.5 106.3 133.8 120.7 1249 109.8 1254
Ad H - - - - 4.27 2.40 3.94 - - - 3.74 1.71 2.25 2.63
Ad BC 328 8.7 9.5 11.4 26.6 —-18 164 —-11.4 213 -38 6.1 1.01 15.5 —2.0
AgPl 13C —-0.26 —0.067 —0.073 —0.088 —0.20 +0.014 —0.12 +0.087 —0.16 +0.029 —0.047 —0.008 —0.12 +0.015
Aq@ 13C —0.360 +0.078 —0.166 +0.069 —0.270 —0.130 —0.190 —0.046 —0.033 —0.003 —0.190 —0.110 —0.300 —0.048

[@ Calculated using K. = 130.31. — [l Values multiplied by —1 to reflect positive vs. negative charges. — [ Calculated charges using

AM1 methods.

position, because chemical shifts and charge densities of
tertiary (C4) and quaternary («-C1) carbon atoms should
not be compared directly. One has to consider the effect of
increasing electron density on going from the quaternary to
the tertiary positions.[??! This implies that with the quater-
nary C1 exhibiting a charge density (—0.26) larger than that
of C4 (—0.20) and C3’' (—0.12), a significant negative
charge resides on C1, which agrees well with the calculated
values. In fact, calculations suggest that most of the charge
(69.8%) in 42~ is delocalized in a 20m-phenanthrolc]thio-
phene-like segment of which C4, C1 and C14 are part, while
the remainder is equally distributed between the remaining
two phenyl-like moieties. Furthermore, calculations show
that 42~ does not behave as a substituted dibenzoperylene
but rather as a diphenyl-substituted phenanthro[c]thi-

Eur. J. Org. Chem. 1999, 37—48

ophene for which the bond orders are different. While
C3—C3a appears as a full single bond, the C1-C2 bond is
a double bond in character. This bond fixation which pre-
cedes charge localization on position C3' rationalizes the
rather large charge density residing on that carbon atom
outside the phenanthro[c]thiophene-like segment (Figure 2).

Exposure of the THF solution containing dianion 42~ to
the metallic surface for an additional period resulted in the
simultaneous appearance of a second set of bathochromic
UV/Vis bands which intensified as the concentration of 4%~
decreased. The new anionic species exhibited a *H-NMR
spectrum centered at about 1 ppm downfield to that ob-
tained for 42~ and had a new uneven set of two singlets at
d = 4.31 and 4.35, which indicates an increased total num-
ber of protons in the spectrum of about 14.6 protons.
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Figure 2. AM1 charge distribution in dianions 42—, 5~ and 82~

Quenching the sample with oxygen produced an orange-red
solid whose GC-MS gave three molecular ion peaks at m/z
352,[231 353 and 354. The *H-NMR spectrum of the same
sample hinted at a structure similar to, yet different from
that of the neutral sulfide 4. The presence of the sulfur atom
at the dianionic stage and the rather low molecular ions
observed for the quenched sample of the later reduction
species supported a sulfur extrusion from 42~ resulting
from a prolonged contact with the reducing surface. The
presence of MS molecular ions at m/z 353 and 354 along
with the peculiar increase in the total number of protons
indicated in the *H-NMR spectra of the quenched sample
braces the idea that deuteron abstraction from the solvent
occurred after an initial C—S bond cleavage and the forma-
tion of an aryl anion.

Sulfur Extrusion

Carbon-sulfur bond scissions in sulfur-containing or-
ganic compounds[?* such as dibenzothiophene (3; structure
A) in [Dg]THF in the presence of some electron source are
known?l to proceed by an initial electron transfer to the
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sulfur atom succeeded by homolytic cleavage to yield a sulf-
ide anion and a carbon radical species B (Scheme 1).

Upon transfer of a second electron to the carbon radical
a carbanion C is formed. Alkylation of both anions is pos-
sible. Further cleavage of the yet intact C—S,nion bond of
C to yield a sulfide salt and a vinyl anion species D has
never been observed and is not otherwise possible. Fran-
cisco and Katritzky et al. demonstrated that compound 3
in ammonia in the presence of an alkali metal did not pro-
duce C—S bond cleavages but rather underwent Birch re-
duction and protonation.?® They further showed that C—S
bond scissions predominated only when conformational
freedom allowed p-orbital overlap with the phenyl groups.
In cases where the diaryl sulfides were capable of sustaining
stable radical anions, extrusion of the sulfur atom pro-
ceeded via an episulfide intermediate similar to those pro-
duced in the thermal or catalytic processes. These episulfide
intermediates break down with the evolution of monatomic
sulfur species which catenate further to a stable Sg.% In no
case has the evolution of a charged sulfide atom in the form
of M,S been either observed or considered. We believe that
sulfur extrusion from a charged sulfur heterocycle, such as
42~ indeed requires a neutral atomic sulfur species to be
evolved and base the mechanism for the unique sulfur ex-
trusion from 42~ on the following points: (1) Sg was isolated
from the reaction tube along with hydrocarbon 5; (2) di-
anion 42 is a long-lived, stable species; (3) scission of a
C—S bond should not result in the formation of a charged
sulfur atom; (4) no hydrogenated products were observed,
and (5) because of the rigidity of 4, an episulfide intermedi-
ate is excluded. The extrusion begins with the introduction
of a third electron into the polycyclic ring system 42~ to give
a radical trianion (species E; Scheme 2), weakening one of
the C—S bonds and ensuing the first homolytic cleavage of
one of the organosulfide arms.

This scission affords a carbanion at one bay position and
a sulfur radical (F). Proton (or deuteron) abstraction by the
carbanion, with possible S—S radical dimerization?” re-
sults in the radical dianion G prior to the introduction of
another electron to the system. With the formation of the
radical trianion H, the second C—S bond is cleaved and the
carbanion formed is protonated to furnish an atomic sulfur

‘/? alkx]auonE products
e S

OE‘

D

Does not form

+52-

Scheme 1. Carbon-sulfur bond scission in the presence of electron source
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Scheme 2. Sulfur extrusion from 42—

and a protonated dianion mixture labeled as 52 . It is
important to point out that on grounds of bond activation,
the introduction of an electron to the radical-dianion spec-
ies G is required for the weakening of the C—S,.q4icar bONd
and its ultimate cleavage.

Isotope Shift Effects

Protonation or deuteration of the carbanions formed as
a result of the extrusion process affords three distinct isoto-
pomers: doubly deuterated 5DD, mono-deuterated mono-
protonated 5HD (same as 5DH) and doubly protonated
5HH. 281291 The assignment of the two new closely resonat-
ing signals at & = 4.31 and 4.35 as H1 arising from species
5HD?~ and 5HH?", respectively, is based on the expec-
tation®% that the proton signal H1 arising from species
5HD?~ should appear upfield to that of 5SHH?". This as-
signment was confirmed by the H-NMR spectrum ac-
quired for 5HH?2~, which was synthesized and reduced in-
dependently, and exhibited a singlet at & = 4.35 and a coup-
ling constant of YJo = 152.0 Hz in contrast to YJcp =
24.1 Hz measured for dianion 5SHD?~. A 1Jcp = 23.8 Hz
was measured for the neutral sample. These values, in fact,
agree nicely with the expected Jcp couplings derived from
the gyromagnetic ratio calculated for y/yp. Y Since Jen/
Jep = vulyp = 6.51, 2Jcp for 5HD?™ is estimated at 23.3
Hz.

On the basis of a full *H assignment the percent compo-
sition of the mixture containing the three isotopomers was
found to consist of 9% 5HH, 17% 5HD and 74% of 5DD, as
averaged over 3 runs.[33 The deviation from the statistical
composition values expected for the four possible isotopo-
mers is a consequence of the lack of reversibility and higher
acidity of protiated impurities relative to that of [Dg] THF.
The localized anions, formed as the C—S bonds break, ab-
stract protons from the impurities prior to an attack on the
deuterated solvent.

Eur. J. Org. Chem. 1999, 37—48
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The charge perturbation imposed on the molecule by the
deuteron(s) may be evaluated by examining the isotope ef-
fects on the nuclear shielding of the neighboring protons
and carbon atoms.[% The effect on the bay proton of
5HD?~ was described above. The negative a, B and y effects
on the neighboring atoms are quite strong in the *C-NMR
spectra of the dianion mixture of 5 (Figure 3).

C=-4ppb’? 8 =-26 ppb
H =-41 ppb
N B PP
€=-34 ppb
¥ =-36 ppb > D
¥=-73 ppb j) o.= -268 ppb

Figure 3. Negative isotope shifts in the 600-MHz 3C- and H-
NMR spectra of 5DD? /2K *

The carbon peak originally resonating as a strong signal
at § = 84.2 for the dianion 5SHH?/2Li" appears lower in
intensity downfield of a resolved triplet of lines centered at
& = 83.9 arising from the coupling of C1 (C12) by the deu-
teron in 5DD?". These o shifts of —268 and —316 ppb
measured for the dianion and neutral 5DD, respectively, are
quite normal negative isotope effects for an o-carbon
atom.3 No other conclusive isotope shifts were deter-
mined from the neutral sample of 5. For the dianion, the
B effects on C2 and C14 are smaller than the o effect and
are at —106 and —41 ppb, respectively. The large difference
in size for these B effects in relation to each other results
from the overlapping of a  and a vy effect on C14 (C13).
Smaller vy effects are found for C1’ (—73 ppb) and C3 (—36
ppb). Surprisingly, there were two additional effects on the
remote C6a and C6 carbon atoms, but none on Cl4a. The
o effect of —26 ppb on C6a and the ¢ effect on C6
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amounting to —34 ppb arise from structural changes
brought about by steric hindrance of the deuterons and not
as a direct consequence of nuclear shielding. In the *H-
NMR spectrum, a { effect is observed for H6 exhibiting a
—4 ppb shift. This is also too distant to arise from bonding
interactions and thus must arise from the imposed struc-
tural changes.

Redox Effects — Reduction and Cyclization
of 6 and 7

In an effort to map-out the electronic differences between
anions 42~ and 52~ clearly we synthesized hydrocarbon 5,
as described earlier. The TH-NMR spectrum of neutral 5
consists of a singlet, a doublet, two triplets and two overlap-
ping multiplets, resonating as for 4 in the region & =
7.6—8.7, and integrating to a total of 16 hydrogen atoms.
Direct reduction of hydrocarbon 5 under identical con-
ditions, yielded *H- and **C-NMR spectra identical to
those obtained for 5SHH2"/2K™* (Table 2).

Treatment of dimer 6 with sodium in [Dg]THF in an
evacuated NMR tube resulted in the formation of a brown
solution exhibiting magnetic properties with no NMR spec-
tra. After longer exposure to the metal, the *H-NMR spec-
trum consisted of seven signals having a center of gravity
at 6 = 5.65 and integrating to 18 protons. On the basis of
the signal integration and splitting pattern, the species
could be assigned as the two-electron or four-electron re-
duction product 627/2Na* or 6% /4Na*, respectively.
Quenching experiments with water afforded the doubly pro-
tonated compound. A two-electron reduction should afford
a triplet-state diradical anion species (5b in Scheme 3)
which is thus NMR-inactive or a localized singlet dianion

(structure 5¢) in which only one of the phenanthryl units is
doubly charged and the other remain neutral.

It is important to note at this point that EPR studies
indicated that while the radical anion of 1,1'-binaphthyl be-
haves as a m system with a homogeneous spin distribution,
in 9,9'-bianthryl there is a complete localization of spin.
Recently, the crystal structure of the triradical anion of 9,9'-
bianthryl with sodium was determined.®* Surprisingly and
in support with the previous EPR studies, in the solvent-
separated contact ion all three charges were located on only
one of the two anthryl subunits. The coordination of all
three sodium cations to only one anthryl segment clearly
attests to the predominant localization of charge to only
that half of the hydrocarbon. With 6 and 7 expected to be
similar to binaphthyl, a certain degree of charge delocaliz-
ation was expected.

On the basis of the observed NMR spectra and of semi-
empirical calculations which showed a reduction by 12.1%
of the torsion angle between the two subunits upon re-
duction of 6 to the corresponding dianion, a delocalized
species is suggested. The 62~ species is in fact a hybrid of
5b and 5c in which the inter-ring bond allows conjugation
through increased double bond character and with a certain
degree of charge localization at the far ends of the two su-
bunits. This affords a completely delocalized system in
which steric and electronic repulsions seem to exist between
the inner protons H8 and H8’ and possibly between excess
charge residing around these carbon atoms. This repulsive
interaction strengthens as the tetraanion is formed.

Anion 6% /4Na* may be viewed as a dimer having two
separate redox-active groups. A complete delocalization of
the injected electrons over the entire dimer could result in
a lowered redox state. 3*1 However, with the effective conju-

Table 2: 'H and 3C NMR chemical shifts for neutral and reduced 5 and 6.

9,9'-biphenanthryl (6)
6,6’ 7,7 8,8’

10,10" 10a,10a’ 4a,4a’ 4b,4b’ 5,5' 9,9 88 1,1' 22 33 44
Neutral *H 7.86 - - - 8.82 7.65 7.38 7.50 — - 7.92 7.67 7.73 8.81
6 13C 1289 132.0 130.7 130.7 1232 1269 1375 1279 1270 1326 129.1 1273 127.2 123.0
6*"/4Na* *H 3.45 - - - 6.50 6.07 6.07 7.04 — - 5.22 5.59 4.78 6.13
(250K) **C 82.9 148.2 1240 1384 1208 1222 1245 123.0 1055 1416 1185 1293 1065 1221
2,3:10,11-dibenzoperylene (5)

1,12 2,11 3,10 33,9 4,9 5,8 6,7 6a,6b 13,14 14a,13a 1',11" 2',12" 3',13" 4’ 14
Neutral *H 8.67 - - - 8.64 7.75 8.42 - — - 7.64 8.01 7.65 8.64
5 iIC 1218 1327 132.6 1357 123.0 1275 1219 1276 1316 1305 127.2 1294 1274 1232
572K+ 'H 4.35 - - - 6.21 6.15 6.52 - — - 6.08 6.12 5.48 6.75
(240K) **C 81.6 139.4 121.7 1422 1048 121.3 1136 1286 1218 1319 120.1  126.6 109.1 123.0
527/2Na* *H 4.35 - - - 6.24 6.16 6.57 — — - 6.09 6.12 5.49 6.76
5272LiY 'H 4.64 - - - 6.03 5.99 6.25 - - - 5.95 599 535 6.64
(240K) 3C 842 1407 1207 1402 1038 1215 1134 1220 1179 1333 1224 1264 108.7 123.6
ASH H +432 - - - +243 +16 +19 — - - +1.56 +1.89 +2.17 +1.89
ASH BC +376 —6.7 +11.9 —45 +19.2 +6.0 +8.5 —5.6 +13.7 -—28 +4.8 +3.0 +18.7 -0.4
Aqgid 13C -0.363 +0.064 —0.115 +0.043 —0.185 —0.058 —0.082 +0.054 —0.132 +0.027 —0.046 —0.029 —0.180 +0.004
Ag 3C —0.288 +0.044 —0.160 +0.058 —0.252 —0.135 —0.200 —0.035 +0.014 —0.015 —0.193 —0.104 —0.300 —0.058

@ A§ = neutral — (52 /2K™). — [Pl Calculated using K, =
[4I Calculated charges using AM1 methods.
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Scheme 3. Reduction and cyclization of dimer 6

gation being dependent on the topology and structure of
the system, the present torsion about the inter-ring bond
may inhibit to a significant extent of charge delocalization
and thus promote charge localization to each of the two
units. ¢ Semiempirical calculations predict that the torsion
angle decreases from 95.1% in the neutral species to 83.0%
in the dianion in contrast to 61.0% in the charged tetra-
anion. This large and surprising decrease in the angle is due
to increased conjugation between the two phenanthryl units
despite the coulombic repulsions described above. In fact,
localization of larger charge densities at C3 and C9 along
with the distribution of smaller charge densities on ring po-
sitions C8a through C4b implies that the system minimizes
coulombic repulsions between the charge centers and may
also attempt to lower the energy associated with the forma-
tion of an antiaromatic system. This gain-loss pattern by
which localization requires planarity but imposes repulsive
interactions is at an overall favorable state with the gain in
delocalization or resonance energy compensating the in-
crease in coulombic repulsions. The increase in the double
bond character at C9—C9’ is a direct consequence. The in-
harmonious distribution of charge results in the lowering
of the anisotropic effects and is responsible for the lowfield
shifts observed for 52~ as compared to 6* . The observed
IH-NMR spectrum for 64 /4Na™* is rather different from
that obtained for the phenanthrene dianion®" not only be-
cause it is lower in symmetry but more importantly because
of electron delocalization through the inter-ring bond. Re-
duction of phenanthrene furnished a dianion having a *H-

Eur. J. Org. Chem. 1999, 37—48
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Table 3. 'H-NMR spectrum center of gravity of neutral and char-
ged hydrocarbons

Compound Center of gravity [ppm]
Phenanthrene 147 7.68[44
Phenanthrene dianion 161 1.34044

6 14m (X 2)  7.93

64~ /4Na* 16m (X 2)  5.65

5 261 8.17
527/2Na* 287 5.95
pyrene 1l4n 8.15
Pyrene dianion 167 0.9745.46]
7 14n (X 2)  8.12
741K 16m (X 2) 5.2

8 261 7.94

827 2K 28n 5.63

NMR spectrum with a center of gravity at & = 1.34, about
4.31 ppm to higher field of that of 6* /4Na™ (Table 3).

On reduction, small alternations in the C4-Cda—
C4b—C5 dihedral angle of the bay region of the phen-
anthryl subunits are also evident. Even though these
changes are much smaller than in the inter-ring dihedral
angle, changes in the angle confirm and support the earlier
observations that charged phenanthrenes are not planar. 38
The changes in the bay dihedral angle of 64 stem from the
relative localization of charge on one end of the bay region
of the phenanthryl subunit and may be responsible for the
diminished twist of each subunit in 6*~, relative to the cal-
culated dihedral angle of 6 = 15.8° for the phenanthrene di-
anion.
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The degree of electron delocalization over the whole di-
mer varies with changes in charge localizations at the inter-
ring positions. Lowering the charge densities at these posi-
tions by extension of the surface for potential delocalization
results in a larger separation between the two subunits and
a lowered conjugation. Since the interaction between the
two phenanthryl units being largest due to the coulombic
repulsions between H8 and H8’, a further decrease in the
dihedral angle as a result of continued reduction, brings
about the formation of a new C—C bond between these
two positions.

Reduction of 6 with potassium yielded a deep blue solu-
tion exhibiting UV/Vis bands at Ao« = 837, 606, 566 and
520 nm and no high-resolution *H-NMR spectrum.
Further exposure to the metal resulted in shifts of the UV/
Vis bands to Anax = 569 nm and the appearance of a sharp
IH-NMR spectrum. This spectrum centered similarly to
that of the lithium salt but slightly downfield to that of
tetraanion 64 /4Na™, consisted of a singlet, four doublets,
a triplet and a multiplet: eight proton signals in total (Fig-
ure 4).

The presence of a singlet in the spectrum and the absence
of a ninth proton hinted at a fast reductive cyclization that
ensued in the formation of dianion 52~. The formation of
intermediate species 64 /4K™ or 64 /4Li* and species 5a
were not observed. Such cyclization intermediates have
been previously observed in the syntheses of helicenes.
The absence of such spectra of intermediates attested to the

instability of this intermediate and to the ease with which
dianion 5%~ is evolved. 0

Prolonged contact of 64 /4Na* with the metal also re-
sulted in 52~. However, in this case longer exposure periods
were required as the cyclization of tetraanion 6* /4Na™
proceeded at a rate of about 5% conversion per 24 hours.

Unlike the similar *H- and **C-NMR spectra of neutral
4 and 5, their anions exhibit totally different electronic pat-
terns as born out by their NMR spectra. Firstly, as was
shown beforehand, the *H-NMR spectrum of 52~ is shifted
downfield by about 1 ppm. Secondly, while the calculated
charge densities for both 42~ and 5%~ using AM1 methods
are similar, the measured charge densities from the corre-
sponding NMR spectra are different, as shown in Tables 1
and 2. The highest coefficient and charge density in 4%~ lies
on C1, C4, C14, C6 and on C3’, as discussed above. Other
positions closer to the sulfur atom carry less charge. In 52~
C1 carries the largest charge density, as well, whereas C3’
and C4 take on only smaller charge densities. Reasons for
these changes in the charge profiles of the two dianions are
twofold: the removal of bond polarization and the return
to an annelated perylene skeleton. Charge distribution com-
parison of 52~ with that of perylene dianion reveals great
similarities in the distribution and magnitude of charge
densities. The presence of two annelated benzene rings does
not alter the charge profile of the perylene segment to a
large extent. With the core of the perylene segment Cl4a—
C6a—C6b—C13a—C13—C14 remains low in charge den-
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Figure 4. (a) *H NMR of dimer 6; (b) *H NMR of tetraanion 6*~/4Na™ at 240 K; (c) *H NMR of dianion 527/2K™ at 240 K
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sity, delocalization of charge is also maintained in the pe-
riphery.

Unlike 6 for which the isolation of the intermediate tetra-
anion 64~ was observed upon reduction with sodium metal
only, dimer 7 could be reduced to tetraanion 74~ neither
with sodium nor with potassium metal. In no case was the
tetraanion lithium salt observed. The electronic picture dis-
played by tetraanion 747 /4K™ as elucidated from its 3C-
NMR spectrum, closely resembles that of the pyrene di-
anion. The highest charge densities are found on C8, C3,
C6 and to a lesser extent on C4 due to coulombic repulsions
similar to those described for 64. Because the phen-
anthrene dianion is expected to be more antiaromatic than
the corresponding pyrene dianion, the conjugative stabili-
zation is predicted to be better in 6*~. This, however, seems
to contradict the greater reduction in dihedral angle (54.4°)
for 74~ (61.8° for 72~ and 96.4° for neutral 7) as compared
with 61.0° in 64—, and also to counter the empirical evalu-
ation of conjugation as it arises from the charge densities
at the bridgehead carbon atoms of 6%~ and 74~. Higher
charge densities are calculated at the bridgehead carbon
atoms of 74~. This should indicate a better conjugation in
74~ than in 6%, because the localization of charge on the
subunits of 64~ acts to lower the expected antiaromaticity
of the phenanthryl dianion. Thus, conjugative stabilization
in this case is less of a constraint.

Charge Localization at Bay Positions

Dianion 82~ was produced on prolonged contact of tetra-
anion 74~ /4K*with the metal (Figure 5).

The unavailability of a 3C-NMR spectrum for the di-
anion over a range of temperatures limited the evaluation
of the system to theoretical data only which indicate a pe-
ripheral delocalization pattern of an annelated perylene. A
striking effect present as a direct outcome of the annelating
benzene rings in both 5 and 8 is the chemical shift difference
between the C6 and C1 carbon atoms and protons, situated
in the two bay regions of 5>~ and the equivalent protons in
82~. While the 3 C-NMR chemical shift difference between

the two carbon atom signals amounts to only 0.1 ppm in
the neutral species 5, and 2.8 ppm in neutral 8, this same
shift difference is measured at 29.2 ppm in the correspond-
ing dianion 52~. Furthermore, these values are 10—20 ppm
larger than those reported for the bay region carbon atoms
of perylenet! (9), benzo[ghi]perylene*? (10) and their di-
anions.

AML1 calculations showed that upon reduction of 5 the
bond length of C13—C14 reduces from 1.476 A in the neu-
tral species to 1.409 A in the reduced species 5°~. This 0.067
A decrease is larger than that of the equivalent bond
C6a—C6b for which the bond length is shortened by 0.019
A only. Hence, the severe repulsion expected between the
bay protons should be minimized for protons H6a and H6b
and be reinforced for H1 and H12. The polarization of the
c-bonds causes the upfield shifts of the **C-NMR bands
for the bay-region carbon atoms™ to § = 84.2 and 122.0
for C1 and Cé6a, respectively, relative to those of the corre-
sponding carbon atoms in perylene dianion 9>~ (§ = 98.1).
The *H-NMR spectrum of 52~ points to the fact that the
opposite effect, expected for the proton shifts, is not mani-
fested as the 'H-NMR resonances of H1 and H12 are
shifted upfield. While both H1 (H12) and H6 (H7) exhibit
upfield shifts on reduction, the chemical shift difference of
4.32 ppm measured for H1 and H12 is clearly a direct
consequence of excess charge residing at this bay region.
An upfield shift of 1.9 ppm observed for bay protons H6
and H7 is more likely to result directly from the reduction
process.

Conclusion

Compounds 4 and 5 are quite intriguing. Sulfur extrusion
from the long-lived dianion 42~ exhibits unique sequential
C—S bond cleavages. The formation of a neutral sulfur
atom and the intermediacy of two localized aryl anions at
the bay region support the conclusion that this extrusion
proceeds by a consecutive two-electron transport into the
already reduced hydrocarbon. The resulting charged hydro-
carbon exhibits a charge density profile consistent with an-

Table 4. *H- and ** C-NMR chemical shifts for neutral and reduced 7 and 8

1,1'-Bipyryl

1 2 3 3a 4 5 5a 6 8a 9 10 10a 10b 10c
Neutral *H - 8.36 8.17 - 7.90 7.68 - 8.19 8.07 8.26 - 8.19 8.22 - - -
7 3C 1367 1249 1280 1319 1280 1262 1314 1292 1263 1256 131.3 1254 1279 1305 1265 1252
747/AK T H - 4.67 5.77 - 6.06 4.85 - 4.85 5.53 4.72 = 4.72 4.99 = = -
(200 K) Cl (124.2) 120.2 129.0 (142.0) 1156 1085 (126.4) 109.8 128.8 108.1 (128.2) 108.1 120.8 (141.6) (140.9) (139.2)
Agledl - 3¢ —0.395 —0.148 +0.117 +0.319 —0.392 —0.560 —0.145 —0.614 +0.079 —0.554 —0.098 —0.547 —0.224 +0.351 +0.455 +0.443
Aql© 13C —0.167 —0.042 —0.424 +0.070 —0.347 —0.210 —0.023 —0.423 —0.027 —0.432 —0.005 —0.217 —0.212 +0.016 —0.035 —0.004

2,4:9,11-Dinaphthoperylene

1,12 2,11 3,10 339 4,9 5,8 6,7 6a, 6b 13,14 13a, 14al’,11’ 2’,12' 3,13’ 3a’,13a" 4',14" 5, 15
Neutral 8*H 7.89 - - - - 8.08 8.14 - - 7.94 7.83 8.07 - 7.75 7.84
82°2K* H 5.09 - - - - 5.89 6.46 - - 5.15 5.79 4.96 - 5.72 6.04
Ag@ BC  —0.266 +0.044 —0.066 +0.045 —0.167 —0.125 —0.154 —0.056 +0.014 —0.048 —0.272 —0.069 —0.322 +0.059 —0.252 —0.078

18l Chemical shifts in parentheses are tentative assignments only. — ! Calculated using K, = 31.6. — [ Calculated charges using AM1 methods. — [ Values

multiplied by —1 to reflect positive vs. negative charges.

Eur. J. Org. Chem. 1999, 37—48

45



FULL PAPER

R. Benshafrut, M. Rabinovitz, R. E. Hoffman, N. Ben-Mergui, K Millen, V. S. lyer

T
8.

a MWM
T T T T T T T 7 T T T T
8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7

T T
.5 ppm

A

T li T T T 1
2 5.0 4.8 4.6 4.4 4.2 ppm

—
6.8 6.6 6.4 6.2 6.0 5.8 5.6

C MJ\M jUL
v
T T l T T T T T l T i T T T 1

5.4 5.2 5.0 4.8 4.6 4.4 4.2 ppnm

Figure 5. (a) *H NMR of dimer 7; (b) *H NMR of tetraanion 74~ /4K™ at 200 K; (c) *H NMR of dianion 827 /4K™* at 200 K
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nelated perylenes. The presence of isotopes in the bay re-
gion is a good tool in examining the changes imposed on
the system. The existence of 5- and 6-bond isotope shifts
are clearly unusual and point to the structural changes pres-
ent mainly in the bay regions, as compared with the com-
pletely protonated system.

Charge distribution in dimer 64 indicates that stabili-
zation of the charged subunits is maintained through charge
localization, by which the antiaromaticity of the phen-
anthryl dianion is reduced, and by a small degree of conju-
gation through the inter-ring bond. As the size of the subu-
nits becomes larger as in dimer 747, such inharmonious
localization is no longer dominant and in the tetraanionic
stage more conjugation is present.

Experimental Section

Chemical reductions of all compounds were carried out in specially
constructed 5-mm NMR tubes equipped with a reduction chamber.
The alkali metal, either lithium, sodium or potassium, was intro-
duced into the reduction chamber as a thin lithium wire or as a
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mirror of metallic sodium or potassium produced by high vacuum
distillation. Into the NMR tube containing 4—5 mg of the sample
to be reduced and the metal, doubly distilled [Dg]THF was trans-
ferred under vacuum and the tube was then flame-sealed. Re-
duction proceeds when the solution is brought into contact with
the metal by inversion of the NMR tube. All reductions were car-
ried out at dry ice temperature. Differentiation between the various
redox stages was achieved by utilization of UV/Vis and several
NMR techniques. The appearance or disappearance of a paramag-
netic radical stage was evident from the appearance or disappear-
ance of the NMR spectrum and the loss of the relevant UV/Vis
band. All low-temperature NMR spectra were recorded with a
Bruker DRX-400 spectrometer at temperatures between 190 and
260 K. The study on the isotope shift effects in the anion of 52~
was performed with a Bruker DMX-600 MHz spectrometer. All
spectral assignments were made using a multitude of correlation
experiments such as COSY, NOESY, CH correlation and a
LRCH correlation.

4: Copper(Il) trifluoromethanesulfonate (6.52 g, 18 mmol, predried
at 100°C under vacuum for 2 h) and aluminum(l11) chloride (2.4
g, 18 mmol, 18 equiv.) were added to an argon-purged solution of
tetraphenylthiophene (338 mg, 1 mmol) in 200 ml of CS,. The en-
tire mixture was allowed to stir at room temp. for 18 h. The mixture
was allowed to stand for 2 h before the clear solvent was decanted
off. Dichloromethane (25 ml) was added to the slurry and the sol-
vents were evaporated under reduced pressure without heating. The
resultant solid was taken up in conc. HCI (100 ml) and stirred
overnight. The solution was filtered and the solid residue treated
with a 10% solution of HCI, distilled water and a 10% ammonium
hydroxide solution. The residue was then dried under vacuum and
sublimed at 150—180°C at 10—2 Torr to yield 4 as a bright yellow
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solid. 310 mg, 81% yield, m.p. > 300°C. — MS (FD, 4 kV); m/z
(%): 82.5 (100) [M*].
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