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FOREWORD 

The A D V A N C E S IN C H E M I S T R Y S E R I E S was founded in 1949 by 
the American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented 
because their papers would be distributed among several 
journals or not published at all. Papers are reviewed critically 
according to A C S editorial standards and receive the careful 
attention and processing characteristic of ACS publications. 
Volumes in the A D V A N C E S I N C H E M I S T R Y S E R I E S maintain the 
integrity of the symposia on which they are based; however, 
verbatim reproductions of previously published papers are not 
accepted. Papers may include reports of research as well as 
reviews, because symposia may embrace both types of 
presentation. 
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PREFACE 

P O L Y N U C L E A R A R O M A T I C H Y D R O C A R B O N S and heterocycles are quite 
abundant in fossil fuel materials such as coal and petroleum, and insights 
into new chemistry can potentially lead to developments in the areas of 
fuels, lubricants, chemicals, and carbonaceous materials. The study of 
large aromatic hydrocarbons is long-standing, and the symposium upon 
which this book is based was held on the 30th anniversary of a 
symposium, "Polycyclic Hydrocarbons", held in Atlantic City in Septem
ber 1956 and published in Volume 1 of the Preprints of the Petroleum 
Division. We are fortunate to have as one of the contributors to this book, 
Michael Szwarc, who was an author of one of the papers of the 1956 
symposium ("Reactivities of Deformed Aromatic Hydrocarbons"). 

The objective of this book is to present accounts of current research 
in polynuclear aromatic compounds, showing examples of studies both of 
pure compounds and of complex, fossil fuel related mixtures. This book 
is necessarily topical, and we do not seek an encyclopedic coverage as 
may be found in Clars Polycyclic Hydrocarbons or Rodd's Chemistry of 
Carbon Compounds. The combination of basic and applied work is 
deliberate, for there is opportunity for cross-over in both directions. Such 
a combination could be viewed as a loss in focus; as an example, a 
reviewer of the book Chemistry of Engine Combustion Deposits termed 
a chapter on the chemistry of aromatic hydrocarbons "of marginal 
relevance" even though the engine deposits are 90% aromatic carbon. 
However, in the economic climate of the 1980s, investigators in both the 
basic and applied sciences need to be ever more closely linked to ensure 
their mutual success! 

Coverage of aromatic chemistry in the book includes reduction, 
oxidation, and thermal reactions, with applications developed for both 
coal and petroleum materials. Other topics include quantum chemical 
structure-reactivity relationships, spatial configurations of large poly
nuclear hydrocarbons, cyclophanes, and desulfurization of heterocycles. 
The first and the last chapters touch on new frontiers in aromatic 
compounds, including the proposed C e o cluster ("buckminsterfullerane") 
and extensions to hydrogen-poor benzenoid materials, such as calcined 
petroleum coke and graphite. In the future, the chemistry of polynuclear 
aromatic compounds promises to be of relevance to exciting materials 
areas, including amorphous carbon and dense, "diamondlike" films 
(J. Robertson and E . P. O'Reilly, Phys. Rev. B, 1987,35, 2946). 

xi 
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is occurring outside of the United States, and we were fortunate to have 
the support of the Petroleum Research Fund (Grant 18537-SE) and the 
Exxon Education Foundation to bring foreign speakers to Anaheim for the 
symposium upon which this book is based. Finally, in bringing this book 
into existence, we thank the A C S Books Department, especially the 
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1 

New Dimensions in Polynuclear 
Aromatic Compounds 

William C. Herndon 

Department of Chemistry, University of Texas at E l Paso, E l Paso, TX 79968-
0509 

The structures of organic polynuclear aromatic compounds are not 
limited to planar systems of carbon and hydrogen atoms. A classi
fication of three-dimensional aromatic compounds is proposed on the 
basis of the number of recognizable edges (boundaries) in the mo
lecular structure. Aromatic structures with no edges are included in 
this classification; an example is the recently proposed truncated 
icosahedral structure for C60 (Buckminsterfullerene). The current 
literature and activity in the subfield of nonplanar aromatic com
pounds is reviewed. Three-dimensional aromatic compounds are pos
sible tools for use in studies of polynuclear aromatic chemistry, and 
some possible applications to the particular chemical topics presented 
in this book are outlined. 

POLYNUCLEAR AROMATIC COMPOUNDS encompass a large and fascinating 
variety of structural types, even though the prototype substructure is the 
deceptively simple, highly symmetrical, ττ benzenoid ring composed of six 
sp2 hybridized carbon atoms. The possibilities of substitution of heteroatoms 
for one or more carbon atoms and modifications by external substituents 
allow the usual paradigms of structural and synthetic organic chemistry to 
be used to visualize new structures. A n underlying polybenzenoid ring sys
tem, which can be extended in several ways, leads to unlimited numbers of 
structural classes. One expects and finds that the chemistry of polynuclear 
aromatic compounds is correspondingly diverse and complex. Besides aro
matic electrophilic and nucleophilic substitution reactions, polynuclear ar-

0065-2393/88/0217-0001$06.00/0 
© 1988 American Chemical Society 
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2 POLYNUCLEAR AROMATIC COMPOUNDS 

omatic compounds undergo a variety of oxidations, reductive reactions, 
polymerizations, fragmentations, addition reactions, and rearrangements. 

The symposium from which this book was developed (I) and the chapters 
of this book cover a substantial number of topics relating to polynuclear 
aromatic compounds. The largest group of these chapters discusses new 
experimental work related to the chemical reactions and physical properties 
of polynuclear radical anions and dianions (2-7), synthesized mainly by 
metal-mediated reactions. The physically oriented chapters include a de
tailed review of the equilibriums involved in the disproportionation of radical 
anions (2), a study of the crystal structures and electron spin resonance 
properties of alkali aromatic ion pairs (3), and an N M R spectral investigation 
of polynuclear heterocyclic and carbocyclic dianions that discusses paratrop-
icity and antiaromaticity (4). The other chapters in this group are primarily 
concerned with the subsequent chemical reactions of the radical anions. The 
metal-ammonia reduction process involving polynuclear aromatic hydro
carbons is reviewed (5), and the use of reductive alkylation with alkyl iodides 
to investigate the structures of the anionic intermediates is elaborated (6). 
The employment of metal-mediated reactions as a general tool for the syn
thesis of numerous structures containing new carbon-carbon bonds is the 
last chapter in this group (7). 

Three studies on radical cations discuss the characterization of poly
nuclear aromatic radical cation salts as organic metals (8), the reactions of 
cation radicals with neutral radicals (9), and the magnetic-electrical prop
erties of perfluoroaromatic radical-cation salts (10). Chapters on polynuclear 
aromatic compounds in nonvolatile petroleum products ( I I ) and in coal-
based materials (12) present reviews of the subject and new findings. The 
remaining chapters in this book discuss the thermal conversion of polynuclear 
aromatic compounds to carbon (13), the nitration of pyrene by mixtures of 
N 0 2 and N 2 0 4 (14), the spectra, structures, and chromatographic retention 
times of large polycyclic aromatic hydrocarbons (IS) , the desulfurization of 
polynuclear thiophenes correlated with IT electron densities (16); and simple 
theoretical methods to predict and correlate polynuclear benzenoid aromatic 
hydrocarbon reactivities (17). 

The various topics covered in this volume might seem to be more than 
sufficient. However, the aforementioned diversity of the general subject of 
polynuclear aromatic hydrocarbons has ensured that only a small fraction of 
the active areas of research on this topic can be discussed. I have therefore 
chosen as the main purpose of this introductory chapter to highlight an 
additional area of polynuclear aromatic hydrocarbon chemistry that is of 
recent personal interest, namely, nonplanar three-dimensional aromatic sys
tems. The idiosyncracy of this choice is mitigated by significant recent dis
coveries in this subfield that are apropos to other chapters of this book. 
Therefore, at least part of the following discussion may be not only of interest 
but of practical use. 
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1. H E R N D O N New Dimensions 3 

Single-Boundary Three-Dimensional Aromatic Hydrocarbons 

Condensed polycyclic benzenoid aromatic hydrocarbons are customarily re
garded as planar molecular structures because of the geometrical constraints 
of carbon atoms in a state of sp2 hybridization. A well-known exception is 
the class of compounds called the helicenes (18) for which the nonbonded 
overlap of two terminal benzenoid rings in a cata-condensed structure, as 
in structure 1, forces a molecule into a nonplanar helical structure. A second 
exceptional class of compounds is related to corannulene (2) and other an-
nulenes of this type (19, 20). In corannulene, strain associated with the 
pericondensed five- and six-membered rings requires adoption of a bowl-
shaped structure (20, 21). For both structures 1 and 2 the aromatic character 
of the benzenoid rings is retained to an appreciable extent. 

Structures 1 and 2 are examples of what I call single-boundary poly
nuclear aromatic compounds. This somewhat awkward designation distin
guishes such compounds from an additional class (to be discussed later) of 
polynuclear aromatic compounds that have a three-dimensional Archime
dean polyhedral structure with no faces larger than eight carbon atoms. Such 
compounds can be thought of as having a closed ττ electronic surface with 
no definable edges or boundaries. A third class of three-dimensional poly
nuclear aromatic compounds with two distinct boundaries can also be dis
tinguished. The compounds of this class have the topology of a bracelet, as 
shown in structure 3. A n aromatic bracelet of this type was postulated as a 
model for a conducting polyacene polymer by Kivelson and Chapman (23). 

Structure 1 Structure 2 

Structure 3 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

01



4 POLYNUCLEAR AROMATIC COMPOUNDS 

Pascal et al. (24) reported that highly twisted, helical, benzenoid aro
matic compounds (benzenoid ribbons) can be designed in which the axis of 
the helix lies parallel to the aromatic ring planes rather than perpendicular, 
as in the helicenes. The helical geometry is achieved by introducing bulky 
phenyl substituents at the 9- and 18-positions of tetrabenz-
[a,c,fej]anthracene, as shown in structure 4; the resulting degree of twist of 
the anthracene nucleus in this case is 65.7°, as established by X-ray crys-
tallographic analysis. Even with this high degree of strain and nonplanarity, 
the molecule is highly stable because crystals of the compound do not melt 
or discolor when heated above 350 °C. Pascal et al. (24) suggested that it 
may be possible to synthesize polycyclic benzenoid ribbons with twists of 
90° and greater. 

Structure 4 

The realization that polycyclic aromatic compounds are not necessarily 
planar is not a new concept. A book published in 1964 on benzenoid hy
drocarbons (24) contains a chapter on nonplanar, overcrowded, aromatic 
hydrocarbons; this chapter primarily describes high degrees of nonplanarity 
that are due to steric interactions ofhydrogen atoms in benzenoid compounds 
that contain substructures related to benzo[c]phenanthrene (5) (twist angle 
= 31°) or to dibenzo[c,d]phenanthrene (6) (twist angle = ca. 50°) (26-28). 

Structure 5 
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1. HERNDON New Dimensions 5 

Structure 6 

Newman and co-workers (29-34) synthesized many optically active com
pounds related to structures 5 and 6 that contained substituents in the critical 
sterically crowded regions and studied several of their physical properties. 

Structures determined by modern X-ray techniques show that signifi
cant nonplanarities exist in benzenoid compounds of this type. This finding 
infers that nonplanar polycyclic aromatic compounds are quite common. 
Structures 7-9, which have twist angles ranging from 30° to 42°, are examples 
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6 POLYNUCLEAR AROMATIC COMPOUNDS 

Structure 9 

of benzenoid compounds exhibiting significant nonplanarities (35-37). Struc
tures determined by modern X-ray techniques also show that a 1 , 4 - C H - C H 
interaction, such as in phenanthrene, is not a sufficient strain-inducing factor 
to lead to large extents of nonplanarity. This finding is deduced from the 
dihedral angle between the outermost rings in picene (10), which is only 
3.7° (38). 

Structure 10 

Whether the nonplanarity of single-boundary three-dimensional aro
matic hydrocarbons is reflected in predictable changes in physical or chem
ical properties remains to be established. Good test cases could be the rates 
of electrophilic aromatic substitutions (39) or the relative rates of Die l s -
Alder reactions (40). A comparison of the predicted rates with experimental 
measurements, perhaps by using the procedures of Szentpâly and Herndon 
(17) summarized in this book, might provide some new insights into the 
relationships among molecular structure, strain, and reactivity. 

Single-boundary three-dimensional aromatic hydrocarbons do have high 
photoconductivities (41), but the relationship between molecular structure 
and photoconductivity remains unclear. In this regard, the red shift of struc
ture 4 in comparison with the presumably planar parent compound, namely 
tetrabenz[a,c,/i,j]anthracene (24) may be significant. In this book, Fetzer 
(15) gives UV-visible spectra for these kinds of polycyclic aromatic com-
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1. H E R N DON New Dimensions 7 

pounds that could possibly be used to confirm whether or not spectral shifts 
to longer wavelengths due to nonplanarity are common. Fetzer (IS) also 
shows that the chromatographic retention times do seem to decrease as 
nonplanarity (presumably) increases. 

The possibility of preparing radical-cation salts of these nonplanar ar
omatic compounds is an interesting prospect. Many of these compounds 
contain pyrene and perylene substructures, both of which form well-defined 
salts when the procedures outlined and reviewed in the chapter by Enkel-
mann (8) are used. However, the morphologies of crystals of radical-cation 
salts derived from the nonplanar compounds are difficult to envisage. Con
sequently, one cannot be certain that the resulting salts will have useful 
conducting properties. 

Dianions formed by the alkali-metal-mediated reduction of nonplanar 
aromatic compounds should also have a number of interesting properties. 
For example, one of the intriguing ideas advanced by Rabinovitz and Cohen 
(4) in their chapter on N M R properties and paratropicity is that the poly-
nuclear aromatic dianion is partitioned into charged and uncharged com
ponents to reduce destabilizing paratropic effects. The preexisting 
nonplanarity of the ττ system of structures 4-9 might assist this partitioning 
and thereby lead to N M R spectra that would support this viewpoint. How
ever, the effects observed by Rabinovitz and Cohen (4) on the N M R spectra 
may be a result of a geometric change from planarity in the neutral compound 
to nonplanarity in the dianions. Localization of negative charge, reduced 
conjugation, and nonplanarity are simultaneous manifestations of the desire 
of the molecular dianion to ameliorate destabilizing antiaromatic interactions. 

Polyhedral Three-Dimensional Aromatic Hydrocarbons 

Many recent studies focus on the formation and properties of carbon-atom 
clusters (42-50). The initial studies were directed toward obtaining a better 
understanding of the formation of large polyacetylene species in interstellar 
space (51-55). Some of the later work suggests that small three-dimensional 
carbon clusters containing benzenoid rings are involved in soot formation, 
and some detailed mechanisms have been postulated (56). The relationship 
of this work to thermal reactions described in this book by Lewis and Singer 
(13) is not straightforward. However, these experiments with carbon clusters 
suggest a new subfield of polynuclear aromatic chemistry that should be 
interesting to many scientists. 

The clusters can be formed from graphite by laser evaporation, stabilized 
by expansion through a supersonic nozzle, and analyzed as ions by using 
laser ionization and mass spectrometry (42-44). In all of these experiments, 
even-numbered clusters, and in particular a Cgo species, are prevalent and 
presumably relatively stable. Some controversy has developed in regard to 
the effect of experimental conditions or charge on the cluster size distribution 
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8 POLYNUCLEAR AROMATIC COMPOUNDS 

(46, 49); the consensus is that the amount of any one cluster size represented 
in the total carbon ion signal is small. However, the "magic" number of 60 
for the most intense cluster size has been observed by several researchers 
(42-50) under diverse experimental conditions. 

In an early report of this type of research, Kroto et al. (44) suggested 
that the C 6 0 species could be a three-dimensional, spheroidal, aromatic 
carbon compound with connectivity isomorphic to the seams of a soccer ball 
(except in the United States and Canada, a soccer ball is known as a football). 
This truncated icosacosahedral structure (11), with 20 benzene rings and 12 
isolated pentagon rings was tentatively named Buckminsterfullerene ( B M F -
60), although a request for a more concise and sensible name was made. 
This particular structure was postulated because such a species can be formed 
with minimal strain, with no unsatisfied carbon valence, and with a great 
deal of stabilizing resonance energy due to the condensed benzene ring 
substructure. 

Structure 11 

A unique feature of a polyhedral structure of this type is the absence 
of a discernible edge or boundary to the ττ system or to the general molecular 
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1. H E R N D O N New Dimensions 9 

structure. Therefore, carbon allotropes containing a closed-surface IT system 
constitute a new class of polynuclear aromatic compounds. The synthesis 
and study of the properties of such compounds and their heteroatom deriv
atives have generated much interest, and several papers on B M F - 6 0 and 
related structures have been published (57-69). 

The first publication of which I am aware that postulates the existence 
of a truncated icosahedral carbon cluster is a book by Yoshida and Osawa 
(70) that was published in 1971. The first Huckel calculation for BMF-60 
was carried out by Bochvar and Gal'pern (71) and reported in 1973. This 
work is amplified by additional examples of carbon polyhedrons that were 
given in a review (72) published in 1984 on existing and hypothetical crys
talline modifications of carbon. Huckel calculations employing a graphical 
theoretical approach were performed by Davidson (73) for several polyhed
rons, including B M F - 6 0 , and were reported in 1981. 

Various theoretical methods to calculate the electronic properties of 
B M F - 6 0 and some isomers have been employed in more recent work (57-
69). The methods used range from empirical valence-bond resonance theory 
to several types of ab initio molecular orbital calculations. A l l methods agree 
that structure 11 would be highly stabilized and presumably able to exist. 
Apart from these theoretical calculations, a geometrical analysis and cata
loging of possible stable, closed, polyhedral structures up through C 2 4 0 was 
carried out by Klein et al. (74). This work should be of particular interest 
to anyone contemplating additional theoretical or synthetic research in this 
area. 

It is perhaps surprising that all of these published works are theoretical 
in nature and in general limited in scope to B M F - 6 0 and closely related 
isomers. Since a rational synthesis to produce B M F - 6 0 or any related com
pound has yet to be reported, it maybe that the lack of available experimental 
data has discouraged detailed studies of possible structures and mechanisms 
associated with large carbon clusters. In fact, the physical-chemical data on 
carbon clusters are not adequate to fully affirm the general theoretical pre
diction of a probable existence for B M F - 6 0 , and its formation from graphite 
has yet to be rationalized by a detailed and logical mechanism. Only an 
outline of a possible mechanism, shown in Scheme I, has been suggested 

Scheme I 
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10 POLYNUCLEAR AROMATIC COMPOUNDS 

and tested computationally ( M N D O ) by McKee and Herndon (75). Given 
the availability of computational facilities, the limitations of reported quan
tum mechanical calculations are disappointing, and additional investigations 
should be encouraged. 
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Electron Affinities of Aromatic 
Hydrocarbons 
Their Radical Anions and Dianions 

Michael Szwarc 

Department of Chemistry, University of California at San Diego, La Jolla, CA 
92093 

Various thermodynamic and kinetic problems concerning the chem
istry and physics of radical anions and dianions were investigated 
quantitatively by electron photoejection. The approaches described 
allow the determination of the relative electron affinities of various 
aromatic hydrocarbons and the thermodynamics and kinetics of dis-
proportionation of their radical anions into dianions. These ap
proaches also allow the observation of unstable radical anions and 
their isomerization or dimerization. 

AROMATIC HYDROCARBONS may be reduced to radical anions or even to 
dianions by appropriate reagents. Electron capture is conceptually the sim
plest reduction reaction: 

A + e" —» A - (1) 

Here, A is the hydrocarbon to be reduced, e~ is a free electron, and A"~ is 
the radical anion of A. The exothermicity of reaction 1 is referred to as the 
electron affinity of A, and its absolute value is equal to the ionization potential 
of A*~. Positive values of electron affinity imply that aromatic hydrocarbons 
are able to capture free electrons, a phenomenon to be described later. 

Determination of Electron Affinity 

In 1956, Hoijtink et al. (I) reported relative electron affinities of some ar
omatic hydrocarbons. They determined these values by using a potentio-

0065-2393/88/0217-0013$07.00/0 
© 1988 American Chemical Society 
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14 POLYNUCLEAR AROMATIC COMPOUNDS 

metric technique developed for this purpose. In the same year, Paul et al. 
(2) reported electron affinities for the same hydrocarbons reported in ref
erence 1. They determined their values spectrophotometrically by investi
gating equilibriums such as the following: 

A ' " + Β ±5 A + B " (2) 

where A and Β are two aromatic hydrocarbons, and A * " and B*~ are their 
respective radical anions. The two sets of values differed appreciably and 
raised the question as to which technique is more reliable. Both techniques 
were used by Jagur-Grodzinski et al. (3) to determine the electron affinities 
of pyrene, anthracene, and 9,10-dimethylanthracene, and the results from 
both techniques were consistent with each other. This situation indicated 
that the discrepancies between the findings of Hoijtink et al. (J) and Paul 
et al. (2) were caused by factors other than the choice of experimental 
techniques. This chapter will show that the use of different solvents and 
counterions was the cause of the discrepancies just mentioned. The signif
icance of these factors was overlooked in the past, and their importance in 
determining the redox equilibria wil l be discussed now in some detail. 

The potentiometric technique of Hoijtink et al. (I) used the device 
shown in Figure 1. A 50/50 solution of biphenylide and biphenyl was dis
solved in a rigorously dried aprotic solvent. This solution was kept in a buret, 
and the tip of the buret was immersed in a solution of the investigated 
hydrocarbon. The hydrocarbon was dissolved in the same aprotic solvent 
and was kept in an evacuated bulb. The hydrocarbon solution was titrated 
by slowly adding the biphenylide solution to the bulb. Two platinum wires 
were used as electrodes; one was immersed in the solution in the bulb, and 
the other was placed in the buret. The potential established between them 
was measured by a suitable high-resistance galvanometer. The results of the 
titration are depicted in Figure 2 as voltage versus the volume of biphenylide 
solution added. The two plateaus seen in the titration curve correspond to 
the following redox potentials: 

B* + A ±» Β + A ' " (3) 

B - + A * " ±5 Β + A 2 " (4) 

The difference between the two plateaus gives the potential corresponding 
to the following disproportionation equilibrium: 

2 A ' " ±> A + A 2 " (5) 
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2. SZWARC Electron Affinities of Radical Anions à- Dianions 

VACUUM 

15 

1o fr-
SINTER 
PLATE 

PURIFIED 
HELIUM 

10 mL BURETTE 

PLATINUM, 
WIRE 

2mm CAPILLARY 
CAPILLARY TIP 

VACUUM 
3 

Figure 1. The device used in potentiometric titration of aromatic hydrocarbons. 
(Reproduced from reference 3. Copyright 1965 American Chemical Society.) 

In reactions 3-5, Β is biphenyl and A is the hydrocarbon investigated. 
Counterions are not mentioned, although the solution under study, like any 
matter in bulk, has to be electrically neutral. Therefore, some cations 
(Cat +) must be present to balance the negative charges of the anions and 
dianions. 

The following questions arise: Are the oppositely charged ions inde
pendent of each other and able to move freely through the solution, or are 
they aggregated? If they are aggregated, do the aggregates have a unique 
structure, or do they exist in several distinct forms in equilibrium with each 
other? The existence of several, well-characterized aggregates formed in 
organic solvents by association of the oppositely charged ions has been fully 
documented (4). The simplest aggregates are referred to as ion pairs, and 
at least two kinds of ion pairs are recognized: (1) tight or contact ion pairs 
and (2) loose or solvent-separated ion pairs. 
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16 POLYNUCLEAR AROMATIC COMPOUNDS 

0.2 0.4 0.6 0.8 1.0 
volts 

Figure 2. Titration curve: voltage versus milliliters of biphenylide solution 
added. (Reproduced from reference 3. Copyright 1965 American Chemical 

Society.) 

Effect of Aggregation on Redox Potentials 

Aggregation affects redox potentials, that is, equilibriums such as reaction 
3. K _ is the equilibrium constant for the following electron-transfer reaction: 

A ' " + Β ±* A + B -

and K± is the equilibrium constant for the reaction: 

A - , C a t + + Β ±> A + B ' , C a t + 

It follows that 

K ± / K _ = Kdiss,A^diss,B 

(6) 

(7) 

(8) 

where Κ̂ ,Α a n d K D I S S B are the dissociation constants of reactions 9 and 10, 
respectively: 

A - , C a t + ± 5 A ' - + C a t + 

B - , C a t + ± 5 Β " - + C a t + 

(9) 

(10) 
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2. S Z W A R C Electron Affinities of Radical Anions 6- Dianions 17 

The speetrophotometrie technique determines K± whenever the fraction of 
free ions is very low. The concentration of the free ions may be reduced to 
an insignificant level by the addition of some readily dissociated salt sharing 
a common cation with the investigated radical anion. On the other hand, 
the potentiometric technique yields K _ , and its value can be used to calculate 
K± if the necessary dissociation constants are known. These constants may 
be derived from conductometric data (5). For an anthracene and pyrene pair 
incorporating N a + as the counterion and tetrahydrofuran (THF) as the sol
vent, the ratio of equation 8 is only 1.6, which is equivalent to 10 millivolts 
(mV). However, for an anthracene and naphthalene pair, the ratio is 30.3, 
which is equivalent to 90 mV. 

As mentioned earlier, ion pairs can exist in tight (contact) or loose 
(solvent-separated) forms. Whenever both forms are present in a solution, 
K± is directly determined as follows (subscripts t and I denote tight and 
loose forms, respectively): 

= [A]{[B-,Cat+
t] + [B-,Cat+,]} 

* [B] {[A-,Cat+
(] + [A-,Cat+,]} 1 ' 

K± is a weighted average of two redox potentials, namely, K±t and K ± b 

which correspond to reactions 11 and 12, respectively: 

A - , C a t % + Β ± 5 A + B""\Cat+
t (12) 

A * - , C a t +
z + Β ± 5 A + B - ,Cat + ! (13) 

The following relation is then deduced (6): 

K ± = K ± > ( ( 1 + K A ) / ( 1 + K B ) = K±J(1 + K A - 1 ) / ( l + K B - 1 ) (14) 

where KA and KB denote the equilibrium constants of the conversion from 
tight to loose ion pairs shown in reactions 15 and 16, respectively: 

A - , C a t +
i ^ A*-,Cat +, (15) 

B- ,Cat + , B - , C a t + ; (16) 

The effect of ion-pair structure on redox potential is quite considerable (6), 
as revealed by Figure 3. In tetrahydropyran (THP), a relatively poor solvating 
agent, both ion pairs exist in tight form for the temperature range investi
gated. The van't Hoff plot of the equilibrium constant is given by the upper 
curve of Figure 3. The curve rises because the electron affinity of naphthalene 
is larger than that of biphenyl. In 1,2-dimethoxyethane (DME) , a good 
solvating solvent, the pairs are loose, and the equilibrium constant is about 
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18 POLYNUCLEAR AROMATIC COMPOUNDS 

10s T - V K - 1 

Figure 3. Plot of log Kap versus 1 IT for the equilibrium B'~ + Ν ±5 Β + Ν" 
in THP, DME, and THF containing Na+ counterions. Β denotes biphenyl, Ν 
denotes naphthalene, and K a p is the apparent equilibrium constant; tight pairs 
are in THP, and loose pairs are in DME; a change occurs from tight pairs at 
25 °C to loose pairs at -70 °C in THF. (Reproduced with permission from 

reference 6. Copyright 1971 The Royal Society.) 

50 times lower. The loose pairs are more dissociated than the tight pairs; 
therefore, the dissociation constants in the T H P systems show less variation 
than the dissociation constants in the D M E systems. This situation accounts 
for the observed difference between K±t and K ± j / . 

The behavior of the system is most peculiar in T H F , a better solvent 
than THP, but much poorer than D M E . In T H F , the pertinent pairs are 
mostly tight at 25 °C, but they are converted into loose pairs as the tem
perature decreases (the conversion of tight to loose pairs is exothermic). 
Consequently, as the temperature decreases from 25 to -70 °C, K± changes 
from a value equal to K±J (observed in THP) to K±t (observed in D M E ) . A 
curve of such shape is predicted by equation 14. 

The foregoing discussion and the examples given show the important 
effects of solvents and counterions on redox equilibriums. The most dramatic 
effects are seen in the disproportionation equilibriums described by the 
following reactions: 

2 A - ± 5 A + A 2 " (17) 

A - + A - , C a t + ± 5 A + A 2 " , C a t (18) 

2A*" ,Cat + ± 5 A + A 2 " , 2 C a t (19) 
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2. SZWARC Electron Affinities of Radical Anions à- Dianions 19 

The equilibrium constants for reactions 17, 18, and 19 are K 1 7 , K 1 8 , and K 1 9 , 
respectively, and these equilibrium constants differ greatly. For tetraphen-
ylethene [ ( C 6 H 5 ) 2 C = C ( C 6 H 5 ) 2 ] , which wil l be denoted by T, all three con
stants are k n o w n . T h e y were d e t e r m i n e d f r o m the resul ts of 
spectrophotometric studies (7) of the system T , T * " , N a + and T 2 ~ , 2 N a + in 
T H F , in conjunction with the conductometric studies that led to the values 
of Kdiss,i and Kdi S S ,2 f ° r reactions 20 and 21, respectively: 

T - , N a + ± ? T - + N a + (20) 

T 2 ~ , 2 N a + ± 5 T 2 - , N a + + N a + (21) 

The absorption spectra of T'~ and T 2 ~ were determined. From the spectra 
of the mixtures of T, T*~, and T 2 ~, the apparent equilibrium constants, K a p , 
were calculated: 

K a p = {[total T] [total T2"]}/[total T*~] 2 (22) 

The dependence of K a p on the equilibriums of reactions 18 and 19 leads to 
the following relationship: 

1/K a p
1 / 2 = 1/K 1 9

1 / 2 + (K d i s s , 2
1 / 2 /K 1 9

1 / 4 )([T][totalT 2 -])- 1 / 4 (23) 

Hence, plots of 1/K a p^ versus ([T][total T 2 ~])" 1 / 4 , shown in Figure 4, provide 
the values of K 1 9 and K d i s s 2 for the three temperatures investigated. Direct 
conductometric studies confirmed the value of Kdi S S ,2 derived from Figure 4, 
and they also provided the value of Κ ^ χ . Because K 1 9 / K 1 8 = KdissilΚ^2, 
the value of Km was determined, too. These results are summarized in the 
following table: 

Temperature 
(°C) K i 9 K J 8 

20 400 3.2 
0 39 0.72 

-20 2.6 0.10 

Figure 5 shows the temperature dependence of disproportionation of 
the sodium salts of radical anions of tetraphenylethene. Several conclusions 
may be drawn from these data. Both disproportionations are endothermic, 
as shown by their enthalpy changes (ΔΗ): ΔΗ 1 8 = 19 ± 2 kcal/mol, and 
ΔΗ 1 9 = 13 ± 2 kcal/mol. These observations may not be surprising because 
the electron-electron repulsion in the dianion may account for the endo-
thermicity of the disproportionation. However, the large entropy gain (AS) 
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20 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 4. Plots of (Kap)~m versus ([T][T2~])"1/4 for the disproportionation 2 
Τ~ ±+ Τ + T2~ in THF containing Na+ counterions at 20, 0, and -20 °C. Key: 
o, data from reference 7; •, data from reference 24. (Reproduced from ref

erence 7. Copyright 1965 American Chemical Society.) 

found for these processes, namely, 75 entropy units (eu) for àSl8 and 45 eu 
for AS 1 9 , may be surprising. The entropy gain is attributed to desolvation 
of the N a + ions as the presumably loose pairs of radical anions are converted 
into tight associates of the dianions. The geometry of the radical-anion pair 
of tetraphenylethene, its C = C bond still rigid, prevents the close approach 
of N a + ions to the bulky ends of the C = C bond. This situation accounts for 
the loose structure of the aggregate and allows for a full solvation of the 
cation by the molecules of T H F . The doubly negative charge of the dianion 
and the release of rigidity of the C = C bond, which permits its twisting (see 
structure 1), result in a close approach of the N a + ions to the carbanions. 

Structure 1. Two views of the shape of the tetraphenylethene dianion. 
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2. SZWARC Electron Affinities of Radical Anions b- Dianions 21 

This condition causes desolvation of the N a + ions and therefore a substantial 
gain of entropy of disproportionation. In view of this observation, the entropy 
changes in disproportionation of other aromatic hydrocarbons were inves
tigated. 

Thermodynamics of Disproportionation 

The thermodynamics of disproportionation can be readily studied with the 
device shown in Figure 6 (8). The device is composed of two bulbs linked 
by a narrow tube closed on both ends by sintered plates to prevent diffusion 
of solutions from one bulb to the other. One bulb contains a 50/50 solution 
of the hydrocarbon investigated and its radical anion in an ethereal solvent, 
whereas the other bulb contains a 50/50 solution of the radical anion and 
its dianion in the same solvent. Two platinum wires inserted in the bulbs 
act as electrodes, and the connecting tube, forming a liquid junction, is filled 
with a concentrated solution of a salt that contains the same cation as the 
solutions of the radical anions and dianions. The whole unit is evacuated 
and immersed in a Dewar flask containing a liquid kept at constant tern-
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22 POLYNUCLEAR AROMATIC COMPOUNDS 

perature. A voltmeter of high resistance measures the potential established 
between the electrodes, which is equal to the redox potential of dispropor
tionation, provided that the potential of the liquid junction is negligible and 
K d i s p « 1. 

The potentials are recorded for a series of alternately rising and de
creasing temperatures. The results are reproducible. Plots of the measured 
potential (Ae) versus t (°C) and of log K d i s p versus 1/Γ (K) are shown in 
Figures 7 and 8. The slope of Ae versus t gives AS of disproportionation, 
and the slope of log Kdisp versus 1/T gives the corresponding A H . The A H 
and AS values of disproportionation of radical anions of perylene in T H F 
with different alkali cations are given in the following table (8): 

Temperature Range ΔΗ AS 
Cation CO (kcal/mol) (eu) 

L i + -55 to -40 13.6 0 
L i + Oto +25 16.2 13.1 
N a + -55 to +25 27.2 65.8 
K + -55 to +25 14.2 22.2 
C s + -55 to +25 11.0 15.1 

The nonmonotonic changes of A H and AS are the most interesting 
features of this table. The solvation of the small L i + cation is very strong. 
This cation retains its solvation shell at low temperatures, whether it is 
associated with a radical anion or with a dianion; however, it loses some 
solvent molecules when the disproportionation takes place at ambient tem
perature. The larger N a + cations keep their solvation shells when associated 
with radical anions but lose them when associated with dianions; this situation 
accounts for the large gain in entropy upon disproportionation. The big K + 

and C s + cations are poorly solvated by T H F whether they are free or as
sociated with radical anions or dianions. Hence, not much entropy is gained 
by disproportionation. These conclusions about the state of solvation of alkali 
cations in T H F were reported previously (9) and were deduced from the 
values of Stokes radii of these cations in T H F . For example, conductometric 
studies (9) led to the determination of the Stokes radius of the N a + cation 
in T H F as >4 A , but the radius of the large C s + cation was found to be only 
2.2 A . 

The importance of AS of desolvation in disproportionation was reviewed 
in the foregoing discussion. However, the energetic effects resulting from 
the interaction of the cations with the negative species are even more im
portant in increasing K d i s p to values as high as a million. Table I shows the 
range of K d i s p observed for naphthacene in various solvents containing dif
ferent cations. 

The crowding of two electrons into one orbital leads to a large increase 
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2. SZWARC Electron Affinities of Radical Anions i? Dianions 23 

Figure 6. Device for determining the disproportionation constants of aromatic 
hydrocarbons as a function of temperature. (Reproduced from reference 8. 

Copyright 1977 American Chemical Society.) 

in repulsion energy amounting to more than 100 kcal/mol; thus, the ΔΗ of 
disproportionation is relatively low. However, the simple model depicted 
by Scheme I provides the basic reasons for more favorable disproportionation 

2A:Cot + - A 2 , C a t + 

2 Θ Θ Θ 

2e% AeVà 

Scheme L The effect of Coulombic forces on the disproportionation of 
salts of radical anions. 
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Figure 7. Plots of Ae versus t and of log versus 1 IT for K+, Nap" in 
THF. Nap" denotes the naphthacene radical anion. (See text for description 
of the slopes.) (Reproduced from reference 22. Copyright 1978 American 

Chemical Society.) 

3J 4J> 4i 10 , 
t 1 ! ι 

PERYlÉNE.OME.C i - ι 

- l o g K 0 | S ? 

T/°C 

1 1 1 1 1 1 1 1 1 1 
•50 -40 -30 -20 -K> 0 10 20 30 40 

Figure 8. Plots of Ae versus t and of log Kdisp versus 1 IT for C s + , Pe*~ in DME. 
Pe'~ denotes the perylene radical anion. (See text for description of the slopes.) 
(Reproduced from reference 22. Copyright 1978 American Chemical Society.) 
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2. SZWARC Electron Affinities of Radical Anions 6- Dianions 25 

Table I. Κ&Ρ of Naphthacene in Various Solvents 
Containing Different Cations at 25 °C 

Solvent11 Cation Kdisp 

D M E N B u 4
+ ΙΟ" 1 3 

THF L i + 5.8 x 10~9 

THF Na + 1.0 X 10~5 

THF K + 4.6 Χ 10"6 

THF Cs + 3.2 x 10~6 

DOX L i + 6.6 X 10"2 

DOX Na + 6.5 X 10~2 

DOX K + 1.1 Χ ΙΟ"2 

DOX Cs + 6.5 x 10"3 

EE L i + 1.6 X 10 
E E Na + 1.2 Χ 10"1 

PhH L i + ~106 

a D O X is dioxane, E E is ethyl ether, and PhH is benzene. 

in spite of the aforementioned electron-electron repulsion. Assume that the 
interaction between the anions and the cations in the pertinent aggregates 
is Coulombic and that the distance r separating the anions from the cations 
is the same in the radical anions as in the dianions. Then, the gain in 
Coulombic energy is 

2(2e2/r) - 2(é?2/r) - e2/2r = (3/2>2/r (24) 

where e is the charge of an electron. This gain in energy amounts to more 
than 100 kcal/mol for r = 4 A. In reality, the distance r is smaller in dianions 
than in radical anions, especially when the disproportionation results in the 
conversion of loose pairs into tight ones. Therefore, disproportionation con
stants as high as 10 6 are not surprising. 

The tendency for disproportionation should be favored by localization 
of the negative charge in a relatively small space; hence, K d i s p should increase 
as the size of the aromatic hydrocarbon decreases. This relationship is sup
ported by the following values of K d i s p for the indicated hydrocarbons in the 
system L i + , A " ~ in ethyl ether at 25 °C (JO): 1270, naphthalene; 1200, bi-
phenylene; 42, anthracene; 16, naphthacene; 0.76, perylene; and 0.27, py-
rene. These data are presented graphically in Figure 9. 

Thus, three factors favor disproportionation: (1) the increase in entropy 
resulting from the conversion of loose pairs into tight pairs, (2) the Coulombic 
interaction of cations with anions, and (3) the increase in tightness of aggre
gates resulting from expulsion of molecules of solvents that have relatively 
low solvating power. 

Finally, the enormous range of the values of K d i s p requires the use of 
different experimental techniques to determine these values. For values of 
^disp between 10" 1 6 and 10 ~ 2, potentiometric or polarographic techniques 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

02



26 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 9. ?ht of log ofLi+ salts of radical anions of aromatic hydrocarbons 
in ethyl ether versus the average Coulombic interaction energy of the negative 
charge with cations. The average energy is calculated as Xe2pilrii where the 
electron charge (e) is the charge of an electron. Pi is the Hùckel charge density 
on the ith carbon, and Τι is the distance of the ith carbon from the cation 
located 4 A above the center of the pertinent hydrocarbon. (Reproduced from 

reference 10. Copyright 1976 American Chemical Society.) 

are applicable; for values between 10" 2 and 102, spectrophotometric methods 
are the most convenient; and for values between 102 and 106, electron spin 
resonance (ESR) techniques are used. ESR techniques take advantage of 
the radical anions being the only paramagnetic species in the systems studied 
and therefore the only species detected by ESR. Because the concentration 
of radical anions is low when K d i s p > 102, their presence hardly affects the 
optical spectra of the investigated solutions; this situation allows for spec
trophotometric determination of the concentration of the dianions. 
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2. SZWARC Electron Affinities of Radical Anions b- Dianions 27 

Kinetics and Mechanism of Disproportionation 

The kinetics of disproportionation is conveniently studied by flash photolysis, 
A flash of visible light leads to the photoejection of electrons from radical 
anions or dianions (II). Consider an equilibrated system involving an aro
matic hydrocarbon, its radical anion, and its dianion. A flash of light ejects 
electrons from the dianions and radical anions to convert the dianions into 
radical anions and the radical anions into the parent hydrocarbon. The 
ejected electrons are rapidly captured, mainly by the hydrocarbons; this 
process converts the hydrocarbons into radical anions in less than a few 
milliseconds. The following cases should be considered: 

Case 1. K d i s p « 1; A and A*~~ present; negligible A 2 ~ : 
A * - + hv —> A + e~ 
A*~ + e~ —» A 2 " (after flash too many A 2 - and A) 
A 2 - + A—» 2A*~ (relaxation) 

Case 2. K d i s p > > 1; A and A 2 ~ present; negligible A"~: 
A 2 " + ftv-» A * " + e~ 
A + e~ —» A"~ (after flash too many A " - ) 
2A*~ —» A + A 2 ~ (relaxation) 

Case 3. Any K d i s p ; A'" and A 2 " " present; negligible A: 
A ' " + hv -r> A + e~ 
A'~ + e~ —> A 2 - (after flash too many A 2 " and A) 
A 2 " + A —> 2A*~ (relaxation) 

The flash perturbs the disproportionation equilibrium regardless of the 
composition of the system, and the relaxation to equilibrium allows the 
kinetics of disproportionation to be studied. A typical difference spectrum, 
recorded at 25 after a flash of perylene radical anions (Pe~), is shown in 
Figure 10. This spectrum reveals an increase in concentration of perylene 
and its dianions and a decrease in concentration of perylene radical anions. 
Kinetic data are provided by the return of the absorbance signal at any 
maximum wavelength (Xm a x) to the base line. The results, in conjunction 
with the known fC d i s p , allow calculation of kx ( A 2 - + A—» 2A"~) and k2 (2A*~ 
—> A 2 - + A), which are the forward and backward disproportionation con
stants, respectively (12,13). Some constants derived from such experiments 
are collected in Table II. For Kdisp « 1, the rates of the exothermic electron 
transfer from dianions to their parent hydrocarbons are close to the diffusion 
limits; on the other hand, the rate constants of disproportionation are de
termined by the equilibrium constants. However, for larger K d i s p that are 
still <1, even the exothermic electron-transfer reaction requires activation 
energy, presumably because of changes in the degree of solvation. For Κ ώ 5 φ 

> 1, kl is larger than Jt2. 
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28 POLYNUCLEAR AROMATIC COMPOUNDS 

400 500 600 700 

Figure 10. The difference spectrum of flashed solution ofNa+,Pe" in THF 100 
μ« after a flash. Note the bleaching due to photodissociation of the perylene 
radical anion and the absorbance resulting from the formation of an excess of 
perylene. (Reproduced with permission from reference 23. Copyright 1976 

North-Holland. ) 

React ion of Sodium Salt of Naphthacene Dianions w i t h N a -
phthacene. A n example of electron transfer that reveals the role of sol
vation in such a process is the reaction of the sodium salt of naphthacene 
dianions (Nap 2 - ) with naphthacene (Nap) in benzene (15). To increase the 
solubility of this salt in benzene, small amounts of T H F are added to the 
solution. Apparently, more molecules of T H F solvate the N a + cations as
sociated with naphthacene radical anions (Nap"~) than the N a + cations ag
gregated with N a p 2 " dianions. Hence, the disproportionation equilibrium 
for this system is described by the following reaction: 

2 ( N a p - , N a + , n T H F ) ±» Nap + (Nap 2 - , 2Na + , 2mTHF) + 2(n-m)THF (25) 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

02



2. SZWARC Electron Affinities of Radical Anions ir Dianions 29 

Table II. Rate Constants (k\ and k2) for the Disproportionation of Perylene 
Radical Anions in Various Solvents Containing Different Counterions at 25 °C 

Solvent Counterion k 2 (M-s) k2 (Ms) 

THF L i + 3.6 x 10 6.3 x 109 

THF Na + 5.5 x 104 5.5 x 109 

THF K + 3.0 x 104 6.5 x 109 

THF Cs + 2.5 x 104 7.8 x 109 

DOX L i + 6.0 x 106 1.1 x 108 

DOX Na + 2.0 x 107 3.1 x 108 

DOX K + — — 
DOX Cs + — — 
EE L i + 5.9 x 107 3.6 x 106 

E E Na + 2.4 x 108 2.0 Χ 109 

NOTE: — indicates that the relaxation was too fast to be observed. SOURCE: Adapted from 
reference 14. 

where η > m. The disproportionation equilibrium constant corresponding 
to reaction 25 is the following: 

^disp = [ N a p ] [ N a p 2 - , 2 N a + ] / [ N a p - 5 N a + ] 2 / [ T H F ] 2 ( m - n ) (26) 

The apparent disproportionation constant corresponding to reaction 25 is 
the following: 

K d i s p a = [Nap] [Nap 2 - , 2Na + ]/[Nap- ,Na + ] 2 (27) 

The plot of log K d i s p a versus log [THF] shown in Figure 11 is linear and has 
a slope of - 2 . This result implies that m - η = 1, that is, one additional 
molecule of T H F solvates each N a + cation as the dianions of naphthacene 
are converted into radical anions. 

Two routes are available for reaction 25, as shown by Scheme II. Either 
the fully solvated radical anions disproportionate and yield the oversolvated 
dianions, which in turn rapidly desolvate (route b), or the fully solvated 
radical anions become desolvated and then in a rate-determining step 
undergo disproportionation (route a). Because the concentration of T H F is 
relatively high (10~ 2 -10 _ 1 M) and the concentrations of Nap and its reduction 
products are on the order of 10" 6 M , the properly solvated species, namely, 
N a p " ~ , N a + , ( n + l ) T H F and N a p 2 " , 2 N a + , 2 n T H F , remain in equilibrium 
with their under- or oversolvated counterparts. Hence, the rate of the for
ward reaction through route a is determined by fc2^a/[THF]2; that is, the 
rate is retarded by T H F . However, the rate of the corresponding backward 
reaction that is governed by k_2 is independent of [THF], For the dispro
portionation proceeding through route b, the rate of the forward reaction 
that is governed by kx is also independent of [THF]. However, the rate of 
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Figure 11. Plot of log K d i s p e versus log [THF] for Na+,Nap" in benzene. The 
slope is -2. (Reproduced from reference 15. Copyright 1976 American Chem

ical Society.) 

the corresponding backward reaction is proportional to fc.^THF]2/^; that 
is, the rate is accelerated by T H F . Thus, kinetic studies of this dispropor
tionation allow these two alternatives to be distinguished, and the results 
demonstrate that the reaction proceeds through route b. 

2 N a p - , N a + , ( n + 1)THF ± 5 Nap + N a p 2 " , 2 N a + , ( n + 1)THF 

(a) 1| K a (b) J! Kh 

2 N a p - , N a + , n T H F + 2 T H F ±k Nap + N a p 2 - , 2 N a + , n T H F + 2 T H F 

Scheme II. 
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Flash Photolysis of B a 2 + , Nap 2 " . Another example of mechanistic 
studies of disproportionation is furnished by flash photolysis of B a 2 + , N a p 2 - . 
The equilibrated system of Nap and B a 2 + , N a p 2 " contains an extremely low 
concentration of radical anions present in the form of an equimolar mixture 
of Nap*" and B a 2 + , N a p ' - . A flash of light ejects electrons from B a 2 + , N a p 2 - , 
which are then captured by Nap. Thus, Nap" - and B a 2 + , N a p * - are the 
primary products of photolysis. The return to equilibrium results either from 
the collision of Nap* - with B a 2 + , N a p * - from the right 

B a 2 + , N a p * " 4- Nap*" ±* B a 2 + , N a p 2 " + Nap (28) 

or from the left 

Nap* - + B a 2 + , N a p * - ±* N a p * - , B a 2 + , N a p * - (29) 

followed by the intramolecular transfer and the dissociation 

N a p * - , B a 2 + , N a p * - ± 5 Nap + B a 2 + , N a p 2 " (30) 

The distinction among these alternatives is feasible if the dissociation (re
action 30) and therefore the association are slow in comparison with the rate 
of the electron transfer (reaction 29). 

Other Studies Using Flash Photolysis. Flash photolysis allows the 
study of direct electron capture (17). A flash of light may eject an electron 
from A"~ ,Cat + , for example. The primary products are a solvated electron 
(e~) and an adduct (A,Na + ) . The adduct may dissociate before electron 
capture and lead to the following reaction: 

A + e~ A * " (31) 

Or, e~ may be captured by C a t + and yield an alkali atom (Alk), which in 
turn wil l react with the aromatic hydrocarbon: 

A + A l k ^ A * - , C a t + (32) 

Such reactions can be investigated by pulse radiolysis. 
Studies of gaseous electron capture taking place in a plasma were re

ported by Wentworth et al. (18). The equilibrium established in a plasma 
between e~, A , and A * " allowed the determination of the absolute electron 
affinities of the aromatic hydrocarbons in the gas phase. 

The rates of electron transfer between an aromatic radical anion, for 
example, B * - , C a t + , and a hydrocarbon, A, of higher electron affinity than 
Β were studied by flash photolysis (11). Flashing a mixture of A * - , C a t + with 
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32 POLYNUCLEAR AROMATIC COMPOUNDS 

Β of lower electron affinity than A yields B* , C a t + and A, and the return to 
the initial state is then recorded on an oscilloscope. 

Unstable Radical Anions 

Isomerization. Finally, some investigations of unstable radical an
ions wi l l be discussed. Radical anions of ds-stilbene rapidly isomerize to 
radical anions of frans-stilbene; therefore, their spectra or relative electron 
affinities cannot be studied by conventional techniques. Flashing a solution 
of perylene radical anions mixed with ds-stilbene yields cis-stilbene radical 
anions, which persist for 200-300 before the ejected electrons are re
captured by the perylene formed by the photolysis. The difference spectrum 
of the photolyzed solution is shown in Figure 12. The concentration of the 
eis-stilbene radical anions formed can be determined by the degree of bleach
ing the absorption peak of the perylene radical anions. The absorption spec
trum of cis-stilbene radical anions can also be determined in this way (19). 
Similar experiments, results of which are shown in Figure 13, permit the 
determination of the absorption spectrum of trans-stilbene radical anions. 
Because this spectrum has been established by other methods, the reliability 
of the flash-photolytic method can be determined by comparing the differ-

Figure 12. Difference spectra of a flashed solution ofNa+,Pe'~ in THF con
taining cis-stilbene recorded as time progressed after the flash. (Reproduced 

from reference 19. Copyright 1977 American Chemical Society.) 
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Figure 13. The same series of spectra shown in Figure 12 but for trans-stilbene 
instead of cis-stilbene. (Reproduced from reference 19. Copyright 1977 Amer

ican Chemical Society.) 

ence spectrum with the established spectrum. Both spectra are depicted in 
Figure 14. The spectra differ mainly in their intensity; that is, the extinction 
coefficient at X m a x is much greater for irans-stilbene than for cis-stilbene (19). 

The molar absorbances of both isomeric radical anions of stilbene can 
be used to determine the equilibrium constant of the following process: 

ds-stilbene* - + frans-stilbene cis-stilbene + frans-stilbene* - (33) 

A solution of perylene radical anions containing a 1:1 mixture of cis- and 
trans-stilbenes is flash photolyzed. The ejected electrons are captured by 
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Figure 14. Absorption spectra of cis- and trans-stilbene radical anions deter
mined by flash photolysis. (Reproduced from reference 19. Copyright 1977 

American Chemical Society.) 

the stilbenes to form their radical anions. Because the parent hydrocarbons 
are present at a relatively large concentration, the relaxation time of equi
librium (reaction 33) is extremely short and is maintained all the time. Hence, 
the extent of absorption at X m a x of stilbene radical anions, compared with 
the bleaching of perylene radical anions, determines the ratio of the cis-
stilbene radical anion to the trans-stilbene radical anion because the ex
tinction coefficients of both isomers are known. This ratio gives the equilib
rium constant of reaction 33, which is about 5. 

Dimerization. The last problem to be discussed concerns the radical 
anions of 1,1-diphenylethene [ ( C 6 H 5 ) 2 C = C H 2 ] , which wil l be denoted by 
D . These radical anions, like most radical anions of ethylene derivatives, 
undergo rapid dimerization to yield their respective dimeric dianions: 

2D ± 5 ( C 6 H 5 ) 2 C C H 2 C H 2 C ( C 6 H 5 ) 2 = ~ D D ~ (34) 

The dinners are stable and do not add D because of excessive steric strain. 
A solution of the dimers containing unreduced D is flash photolyzed. The 
dimers decompose to form radical anions of D , as revealed by the difference 
spectrum shown in Figure 15. In the dark period following the flash, di -
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2. SZWARC Electron Affinities of Radical Anions 6- Dianions 35 

Figure 15. The difference spectrum of flashed dimeric dianions of 1,1-diphen-
ylethene and the absorption spectrum of radical anions of 1,1-diphenylethene. 
(Reproduced from reference 20. Copyright 1977 American Chemical Society.) 

merization of the radical anions occurs. The reaction proceeds according to 
second-order kinetics (20), as demonstrated by the plot of the reciprocal of 
optical density versus time shown in Figure 16. The rate constants of di 
merization depend on the nature of the counterions. Dimerization constants 
[(mol-s)"1 Χ 108] of D radical anions in T H F at 25 °C are as follows for the 
indicated counterions: 1.2, L i + ; 3.5, N a + ; 10.0, K + ; and 30.0, C s + . 

The relative electron affinity of D was determined by a procedure similar 
to that used in studies of the stilbenes (20). A solution of ~ D D ~ containing 
a mixture of biphenyl (B) or triphenylene (Tr) and D of predetermined 
proportions was flashed. The ejected electrons were captured by D or by Β 
or Tr, and the following equilibriums were established: 

D ' + Β ± 5 D + B' (35) 

D - + Tr ±5 D + T r " (36) 

These equilibriums are established and maintained during the dimerization 
of D"~. The addition of Β or Tr slows the bimolecular dimerization because 
the concentration of D*~ is reduced as a result of the equilibriums of reactions 
35 and 36. The decrease of the slope of the curve 1/(optical density) versus 
time, compared with that seen in Figure 16, that is obtained, in the absence 
of the added hydrocarbons, provides the data needed to determine the 
equilibrium constants of the equilibriums of reactions 35 and 36. Because 
the relative electron affinity of Β or Tr is known, the electron affinity of D 
can be calculated. However, it depends on the cation; for example, for N a + 

in T H F , Δ€ for D and Tr is 24 mV. The redox potential of D is higher than 
that of Β but lower than that of Tr. 
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Figure 16. The plots of 1/optical density of a bleached solution of the dimeric 
dianions of 1,1-diphenylethene as a function of time recorded at various \maX 

of the difference spectrum. (Reproduced from reference 20. Copyright 1977 
American Chemical Society.) 

Summary and Conclusions 

This review described a range of problems, both thermodynamic and kinetic, 
that can be studied quantitatively by using the phenomenon of electron 
photoejection. It is hoped that the approaches described wil l be used by 
other researchers to solve some of the problems related to the chemistry 
and physics of radical anions and dianions. 
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Single Crystals of Alkali Aromatic Ion 
Pairs 

E. de Boer and M. C. M. Gribnau 

Research Institute of Materials, University of Nijmegen, Toernooiveld, 6525 E D 
Nijmegen, The Netherlands 

The preparation and the crystal structures of single crystals of alkali 
aromatic ion pairs are discussed. A close relationship was found 
between the ion-pair structures in solution and in the solid state. The 
physical properties of the pseudo-two-dimensional magnetic alkali 
biphenyl crystals are reviewed. The effect of spin diffusion manifests 
itself clearly in the line width and line shape of the exchange-narrowed 
electron spin resonance (ESR) line. The monoanions of cycloocta-
tetraene, produced by X-ray irradiation, rotate rapidly about their 
eightfold axes. At 20 Κ this rotation is frozen, and an alternating 
spin density distribution is found around the ring. The equilibrium 
position of the monoanion is rotated by 22.5° compared with the 
equilibrium position of the dianion. 

TWO D I S T I N C T F O R M S OF I O N PAIRS IN S O L U T I O N were suggested by Sadek 
and Fuoss (1) and Winstein et al. (2) in 1954. These forms are now customarily 
referred to as either (a) loose or solvent-separated ion pairs or (b) tight or 
contact ion pairs. During the past few decades, these species have been 
studied in great detail with optical and magnetic resonance techniques and 
conductivity methods. Numerous experiments carried out by Szwarc (3) 
showed that ion pairs are well-defined chemical species with their own 
physical properties. For instance, the rate of anionic polymerization reactions 
can change by a factor of 103 from "free" (unassociated) solvated ionic species 
to completely associated ones (3). 

The information obtained about ionic structures in solution is necessarily 
indirect. This information has been inferred from shifts in absorption bands, 
changes in chemical shifts, hyperfine splitting constants, changes in con-

0065-2393/88/0217-0039$06.0070 
© 1988 American Chemical Society 
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40 POLYNUCLEAR AROMATIC COMPOUNDS 

duetance as concentration changes, and from a detailed analysis of measured 
line widths. To obtain direct information about ionic structures in solution, 
we attempted to prepare single crystals of alkali aromatic ion pairs. In 1970 
Canters et al. (4) succeeded in preparing single crystals of the paramagnetic 
alkali biphenyl (Bp) ion pairs. Their crystal structures were successfully 
elucidated by X-ray diffraction. They appeared to be loose or solvent-sep
arated ion pairs. Later, single crystals of potassium cations and cycloocta-
tetraene (COT) anions (5) and rubidium cations and C O T anions (6) were 
prepared. Their crystal structures were classified as tight or contact ion pairs. 

In this chapter we shall review the crystal structures and physical prop
erties of the paramagnetic alkali biphenyl ion pairs, namely, sodium cations 
and Bp anions in triglyme (NaBp-2Tg; Tg = triglyme - C H 3 0 -
( C H 2 C H 2 0 ) 3 C H 3 ) , potassium cations and Bp anions in tetraglyme 
(KBp-2Ttg; Ttg = tetraglyme = C H 3 0 ( C H 2 C H 2 0 ) 4 C H 3 ) , and rubidium 
cations and Bp anions in Ttg (RbBp-Ttg). Furthermore, we shall discuss the 
crystal structures of the diamagnetic ion pairs of potassium cations-COT 
anions and rubidium cations-COT anions. Irradiation of these crystals by 
X-rays produces the monoanion of COT. We wil l discuss its physical prop
erties. Finally, we shall briefly describe the crystal structure of sodium 
cations and terphenyl anions in tetrahydrofuran (Na 2Tp- 6THF, where Tp 
= terphenyl and T H F = tetrahydrofuran). The crystal structures of the ion 
pairs confirm the predictions made for them in solution. 

Experimental Details 

All combinations of alkali metals with biphenyl were investigated in seven different 
solvents, namely, tetrahydropyran (THP), THF, 2-methyltetrahydrofuran, 1,2-di-
methoxyethane), diglyme (Dg), Tg, and Ttg. Only four combinations produced single 
crystals: LiBp in THP, NaBp in Tg, KBp in Ttg, and RbBp in Ttg. All of these crystals 
are deep blue. The crystals of LiBp-THP form diamond-shaped plates and can grow 
to about 4 X 15 X 15 mm. However, these crystals are very difficult to handle 
because of the high volatility of the solvent molecules. In a non-solvent-saturated 
atmosphere, these crystals lose solvent molecules and subsequently decompose. 
Decomposition is no problem for the crystals containing glyme molecules because 
of the low vapor pressure, although the extreme sensitivity of the crystals to air and 
moisture must be accommodated. The NaBp*2Tg crystals form rectangular-shaped 
plates and can grow as large as 2 Χ 7 Χ 25 mm. The KBp-2Ttg crystals form closely 
packed small plates, and the RbBp-2Ttg crystals are needles about 1 mm thick and 
5-7 mm long. The NaBp crystals melt at about 55 °C, but the crystals of the other 
three systems decompose before melting because the solvent evaporates upon heat
ing. 

To prepare the aforementioned single crystals, solutions containing 0.5-1.0 M 
alkali biphenyl in the appropriate solvents were cooled from 30 °C at a rate of 
1 °C/h. Because the anions are sensitive to air and moisture, vacuum techniques, 
as described in the literature (7) were applied. For the X-ray and magnetic meas
urements, the crystals were mounted in thin glass capillaries with the aid of a 
glovebox, which contains less than 1 part per million (ppm) of oxygen and water. 
Because of the low melting points, the manipulations were carried out at about 
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3. DE BOER & GRIBNAU Single Crystals of Alkali Aromatic Ion Pairs 41 

-20 °C. For this purpose, a silver-plated table, cooled by an ultracryostat, was used. 
The thin-walled tubes were fixed onto this table. The crystals were pushed into these 
tubes with a thin constantan wire, and the tubes were then sealed with a hot tungsten 
wire. 

Single crystals of COT were prepared in the following way. To a 0.8 M alkali 
(K or Rb) COT solution in THF, a mixture of diglyme and THF (1:2) was slowly 
added. After 1 day, purple single crystals separated from the solution. To get large 
single crystals ( 5 x 5 x 3 mm), the small crystals were recrystallized from THF 
under vacuum. The THF was evaporated very slowly from the solution by maintaining 
a temperature difference of 0.5 °C between the solution and the distillate. The 
temperature difference was kept constant by two copper blocks that could be cooled 
or heated. The heating current was controlled by a feedback system with thermistors 
as temperature probes. 

The single crystal of Tp was prepared by slowly cooling a solution of Na2Tp in 
THF in the same fashion as the alkali biphenyl solutions were cooled. 

Crystal Structures ofNaBp-2Tg, KBp-2Ttg, and RbBp-2Ttg 

Figure 1 presents stereoscopic views of the unit-cell contents, and Table I 
gives a compilation of the crystallographic data. A l l crystals can be charac
terized as solvent-separated ion pairs. The alkali ions are spherically sur
rounded by two glyme molecules and coordinated to 8 [NaBp, (8)] or Bp (9) 
and RbBp (10)] oxygen atoms. N M R experiments suggested (11, 12) that 
solvent-separated ion pairs also exist in solution. These structures do occur 
in the solid state, and the X-ray diffraction experiments allow a clearer and 
more detailed understanding of solvent-separated ion pairs. Figure 1 illus
trates that the biphenyl anions and the alkali glyme clusters are located in 
separate regions in the unit cell. The biphenyl anions bearing the unpaired 
spin are lying in a plane. The physical consequences of this arrangement 
wil l be discussed in the next paragraph. 

In contrast with the neutral molecule in the solid state (13), the biphenyl 
anions are not planar; the dihedral angle in NaBp is 7.3°, in RbBp it is 9.4°, 

Table I. Crystallographic Data for NaBp-2Tg, KBp-2Ttg and RbBp-2Ttg 

NaBp-2Tg KBp-2Ttg RbBp-2Ttg 
Parameter0 (at 146 K) (at 120 K) (at 100 K) 

Mw 533.7 565.8 621.2 
α (A) 11.721(2) 9.654(3) 30.68(2) 
b(k) 13.425(2) 16.803(9) 9.79(1) 
c(k) 9.555(2) 21.845(7) 23.71(2) 
β 103.08(2) 96.03(2) 103.34(6) 
Volume (Â3) 1464.5 3465 6909 
Space group p2l Cllc C2/c 

Ζ 2 4 8 
Density (g/cm3) 1.16 1.03 1.31 

N O T E : Values in parentheses in column headings are the temperatures at which the parameters 
were measured. a Values for a, b, and c give the cell dimensions. 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

03



42 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 1. Stereoscopic views of the unit cell ofNaBp-2Tg along the b axis (top 
figures), KBp-2Ttg along the a axis (middle figures), and RbBp-2Ttg along the 
b axis (bottom figures). (Reproduced with permission from reference 24. Copy

right 1979.) 

but in K B p it could not be determined because of disorder in the crystal 
(9). The bond angles and bond lengths in the biphenyl anion are given in 
Table II for the three types of crystals and for neutral biphenyl. (Values in 
Table II correspond to structure 1.) The biphenyl anion in all three crystals 
has a shortened central C - C bond and lengthened inner C - C bonds in 
comparison with neutral biphenyl. This pattern corresponds to the calculated 
bond-order changes in going from the neutral molecule to the anion (10). 
The increased ortho-hydrogen repulsion of the biphenyl anion, in comparison 
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3. DE BOER & GRIBNAU Single Crystals of Alkali Aromatic Ion Pairs 43 

Table II. Geometry of the Biphenyl Ion and Molecule in Different Compounds 

NaBp-2Tg RbBp-2Ttg KBp-2Ttg3Bp 
Parameter11 (150 Κ) (100 Κ) (120 Κ) (110 Κ) 

α (A) 1.435 1.441 1.436 1.496 
b(k) 1.436 1.425 1.430 1.397 
c(k) 1.381 1.385 1.380 1.388 
d(k) 1.397 1.404 1.391 1.385 
« Π 114.7 115.3 115.2 117.9 
β(°) 122.2 122.1 121.9 121.0 
δ(°) 117.9 117.3 118.2 118.9 
7(°) 121.6 121.6 121.4 120.7 

N O T E : Values in parentheses in column headings are the temperatures at which the parameters 
were measured. a Parameters correspond to structure 1. Values for a, b, c, and d are bond 
lengths, and values for α, β, δ, and 7 are bond angles. 

with neutral biphenyl, which is caused by the shortening of the central 
C - C bond, expresses itself in the values of the bond angles at the carbon 
atoms of the central C - C bond. These angles are significantly smaller than 
120° (see Table II) and significantly smaller than the already reduced value 
of 117.9° in neutral biphenyl. The nonplanarity of the biphenyl anion is, of 
course, also related to the reduced length of the central C - C bond. The 
average values of the alkali-oxygen bond lengths for the three crystals and 
the van der Waals radius of oxygen (1.40 Â) were used to calculate the van 
der Waals radii of the alkali ions (column 4 of Table III). These radii agree 
very well with the ionic radii given by Gourary and Adrian (14), who cor
rected the values of Pauling (15). 

If the central cations are regularly surrounded by the oxygen atoms so 
that the outer spherical surfaces of the atoms just touch each other, the 
ratios of the radii of cation and oxygen atoms are 0.73 for 8 coordination and 
1.00 for 12 coordination. The relevant ratios in the biphenyl crystals are the 
following: rN a+/rQ = 0.83, rK+/rQ = 1.06, rR b+/rG = 1.17, where r i s the 
radius of the indicated species. Hence 8 coordination for N a + is feasible, 
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44 POLYNUCLEAR AROMATIC COMPOUNDS 

Table III. Average Alkali-Oxygen Bond Lengths and Alkali Ionic Radii 

Gourary 
Average Calculated and Adrian Pauling 

Bond Bond Length Alkali Radius Alkali Radius0 Alkali Radiusb 

Na-O 2.58 1.18 1.17 0.95 
K - O 2.93 1.53 1.49 1.33 
Rb-0 3.02 1.62 1.63 1.48 

N O T E : All values are given in Angstroms. The van der Waals oxygen radius was 1.40 Â for all 
bonds. a Data are from reference 14. b Data are from reference 15. 

and 10 coordination for K + and R b + is also feasible. The fact that single 
crystals of NaBp in Ttg cannot be prepared may be due to the large diameter 
of the molecular cavity formed by the 10 oxygen atoms. In this case, the 
central ion has too much space, so it may move to one side and lose contact 
with the superfluous oxygen atoms to prevent the formation of the crystal. 
Single crystals could not be prepared for K B p and RbBp dissolved in Tg. 
Apparently, the wrapping of the cation by the Tg molecule is not complete 
enough to give sufficient solvation energy for stable crystals. 

In summary, single crystals of biphenyl anions can only be found for 
very specific combinations of alkali ions and solvent molecules. When sol
vation is studied, the dielectric constants of the solvents and their ability to 
donate electrons to the cations are not the only important factors; the number 
of chelating sites of the solvent molecules and steric factors are also impor
tant. 

Physical Properties ofNaBp-2Tg, KBp-2Ttg> and RbBp-2Ttg 

Because of the unpaired electrons on the biphenyl ions, the alkali biphenyl 
systems are magnetically active. The static magnetic properties may be stud
ied by susceptibility and magnetization measurements, but electron spin 
resonance (ESR) is most suitable for the characterization of the dynamical 
magnetic properties. The structure of these crystals—layers of biphenyl ions 
alternating with layers of glyme-coordinated alkali ions—strongly suggests 
the presence of pseudo-two-dimensional magnetic behavior. This behavior 
was confirmed by ESR measurements (16-18). The single exchange-nar
rowed ESR resonance line shows an angular dependence of the line width 
and a deviation of the line shape from the Lorentzian, which is typical for 
two-dimensional magnetic systems (16, 17). This behavior is a consequence 
of the presence of long-time spin correlations due to spin diffusion. 

At temperatures above a few Kelvins, all three systems are in the par
amagnetic phase. The magnetic structure at very low temperatures depends 
upon the arrangement of the biphenyl ions in the magnetic layer. In 
NaBp-2Tg and KBp-2Ttg, the variation in the distances between the different 
neighboring biphenyl ions is small. The centers of the central C - C bonds 
of the biphenyl ions form an almost regular hexagonal structure. Conse-

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

03



3. DE BOER & GRIBNAU Single Crystals of Alkali Aromatic Ion Pairs 45 

quently, the exchange constants between the different nearest neighbors 
may be of the same order, and long-range ordered structures are possible. 
Magnetization, susceptibility, and ESR measurements on NaBp-2Tg point 
to an antiferromagnetically ordered structure for this system at temperatures 
below about 1.1 Κ (18). However, in RbBp*2Ttg, the variation in the dis
tances between the different neighboring biphenyl ions is larger. The crys
tallographic structure of this compound suggests that the magnetic layer 
consists of dimers of biphenyl ions. Susceptibility measurements on 
RbBp-2Ttg confirmed this picture (JO). The susceptibility data may be nicely 
described by the singlet-triplet model, involving an antiferromagnetic 
ground state. Therefore, no long-range order wil l be present in RbBp*2Ttg 
as opposed to NaBp-2Tg and presumably KBp-2Ttg. 

Different techniques showed that above 80 Κ the dominant exchange 
constant for NaBp*2Tg is ferromagnetic in nature, but below 80 Κ the ex
change coupling shows antiferromagnetic character. This condition is as
cribed to the presence of two or more exchange constants in the magnetic 
plane, one of which is antiferromagnetic. The high-temperature behavior is 
a function of the average of the different exchange constants, whereas at low 
temperatures an antiferromagnetic structure evolves because of the presence 
of the antiferromagnetic exchange constant. More details concerning the 
magnetic features of NaBp-2Tg may be found in a recent review (19). 

Crystal Structures of K2COTDg and Rb2COTDg 

K 2 C O T - D g and R b 2 C O T * D g crystallize in the orthorhombic space group 
PnnM and are isomorphous (5, 6). In Figure 2 a projection of the structure of 
K 2 C O T - D g along the b axis is given, and in Table IV the crystallographic 
data are given. The cations are located above the centers of the planar C O T 
dianions (average C - C bond length of 1.40 ± 0.02 Â) and form a linear array 
through the crystal. One cation (K 2) is coordinated from the outside to the 
oxygen atoms of the diglyme molecule, whereas the other cation (K x) is 
shielded by a zigzag chain of C O T dianions. Because the distance to the 
center of the C O T plane is about 2.4 A, these ion pairs are contact ion pairs. 

Physical Properties of Irradiated Crystals of K2COTDg and 
Rb2COTDg 

If the crystals of K 2 C O T - D g and R b 2 C O T D g are subjected to X-rays for 
several hours, paramagnetic centers are created (20). At room temperature 
the ESR spectrum of K 2 C O T - D g consists of nine equally spaced lines (de
rivative line width is 1.9 G) with a binomial intensity distribution. This 
spectrum can be attributed to the monoanion of the host molecule COT. 
The unpaired electron of C O T has a hyperfine coupling with the eight 
protons. The ESR spectrum of R b 2 C O T - D g contained two peaks after pro-
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46 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 2. Projection of the structure of K2COT'Dg along the b axis on the 
mirror plane. (Reproduced with permission from reference 20. Copyright 

1976.) 

Table IV. Crystallographic Data for K 2 C O T D g and 
R b 2 C O T D g 

Parameter0 K2COT-Dg Rb2COT-Dg 

α (A) 
b(k) 
c(A) 
ζ 
Density (g/cm3) 

7.689(3) 
15.376(5) 
13.703(5) 
4 
1.30 

7.705(8) 
15.144(15) 
14.300(10) 
4 
1.65 

a Values for a, b, and c give the cell dimensions. 

longed irradiation. One signal has an isotropic g-value and a derivative line 
width of 19 G . This peak is due to the monoanion of COT. The absence of 
hyperfine splitting is caused by the much larger magnetic moments of the 
rubidium isotopes compared to those of potassium. Each of the nine proton 
lines is split again by the rubidium hyperfine interaction, which results in 
an inhomogeneously broadened line. The position of the second signal in 
the spectrum of R b 2 C O T - D g depends strongly upon the orientation of the 
magnetic field. When the magnetic field is in the C O T plane, the g-value 
varies between 1.98 and 2.22. As illustrated in Figure 3, this peak contains 
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3. DE BOER & GRIBNAU Single Crystals of Alkali Aromatic Ion Pairs 47 

Figure 3. Hyperfine structure of the anisotropic peak in the first-derivative 
ESR spectrum of Rb2COTDg. 

a rich unresolved hyperfine structure. These observations suggest that this 
peak is due to an electron trapped near a Rb cation. Because the line width 
of this peak is only 60 G , the wave function corresponding to this unpaired 
electron can contain only a small percentage of the Rb 5s orbital. 

As expected, the spectrum of K 2 C O T - D g shows a variation in the g-
value and the hyperfine interaction if the crystal is rotated around an axis 
in the C O T plane. However, both experimental parameters remain constant 
upon rotation around an axis perpendicular to the C O T plane. The constancy 
of the g-value is normal for axially symmetric systems. The behavior of the 
hyperfine interaction is unexpected. Although for aromatic systems the an-
isotropy of the dipolar interaction resides almost completely in the aromatic 
plane, the hyperfine splitting is isotropic in this plane. This condition can 
only be explained by assuming that the C O T anion is rotating around its 
eightfold axis with a frequency higher than 107 s - 1 at room temperature. 
The rapid molecular rotation of the C O T monoanion in K 2 C O T - D g was 
confirmed by measuring the ESR spectrum as a function of temperature. 
The ESR spectra in Figure 4 clearly show that the rate of the molecular 
rotation changes upon cooling the crystal. Between 40 and 25 K, a transition 
takes place: The frequency of rotation falls below the hyperfine splitting 
frequencies. Below 20 K, no further change occurs. 

Figure 5 shows the ESR spectra at 22 Κ for four orientations of the 
magnetic field, which is oriented in the C O T plane but rotated each time 
by 45°. Interestingly, the spectra repeat not every 45° but every 90°; this 
result shows the presence of only a fourfold symmetry axis. This finding 

American Chemical Society 
Library 

1155 IBth St., N.W. 
Washington, DC 20036 
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48 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 4. ESR spectrum of the monoanion of COT in K2COT-Dg as a function 
of temperature. (Reproduced with permission from reference 20. Copyright 

1976.) 

implies that the spin distribution over the carbon atoms is no longer uniform, 
but alternates around the C O T ring. The spectra shown in Figure 5 were 
simulated to find the degree of spin alternation. The best agreement was 
found for an alternation of 20% of the average spin density equal to 0.125 
(see Figure 6). In the planar free monoanion of COT, the three most energetic 
electrons occupy a pair of degenerate nonbonding orbitals. The degeneracy 
of these orbitals is lifted by the crystal field; unequal spin-densities on the 
distinct carbon atoms result. Calculations suggest that the amount of alter
nation is influenced by vibronic mixing between the two lowest molecular 
states. 

A n important consequence of the spin alternation is that the monoanion 
of C O T must be rotated by 22.5° around its eightfold axis with respect to 
the equilibrium position of the dianion at 300 K. This rotation is dictated 
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Λ experi 

V 9=0° 

mental /̂  

9=45° 

V ~ A\ κ 

V 9=90° 

mental A 

6 1 \ / 
9=135° 

Figwre 5. ESR spectrum of the COT anion in K2COT-Dg for four orientations 
of the magnetic field, which is oriented in the COT plane and rotated each 
time by 45°. (Reproduced with permission from reference 20. Copyright 1976.) 

m 

Figure 6. Spin-density distribution and molecular orientation with respect to 
the crystallographic mirror plane m of the COT anion in K2COT-Dg at 22 K. 
Numbers 1-8 on the inside of the structure represent the positions of the 
carbon atoms. (Reproduced with permission from reference 20. Copyright 

1976.) 
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50 POLYNUCLEAR AROMATIC COMPOUNDS 

by the symmetry of the crystal, which has a mirror plane parallel to the ac 
plane and running through the centers of opposite C - C bonds. With this 
orientation of the mirror plane, no spin alternation can exist; a rotation of 
22.5° of the C O T anion is necessary to make spin alternation possible. The
oretical calculations have shown that this orientation of the monoanion is 
the most stable one (21). 

The Jahn-Teller active vibrations for the E2u electronic ground state 
are those with Blg and B 2 g symmetry. The Blg vibration distorts the molecule 
in a structure with alternating bond lengths. As the mirror plane m runs 
through the carbon atoms in the 1 and 5 positions of the C O T anion (Figure 
6), a static distortion induced by a Blg vibration is impossible. The B2g 

vibration moves the carbon atoms alternately inward and outward. Such a 
distortion is in agreement with the local symmetry. 

Crystal Structure ofNa2Tp-6THF 

The crystallographic data of the single crystal of Na 2 Tp # 6 T H F are as follows: 
Mw = 706.6; monoclinic system, P 2 space group; cell dimensions at 293 
Κ,α = 11.508(6),fc = 16.531(4), and c = 11.200(3) Â; β = 95.13(3)°; volume 
= 2122 A 3 ; density = 1.109 g/cm3; and Ζ = 2 (22). Figure 7 gives a 
stereoscopic view of the structure of the ion pair. The Na cations are situated 
above the center of the middle ring of the terphenyl dianion, at a distance 
of 2.43 A. For a van der Waals radius of the Na cation of about 1 A, the 
"half thickness" of the Bp anion is 1.43 Â. Each Na cation is surrounded by 
three tetrahydrofuran molecules in such a way that the three oxygen atoms 
lie at the corners of an equilateral triangle whose plane is almost parallel to 
the plane of the central ring. This crystal illustrates the concept of a tight 
or contact ion pair. Hiickel calculations gave a total charge of 0.9e for the 
central ring and a charge density of 0.55e at the end rings. Hence, for 
energetic reasons, the position of the Na cation above the central ring is 
most favorable. The central C - C bond (1.42 Â) connecting two phenyl rings 

Figure 7. Stereo view ofNa2Tp- 6THF projected in the plane through the three 
oxygen atoms. The space group is P 2 l / c . (Reproduced with permission from 

reference 25. Copyright 1980.) 
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3. DE BOER & GRIBNAU Single Crystals of Alkali Aromatic Ion Pairs 51 

is shortened with respect to the value in neutral terphenyl (23), this situation 
increases the ortho-hydrogen repulsion. This condition is also expressed in 
the values of the bond angles at the C atoms of the central C - C bond, which 
are significantly smaller than 120°. The change in geometry from neutral Tp 
to the Tp dianion corresponds to calculated (Hiickel) bond-order changes 
and is similar to the trend observed in the biphenyl systems. Because the 
Tp anion is situated at an inversion center, the two end rings are parallel. 
The torsion angle around the central C - C bond is 4.3°. 
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NMR Studies of 4n π-Conjugated 
Polycyclic Anions 
Relationship of the Energy Gap 
Between the Highest Occupied Molecular Orbital 
and the Lowest Unoccupied Molecular Orbital 
to Paratropicity and Electronic Structure 

Mordecai Rabinovitz and Yoram Cohen 

Department of Organic Chemistry, The Hebrew University of Jerusalem, 
Jerusalem 91904, Israel 

The energy gap between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) de
termines the line shape and chemical shift of 4n π polycyclic doubly 
charged systems. Narrower energy gaps correspond to more signif
icant line broadening in the 1H NMR bands. This line broadening is 
attributable to a singlet-triplet equilibrium that depends on the 
HOMO-LUMO gap. The topology of the system influences the par
atropicity of these 4n π polycyclic dianions. Whereas the triphenylene 
dianion does not exhibit a 1H NMR spectrum, a gradual change 
toward a highly resolved spectrum is obtained for the tri
-benzo[a,c,i]phenazine dianion. A correlation between the HOMO
-LUMO gap and the paratropic shift of these dianions is demonstrated. 

THE NOTION OF AROMATICITY is one of the most intriguing problems in 
organic chemistry and has drawn the attention of chemists since Kekulé's in
genious proposal (1) in 1872 of the structure of benzene. The concept of 
antiaromaticity introduced by Breslow (2, 3) about a century later empha
sized the perplexity of aromaticity. Nevertheless, numerous physical and 
chemical properties of many groups of compounds are attributed to their 

0065-2393/88/0217-0053$06.00/0 
© 1988 American Chemical Society 
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54 POLYNUCLEAR AROMATIC COMPOUNDS 

aromatic characters (4-9). The concepts of aromaticity and antiaromaticity are 
difficult to understand because they are not physically observable (JO, 11) 
and hence cannot be related directly to experimental data. The most com
prehensive definitions of aromatic and antiaromatic molecules are based on 
energy content: A n aromatic molecule is a species in which the ir-electron 
derealization reduces the energy content relative to a model compound 
lacking such cyclic conjugation; an antiaromatic molecule is a species in which 
the TT-electron derealization increases the energy content. The application 
of these definitions presents difficulties, especially in the case of the unstable 
4n ττ systems. More practical definitions of aromaticity and antiaromaticity 
based on theoretical concepts are HuckeFs rule (12), Piatt's peripheral model 
(13), and Randic's conjugated circuits (14,15). HuckeFs rule assigns aromatic 
character to planar, monocyclic, conjugated systems containing (An + 2) ττ 
electrons in their periphery. The perimeter model suggested by Piatt (13), 
which is an extension of HuckeFs rule to polycyclic structures, endows ar
omatic character to a system according to the number of IT electrons in its 
periphery. Molecules having a periphery of (An + 2) IT electrons are classified 
as aromatic, whereas those having An IT electrons are classified as antiaro
matic. A more interesting and valuable approach is the concept of conjugated 
circuits proposed by Randic (14,15). This concept considers the contributions 
of various skeletal components of the system where major contribution is 
attributed to the smallest conjugated circuits. 

In terms of observable phenomena, the most useful definition of aro
maticity is based on the magnetic anisotropy (10, 16-18) of a system as 
deduced from the * H N M R parameters. Antiaromatic An ττ systems are 
expected to exhibit paratropic (high-field) shifts in their * H N M R spectra 
(J 1, 19) in contrast to the diatropic (low-field) shifts of (An + 2) ττ systems. 
Although the diatropic shifts revealed by (An + 2) ττ systems are well-
established, the experimental support for the relationship between para-
tropicity and antiaromaticity is far less satisfactory (11). 

A correlation has been found between a theoretical and an experimental 
criterion for paratropicity, and it can be related to the antiaromatic character 
of An ττ carbocyclic (20) and heterocyclic dianions (21, 22). This correlation 
leads to a new theoretical index for antiaromaticity, namely, the magnitude 
of the energy gap, ΔΕ, between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital ( L U M O ) (ΔΕ = 
^HOMO ~ ELVMO)- A n unequivocal correlation exists between the degree of 
paratropicity experienced by the An ττ dianions and the H O M O - L U M O 
energy gap as manifested by the line shapes (20-22) and chemical shifts (11) 
of their lH N M R bands. The paratropicities and delocalization patterns of 
dianions and their relationship to the topologies of systems wil l be dem
onstrated in this chapter. Structural deviations from the symmetrical tri-
phenylene dianion to less symmetrical systems influence paratropicity. The 
partitioning of the polycyclic dianions into charged and uncharged compo-
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4. RABINOVITZ & C O H E N NMR Studies of Polycyclic Anions 55 

nents in a way that reduces the paratropic effect wil l also be demonstrated 
(23). This partitioning is another manifestation of the tendency of aromatic 
systems to remain aromatic. 

Doubly charged polybenzenoid systems and their diazine analogues 
were selected as representatives of antiaromatic systems. As mentioned ear
lier, antiaromatic species are systems in which an effective derealization of 
4n ττ electrons occurs. Therefore, the An ττ annulenes cannot be classified 
as such because they exhibit bond-length alternation and severe deviation 
from planarity. However, in polybenzenoid systems, the rigidity due to the 
inner bonds reduces the bond-length alternation and the extent of deviation 
from planarity. The highly rigid polybenzenoid skeleton is bound to enforce 
planarity and reduce bond-length alternation not only in the neutral systems 
but also in the dianions and dications derived from these systems. The two-
electron reduction or oxidation processes of the neutral compounds result 
in a change of the electronic structure whereas nearly no effect on other 
parameters (e.g., geometry) occurs. Therefore, one can attribute the changes 
in the system's characteristics mainly to electronic factors. However, for 
heterocyclic dianions, a partial deviation from planarity at the nitrogen atoms 
cannot be ruled out. 

One of the main problems in assigning aromatic or antiaromatic character 
to a system is the relativity of these terms and consequently the need for 
proper reference compounds. Our approach overcomes this difficulty by 
using the neutral parent compounds as reference compounds; they are good 
reference compounds because they differ merely in their electronic struc
ture. Therefore, doubly charged An IT electron compounds are good model 
compounds for antiaromaticity studies. Because carbocyclic and heterocyclic 
dianions can be prepared from stable precursors and because they sustain 
moderate stability, they were selected for this study. 

Results 

The relationships between the H O M O - L U M O energy gaps as deduced from 
ΗΜΟωβ calculations (24-27) and the line shapes observed for various An IT 
carbocyclic (20) and heterocyclic dianions (21, 22) are given in Tables I and 
II. The H O M O - L U M O energy gaps of the anions are reported in β units, 
which are the energy units of molecular orbitals as obtained from ωβ cal
culations. The energy gaps of the neutral systems are much higher and are 
of the order of 1 β unit, as expected for (An + 2) IT electron aromatic systems. 
The * H N M R line shapes of selected dianions, namely, the naphthacene 
dianion (2), 1,4-diphenylphthalazine dianion (14), 2,3-diphenylquinoxaline 
dianion (16), phenanthrene dianion (7) and anthracene dianion (3), are shown 
in Figures 1-4. For example, the electron spin resonance (ESR) spectrum 
of the frozen (153 K) tetrahydrofuran solution of the phenanthrene dianion 
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56 POLYNUCLEAR AROMATIC COMPOUNDS 

Table I. Spectral Patterns and H O M O - L U M O Energy Gaps of Doubly Charged 
Carbocyclic Systems as Disodium Salts in THF-d 8 

Structure 

Number 

Detectable Line 
HOMO-LUMO Broadening13 

Structure Energy Gapa 303 Κ 213 Κ 

ESR 

Patterns0 

0.448 

0.414 

0.310 

0.272 

0.251 

0.226 

0.231 

0.157 

0.111 

no spectrum + 

no spectrum + 

no spectrum -

no spectrum + + 4-

Ν 

Ν 

1590 

1620 

Ν 

1600 

no spectrum no spectrum 1595 

no spectrum no spectrum 1605 

no spectrum no spectrum 1625 

"Values (ΔΕ = EHOMO--ELUMO) are given in β units obtained from ωβ calculations using ω = 1.4 
(24, 25). bA minus sign (-) designates no detectable line broadening in the *H NMR spectrum (300 
MHz), and a plus sign ( + ) designates detectable line broadening. cHalf-field signals are given in gauss; 
Ν indicates that no half-field signal was observed. SOURCE: Adapted from reference 20. 

(7) as a disodium salt is shown in Figure 5. The ESR spectra of dianions that 
could not be observed by N M R or gave broad * H N M R signals consist of a 
broad absorption band in the range of 3200-3300 gauss (G) and sharp lines 
in the range of 1580-1625 G . These sharp lines at half-field correspond to 
a second-order forbidden transition (ΔΜ 5 = 2 where M s is the spin magnetic 
quantum number) (28) which is characteristic of triplet states. 

The correlations between the H O M O - L U M O energy gap as deduced 
from self-consistent field molecular orbital (SCF MO) calculations (29-32) 
and the extent of the paratropic shifts revealed by the carbocyclic dianions 
are shown in Table III (11). (NOTE: For Table III, refer to Tables I and II 
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4. RABINOVITZ & GOHEN NMR Studies of Polycyclic Anions 57 

Table II. Spectral Patterns and H O M O - L U M O Energy Gaps of Doubly 
Charged Heterocyclic Systems as Disodium Salts in THF-c4 at Room Temperature 

Structure HOMO-LUMO Detectable Line 
Number Structure Energy Gapa Broadening1" 

aValues (AE = EHOMO-£LUMO) are given in β units obtained from ωβ calculations using ω = 1.4 
(24-26). bA minus sign (-) designates no detectable line broadening in the X H NMR spectrum 
(200 or 300 MHz), and a plus sign ( + ) designates detectable line broadening. Obtained from 
ωβ calculations using ω = 1.0 because energy convergence could be obtained using the habitual 
value for ω, i.e., ω = 1.4 (27). SOURCE: Adapted from references 21 and 22. 
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5 .0 4 . 8 4 .6 4.4 3.2 3 .0 
ppm 

Figure 1. 2 H NMR spectrum (300 MHz) of the naphthacene dianion (2) as a 
disodium salt in THF-d8 at room temperature (20). S indicates a solvent signal. 

and Chart I for structures corresponding to the given structure numbers.) 
The method of calculation was the following: S C F M O calculations (29-32) 
were used to estimate the portion of the change in the chemical shift that 
is due to the charge-density factor. In each dianion, the theoretical charges 
on carbon atoms linked to hydrogen atoms were summed, and this sum was 

2 2 

- i 2 -

2 0 

-CH 3 

2 -

Chart I 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

04



4. RABINOVITZ & C O H E N NMR Studies of Polycyclic Anions 59 

_J I I I I 1 L 

8 7 6 5 4 3 2 
p p m 

Figure 2. J H NMR spectra (300 MHz) of the 1 y4-diphenylphthalazine dianion 
(14) and the 2,3-diphenylquinoxaline dianion (16) as disodium salts in THF-
d8. A: 14-2Na+ at 300 Κ. B: 14-2Na+ at 213 K. C: 16-2Na+ at 292 K. and 
D: 16-2Na+ at 203 Κ (22). S indicates a solvent signal. (Reproduced from 

reference 22. Copyright 1986 American Chemical Society.) 

multiplied by the shift-charge correlation constant of 10.7 parts per million 
per unit of charge (electron charge) (ppm/β) (33). The result was then divided 
by the number of protons to obtain an average value of the shielding due 
to charge density. This average value was subtracted from the experimental 
center of gravity of the * H N M R chemical shifts of the respective neutral 
polycyclic hydrocarbon to derive an estimation of a theoretical center of 
gravity neglecting anisotropic effects. The excessive high-field shift form this 
calculated value, which is observed in the * H N M R spectra of the charged 
systems, is taken as a measure of the paratropic shift; the paratropic shift 
reflects the antiaromatic nature of these species. When the H O M O - L U M O 
energy gap is narrow, a significant excessive high-field (paratropic) shift is 
observed; when the energy gap is wide, a lower-field shift is observed. A 
linear regression analysis of the relationship between the H O M O - L U M O 
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4.0 3.5 3.0 2.5 2.0 1.5 
p p m 

Figure 3. The effect of temperature on the line shape of the 1H NMR spectrum 
(300 MHz) of the anthracene dianion (3) as a disodium salt in THF-d8. A: 293 
Κ, B: 263 K, and C: 223 K. S indicates a solvent signal. (Reproduced from 

reference 20. Copyright 1983 American Chemical Society.) 

energy gap and the high-field shift yields the following (11): 

Δδ = -2 .50ΔΕ + 6.40 (r = 0.953) 

where Δδ is the difference in chemical shift in parts per million between 
the calculated and experimental center of gravity of the proton bands; ΔΕ 
is the H O M O - L U M O energy gap expressed in electronvolts as obtained by 
the S C F M O calculations (Table III, Figure 6); and r is the correlation 
coefficient. 
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20°C 

- J . 

-20 eC 

-50°C 

ppm 

Figure 4. J H NMR spectra (300 MHz) of the phenanthrene dianion (7) as a 
dilithium salt in THF-d8 at various temperatures. A: 293 Κ, B: 253 K, and C: 
223 K. S indicates a solvent signal. (Reproduced from reference 20. Copyright 

1983 American Chemical Society.) 

Discussion 

Relationship Between the H O M O - L U M O Energy Gap and the Ή 
Line Shape of 4n π Paratropic Carbocyclic and Heterocyclic Dianions. 

CARBOCYCLIC DIANIONS. One of the characteristics of the X H N M R 
spectra of 4n ττ electron systems is the high-field (paratropic) shift of their 
bands (11, 19). This paratropic shift is a result of the pronounced importance 
of the paramagnetic term of the proton-shielding constant in these 4n ΊΓ 
systems, which is nearly negligible in species that are not antiaromatic. The 
paramagnetic term, which is a major factor governing the shielding constant 
of heavier atoms, is a result of a mixing between the ground state and 
energetically low-lying excited states (34). The antiaromatic systems are char
acterized by narrow H O M O - L U M O energy gaps; therefore, they should 
show enhanced high-field shifts in their * H N M R spectra. If the H O M O -
L U M O energy gap is sufficiently narrow, an equilibrium between the singlet 
ground state and a low-lying, thermally accessible triplet state may occur 
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62 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 5. ESR spectrum of the phenanthrene dianion (7) in a frozen solution 
(153 K) of THF.(Reproduced from reference 20. Copyright 1983 American 

Chemical Society.) 

(20) and result in detectable line broadening of the 1 H N M R absorption 
bands. 

The influence of the H O M O - L U M O energy gap on the line shape of 
the dianions is demonstrated in Table I. A gap of approximately 0.4 β units, 
which occurs for the pentacene dianion (1) or the naphthacene dianions (2) 
(Figure 1), results in highly resolved spectra; however, a gap of approximately 
0.1 β units does not afford the observation of * H and 1 3 C N M R bands of the 
charged systems. The effect is a gradual one, and dianions having a gap of 
intermediary magnitude show significant line broadening. Comparison of 
the spectrum of the naphthacene dianion (2) in Figure 1 with the spectra of 
the anthracene dianion (3) and phenanthrene dianion (7) in Figures 3 and 
4, respectively, shows this phenomenon (20). Only those systems that exhibit 
line broadening or no * H N M R spectrum show an ESR spectrum that consists 
of a broad signal at 3200-3300 G along with a sharp characteristic half-field 
line at 1580-1620 G , as demonstrated by the disodium salt of the phenan
threne dianion (7) in Figure 5 (20). 

These observations can be explained as follows: When the H O M O -
L U M O energy gap is sufficiently narrow, the equilibrium between the sin
glet ground state and a thermally accessible triplet state prevails, and a high 
population of the triplet state occurs. Also, the paramagnetic dilution in-
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5 

0 I « 1 1 
0 1 2 3 

ΔΕ (eV) 
Figure 6. Correlation between the 1H NMR paratropic shifts of 4n IT poly
benzenoid dianions and the HOMO-LUMO energy gaps obtained by SCF MO 

calculations. 

creases and results in detectable line broadening; in extreme cases, the N M R 
spectra totally disappear (20). The local field produced by the unpaired 
electron interacts with the magnetic moments of the nuclei and thus provides 
an efficient relaxation mechanism that leads to detectable line broadening 
of the proton N M R bands. Attributing the origin of these phenomena to an 
equilibrium between a singlet and a triplet state is supported by the ap
pearance of the sharp half-field bands in the ESR spectra of dianions that 
exhibit broad ΧΗ N M R signals or no spectra at all, for example, the 
benzo[c]phenanthrene dianion (9) and dibenz[a,c]anthracene dianion (8) (Ta
ble I). 

A n important conclusion emerges from the results in Table I: The par
atropicity of the angular polycyclic 4n ττ electron dianions is much more 
pronounced than that of the linear polyacenes. For example, the naphtha
cene dianion (2) gave highly resolved X H N M R lines and no half-field lines 
in its ESR spectrum, whereas the chrysene dianion (4) and the benz-
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4. RABINOVITZ & C O H E N NMR Studies of Polycyclic Anions 65 

[ajanthracene dianion (6) (Table I), which are structural isomers of the 
naphthacene dianion, revealed only broad lines in their * H N M R spectra. 
These two dianions, unlike the naphthacene dianion, gave a sharp ESR line 
attributed to A M S = 2 in the ESR spectra (28). Another manifestation of 
these phenomena comes from a comparison of the anthracene dianion (3) 
with the phenanthrene dianion (7). Significant differences are seen by com
paring the behavior of the pentacene dianion (1) with the behaviors of the 
dibenz[a,/i]anthracene dianion (5) and dibenz[a,c]anthracene dianion (8) (Ta
ble I). 

HETEROCYCLIC DIANIONS. Such phenomena appear also in polyhetero-
cyclic dianions (20, 21). The data on these 4n ττ dianions are summarized in 
Table II. The correlation between the H O M O - L U M O energy gaps and the 
extent of the observed line broadening of the X H N M R spectra is well-
demonstrated in Table II. Smaller calculated values for H O M O - L U M O 
energy gaps correspond to higher degrees of line broadening in the ΐ N M R 
spectra. The diazine dianions exhibit less line broadening than their car
bocyclic analogues. For example, the disodium salt of benzo[c]cinnoline (13) 
revealed a highly resolved lH N M R spectrum even at room temperature, 
but the disodium salt of the phenanthrene dianion (7) gave no * H N M R 
spectrum even at low temperatures (20). The dibenz[a,c]phenazine dianion 
(15) (Figure 7) revealed only minor line broadening, but dibenz-
[a,c]anthracene dianion (8) could not be observed by N M R regardless of 
the experimental conditions. The observation of two substituted diazine 
analogues of the naphthalene dianion, namely, the 2,3-diphenylquinoxaline 
dianion (16) and the 1,4-diphenylphthalazine dianion (14) is instructive. A l 
though the naphthalene dianion has been discussed (35-37), no N M R spec-

Figure 7. Z H NMR spectrum (300 MHz) of the dibenzo[a.,c]phenazine dianion 
(15) as a disodium salt in THF-d8 at 293 K. S indicates a solvent signal. 
(Reproduced from reference 21. Copyright 1985 American Chemical Society.) 
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66 POLYNUCLEAR AROMATIC COMPOUNDS 

trum of this dianion has been reported. The H O M O - L U M O energy gap 
calculated by ωβ calculations for the naphthalene dianion is only 0.1 β units. 
This rather low value predicts a relatively high population of the triplet state, 
a condition that may explain the absence of its * H N M R spectrum. 

Thus, the diazine 4n IT dianions are less paratropic than their carbocyclic 
analogues. The decreased paratropicity can be understood by considering 
the introduction of an electronegative atom into the path of conjugation to 
result in an uneven charge derealization. In general, the paratropicity of a 
system is the function of an effective derealization of 4n ττ electrons. How
ever, in the nitrogen-containing dianions, a partial charge localization occurs, 
and hence some quenching of their paratropicity also occurs. The lesser 
degree of paratropicity of the polyheterocyclic dianions in comparison with 
the respective carbocyclic dianions, can be attributed to a more pronounced 
deviation from planarity in heterocyclic 4n IT dianions. This explanation 
cannot be ruled out because no X-ray data are currently available for such 
compounds. 

A rather unexpected result is shown by the phenanthrazine dianion (17), 
which contains seven fused rings. This system shows a relatively high degree 
of line broadening (Figure 8) in comparison with the benzo[c]cinnoline di
anion (13) and the 1,4-diphenylphthalazine dianion (14) (Table II), which 
consist of three and two fused rings, respectively. These unexpected ex
perimental results are in accord with the low H O M O - L U M O energy gap 

I I I I I I I I I 

9 8 7 6 5 4 3 2 ! 
ppm 

Figure 8. The effect of temperature on 2 H NMR spectra (200 MHz) of the 
phenanthrazine dianion (17) as a disodium salt in THF-d8. A: 293 Κ, B: 213 
K. S indicates a solvent signal. (Reproduced from reference 22. Copyright 

1986 American Chemical Society.) 
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4. RABINOVITZ & G O H E N NMR Studies of Polycyclic Anions 67 

(0.1 β units) calculated for the phenanthrazine dianion (17) (Table II). This 
dianion supports the singlet-triplet hypothesis discussed earlier. 

Relationship of Topology and Structure to Paratropicity of 4n 
11 Electron Dianions. Figure 9 shows interesting relationships among 
4n ττ electron dianions of related structures. Comparison of the heterocyclic 
dianions with their carbocyclic analogues shows that the heterocyclic dianions 
have higher H O M O - L U M O energy gaps than their respective carbocyclic 
analogues (21, 22). This finding is in accord with the heterocyclic dianions 
showing much less * H N M R line broadening. As mentioned earlier, 4n ττ 
electron systems have the potential to exist as triplet ground states (38). 
Systems having higher degrees of symmetry show more pronounced tend
encies toward a triplet ground state. A high degree of symmetry leads to 
orbital degeneracy involving singly occupied orbitals and hence to a triplet 
ground state. However, even systems that possess such symmetry do not 
need to adopt the triplet ground state because the orbital degeneracy can 
be split by the Jahn-Teller distortion, which wil l stabilize the singlet state 

2Na+ 

2-

2Na+ 

Δ Ε = 0 . ! 5 7 £ u n i t s ΔΕ = 0 . 2 4 / 3 u n i t s 

- | 2 - r 

2Na+ 

|2- r 

2Na 2Να* 

ΔΕ = O . H £ u n i t s ΔΕ = 0 . 2 2 £ u n i t s Δ Ε = 0 . 34 /3un i t s 

17 
Δ Ε = d i s un i t e 

Figure 9. The relationship between topology and spectral parameters; Dianion 
19 has a triplet ground state, whereas 8 shows a half-field absorption in its 
ESR spectrum but shows no 2 Η NMR spectrum. Dianion 18 does not show a 
J H NMR spectrum, whereas 15, 20, and 17 show detectable line broadening 
of their J H NMR spectra. Only 12 shows α J H NMR spectrum without line 

broadening. 
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68 POLYNUCLEAR AROMATIC COMPOUNDS 

over the triplet state. This conclusion is based on a naive quantum mechanical 
description using a single electron configuration; a better description in
cludes configuration interaction, which generally stabilizes the singlet state 
rather than the triplet state. 

The triphenylene dianion (19), which has a high degree of symmetry 
and only limited possibilities of distortion, appears as a triplet ground state 
(39,40) ( Figure 9). The effect of removal of this symmetry on the paratropicity 
of the system is reflected by the calculated H O M O - L U M O energy gap and 
its manifestation in the line shape of the * H N M R spectrum. This situation 
is shown in Figure 9. The 2,3-diphenyldibenzo[f,/i]quinoxaliile dianion (18), 
which can be described as a perturbed triphenylene dianion, shows no * H 
N M R signals as a disodium salt in T H F in the range of 30-70 °C. As the 
symmetry perturbation increases, the paratropicity is quenched, and the 
splitting between the two degenerate orbitals of the parent triphenylene 
structure increases. This removal of the orbital degeneracy is too small in 
the case of dibenz[a,c]anthracene dianion (8) to afford the observation of a 
X H N M R spectrum. However, in the dianion of its diazine analogue (15), 
this splitting of the orbital energy is larger, and only minor line broadening 
is exhibited (Figure 7). The perturbation in the triphenylene structure is so 
pronounced in the tribenzo[a,e,i]phenazine dianion (12) that the H O M O -
L U M O energy gap is considerably larger, and no line broadening is detected 
(Figure 10). 

In principle, one can represent the dibenzo[a,c]naphthacene (20) as a 
combination of anthracene and phenanthrene (23). In the same sense, d i -
benzo[a,c]phenazine (15) and tribenzo[a,c,i]phenazine (12) can be consid
ered as quinoxaline-phenanthrene and benzo[g]quinoxaline-phenanthrene, 
respectively (Figure 9). The * H spectra of dianions 12, 15, and 20 are shown 

ppm 

Figure 10. *H NMR spectrum (300 MHz) of the tnbenzo[si,c,i]phenazine di
anion (12) as a disodium salt in THF-d8 at 203 K. S indicates a solvent signal. 
(Reproduced from reference 22. Copyright 1986 American Chemical Society.) 
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4. RABINOVITZ & C O H E N NMR Studies of Polycyclic Anions 69 

in Figures 10, 7, and 11, respectively. In these three dianions, nearly no 
charge is associated with their phenanthrene components, as reflected by 
the low-field absorptions of the protons assigned to the phenanthrene com
ponents of these charged species. The uneven derealization is reflected also 
in the charge density obtained from calculations. This phenomenon associ
ated with partitioning a system into a charged anthracene or benzo-
[gjquinoxaline component and an uncharged phenanthrene component 
reflects the high antiaromaticity of the phenanthrene dianion (7). The phen
anthrene dianion (7) is much more anti aromatic than the anthracene dianion 
(3) or the 2,3-diphenylbenzo[g]quinoxaline dianion (11) as reflected by the 
H O M O - L U M O energy gaps computed for these two dianions (0.23 β units 
for 7 vs. 0.31 β units for 3 and 0.34 β units for 11). The calculations are 
supported experimentally by the lH N M R spectra of these charged systems 
(chemical shifts and line shapes, cf. Figures 12 and 3 with Figure 4). Ap
parently, in the two-electron reduction processes to produce 15, 12, and 20, 
the molecules would have lost more energy if the major portion of the 
negative charge had been directed to the phenanthrene components of the 
charged molecules. Therefore, an alternative pathway of electron dereali
zation is preferred, namely, the one on which nearly no charge exists in the 
phenanthrene components, followed by a minimization of the antiaromatic 
contributions. 

5 
ppm 

Γ" 
4 

Figure 11. 1H NMR spectrum (300 MHz) of the dibenzo[a.,c]naphthacene di
anion (20) as a disodium salt in THF-d8 at room temperature (23). S indicates 
a solvent signal. (Reproduced from reference 23. Copyright 1984 American 

Chemical Society.) 
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70 POLYNUCLEAR AROMATIC COMPOUNDS 

ppm 

Figure 12. 2 H NMR spectrum (300 MHz) of the 2,3-di-ip-tolylhenzo-
[glquinoxaline dianion (24) as a disodium salt in THF-as at 294 K. S indicates 
a solvent signal. 

The H O M O - L U M O Energy Gap and the Paratropic Shift Ex
perienced by 4n ττ Electron Dianions. In 4n ττ electron systems in 
which the H O M O - L U M O gap is relatively narrow, the anisotropoc term is 
influenced by ΔΕ, thus showing a paratropic shift. If one could isolate the 
excessive paramagnetic shifts, their magnitude should depend upon the 
width of the H O M O - L U M O energy gaps. The results summarized in Table 
III and Figure 6 point toward an unequivocal quantitative correlation be
tween the magnitude of the paratropic shifts and the estimated width of the 
H O M O - L U M O energy gaps in antiaromatic polycyclic dianions (11). The 
correlation coefficient is 0.953, which is rather good if one considers that 
the states of solvation of the various salts may not be the same. Conditions 
that favor contact ion-pairs shift the singlet-triplet equilibrium toward the 
triplet state, probably because of further decrease of the H O M O - L U M O 
gap. The S C F M O calculations used to compute the H O M O - L U M O energy 
gaps do not consider the state of solvation. Line broadening and the extra 
paratropic shift are two manifestations of the same characteristic of the sys
tem, namely, its paratropicity and hence its antiaromatic character. After a 
two-electron reduction process, linear polyacenes, which are less aromatic 
than nonlinear (angular) ones, produced 4n ττ systems showing less pro
nounced paratropicity. Significant examples of this observation are the fol
lowing pairs: pentacene dianion (1) versus dibenz[a,/i]anthracene dianion (5) 
and naphthacene dianion (2) versus benz[a]anthracene dianion (6). There
fore, the aromatic nature of a system appears to depend strongly on its 
topology. The good correlation found between the magnitude of the para
tropic shift and the extent of the H O M O - L U M O energy gap indicates that 
this energy gap be a useful theoretical index for antiaromaticity of the systems 
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4. RABINOVITZ & C O H E N NMR Studies of Polycyclic Anions 71 

under investigation. The H O M O - L U M O gap of a 4n ττ-electron system is 
manifested experimentally by the paratropicity as reflected in its * H N M R 
spectrum (line shape and chemical shift). 
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Dissolving-Metal Reduction 
of Polynuclear Aromatic Compounds 
in Liquid Ammonia 

Peter W. Rabideau 

Purdue School of Science at Indianapolis, Indiana University-Purdue University 
at Indianapolis, Indianapolis, IN 46223 

This chapter deals with the conversion of aromatic compounds to 
dihydroaromatic compounds by the action of alkali metals in liquid 
ammonia; polynuclear compounds are emphasized. Various aromatic 
compounds are classified according to the principal intermediate that 
persists in ammonia solution. Possibilities include (1) radical anions, 
(2) dianions, and (3) monoanions; monoanions are formed by the 
ammonia protonation of dianions. Most two-, three-, and four-ring 
compounds fit into the monoanion category, including naphthalene, 
biphenyl, anthracene, and terphenyl. The regioselectivity of this re
action is also discussed, and computational methods such as MNDO 
(semi-empirical molecular orbital calculations) are used to predict 
products by a determination of the positions of highest electron den
sity in the intermediate dianions. Finally, competing processes such 
as dimerization and bond cleavage are considered. 

THE REACTION OF BENZENE or one of its derivatives with an alkali metal 
in liquid ammonia containing an alcohol cosolvent is known as the Birch 
reduction (1-6). As expected with anionic intermediates, 1-substituted-1,4-
dihydro products result from electron-withdrawing groups, and 2,5-dihydro 
products result from electron-donating groups, as shown in Scheme I. Ap
plication of these conditions to polynuclear aromatic compounds produces 
complications because the products formed initially are subject to reduction 
under the reaction conditions (3). Although methods such as the use of iron 
salts minimize side reactions, more recently developed procedures avoid 

0065-2393/88/0217-0073$06.00/0 
© 1988 American Chemical Society 
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74 POLYNUCLEAR AROMATIC COMPOUNDS 

G G G 

G = Electron Donating G = Electron Withdrawing 

(e.g-, R, N H 2 , OR) (e.g., CN, C 0 2 H , Ar) 

Scheme I 

the use of alcohol altogether and employ stronger quenching agents like 
water or ammonium chloride that are added after reaction with the alkali 
metal is complete (7-9). In the absence of alcohols, the polynuclear aromatic 
compound-alkali metal solutions can be reacted with alkyl halides to produce 
dialkylated products (e.g., anthracene) (3); this finding supports the inter-
mediacy of dianions, which was suggested by early workers. However, later 
research showed that dialkylated products can arise by the initial alkylation 
of a monoanion (formed by monoprotonation of a dianion by ammonia) fol
lowed by deprotonation via amide to produce a second monoanion (7-9). 
That is, the original dianion intermediate is protonated by ammonia to furnish 
a monoanion (and amide), which may be alkylated; but this monoalkyl di-
hydro product undergoes deprotonation by amide, allowing a second (or 
even further) alkylation to take place. This process was demonstrated for 
anthracene in the following manner (8). 

Equilibriums of Dianions and Radical Anions with Their 
Neutral Precursors 

Dianions are always in equilibrium with their radical-anion counterparts 
(20). Moreover, the radical anions are in equilibrium with their neutral 
precursors. Hence, if a dianion is generated as the persistent anionic species, 
then in accordance with Le Chatelier's principle, the removal of metal (M) 
should shift the equilibrium back to the neutral aromatic hydrocarbon (ArH): 

The metal can be conveniently removed because the addition of F e C l 3 (or 
other iron salts) catalyzes the reaction of the metal with ammonia to produce 
a metal amide plus hydrogen. When anthracene (1) was reacted with sodium 
and ammonia for 10 min, quenching of an aliquot with water produced 9,10-
dihydroanthracene. A small amount of F e C l 3 was then added, and after 2 
h, water quenching still produced 9,10-dihydroanthracene. These results 
are consistent with Scheme II, wherein the monoanion is irreversibly pro-

A r H + M ±» A r H * " ± 5 M A r H 2 - (1) 
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5. RABIDEAU Dissolving-Metal Reduction in Liquid Ammonia 75 

tonated by ammonia; thus, the previous equilibriums cannot be shifted. 
However, it was quickly realized that this experiment would be more con
vincing if reversion of the stable dianion (i.e., the dianion resistant to pro
tonation by ammonia) back to the neutral starting material could be 
demonstrated (Scheme III). Dibenzocyclooctatetraene (2) was chosen to 
demonstrate this reversion because its dianion is a (4n •+ 2) aromatic system. 
The addition of F e C l 3 did produce the neutral hydrocarbon 2, even though 
water quenching of an aliquot before iron addition produced the dihydro 
compound (dibenzocyclooctatriene). 

The amide back reaction during alkylation can be minimized or even 
eliminated by inverse-quenching procedures. When the metal-ammonia 
solutions of anthracene or naphthalene are added to an excess of alkyl halide, 
dramatic changes in the ratio of mono- to dialkylated products result (see 
Table I). The predominance of monoalkylation with inverse quenching cer
tainly supports the presence of monoanions. Perhaps even the minor 
amounts of dialkylated products formed by inverse quenching are still being 
formed by a back reaction. 

A similar mechanism was proposed by Lindow et al. (11) for the biphenyl 
system. However, biphenyl provides much less dialkylation (Table I) than 
either naphthalene or anthracene under normal quenching conditions. Per
haps the amide deprotonation is slower in this case because of the reduced 
acidity of the doubly allylic system (i.e., 1,4-dihydrobiphenyl) in comparison 
with the allylic-benzylic or doubly benzylic systems (i.e., dihydronaphthal-
ene or dihydroanthracene, respectively). 

More recently, the irreversible protonation of several dianions by am
monia was demonstrated spectroscopically by Mullen et al. (12). Upon initial 
contact with alkali metal, solutions of anthracene and phenanthrene in 1:5 
ammonia-tetrahydrofuran (THF) gave rise to electron spin resonance (ESR) 
spectra characteristic of the radical anions. Further metal contact led to the 
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76 POLYNUCLEAR AROMATIC COMPOUNDS 

Table I. Reductive Alkylation of Anthracene, Naphthalene, and Biphenyl in 
Metal-Ammonia Solutions 

Alkyl Quench Composition 
Metal Halide" (RX) Procedure (%) ArH2R ArHR2 

Anthracene 

Na MeBr normal 15 80 
Na MeBr inverse 88 12 
Na EtBr normal 25 75 
Na EtBr inverse 63 37 
L i EtBr normal 32 68 
L i EtBr inverse 81 9 

Naphthalene 

Na MeBr normal 20 80 
Na MeBr inverse 90 — 
Na EtBr normal 25 75 
Na EtBr inverse 90 9 

Biphenyl 

L i MeBr normal 99 1 
Na MeBr normal 50 41 

NOTE: The anthracene and naphthalene reactions were performed at - 7 8 ° C for 1 5 - 3 0 rnin, 
and the biphenyl reactions were performed at - 3 3 ° C for 15 -30 min. 
a Me denotes methyl, and Et denotes ethyl. 
SOURCE: Data for anthracene and naphthalene are from reference 8, and data for biphenyl are 
from reference 11. 

disappearance of ESR signals, and, in each case, 1 3 C N M R spectra consistent 
with monoanions were recorded. Moreover, hv irradiation of the monoanion 
solutions did not regenerate ESR spectra, as would be expected if any di
anions were present; that is, photooxidation would occur as follows: 

dianion h v > radical anion + e ~ (2) 

Hence, the chemical evidence presented for anthracene was confirmed spec-
troscopically. Furthermore, Mullen et al. (12) categorized a number of hy
drocarbons in L i - N H 3 solutions into two classes: group 1 hydrocarbons that 
exist as monoanions in ammonia; and group 2 hydrocarbons that exist as 
dianions in ammonia. Group 1 includes anthracene and its 9-methyl, 9-
phenyl, and 9,10-diphenyl derivatives; acenaphthylene; azulene; fluoran-
thene; phenanthrene; and pyrene. Group 2 includes aceheptylene, cyclooc-
tatetraene, and perylene. 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

05



5. RABIDEAU Dissolving-Metal Reduction in Liquid Ammonia 77 

Metal-Ammonia Reduction 
These results allow a complete description of metal-ammonia processes, as 
shown in Scheme IV. The upper pathway represents the classical Birch 
reduction (i.e., benzenes), whereas polynuclear aromatic compounds react 
by one of the lower routes. As indicated in Scheme IV, the protonation of 
dianions rather than radical anions by ammonia is favored. We previously 
suggested dianion protonation (8) because radical anions are not very basic 
(10). Recently, Mullen et al. (12) pointed out that, in some cases, dianions 
and radical anions of the same neutral precursor are protonated at different 
sites; in the cases they investigated, protonation occurred with the dianions. 

ArH + e~ ArfT 
- ROH ArH" 

ROH ArH 3 

2H + NH* H* A „ 
ArH 3 • ArH= ArH" ArH 3 

2RX RX 

ArHR2 ArH2R 

Scheme IV 

Thus, optimum experimental conditions will be determined by how a 
particular polynuclear aromatic compound fits into Scheme IV. Burkholder 
and I (8) suggested the following categories on the basis of the principal 
intermediate that persists in ammonia solution: 

1. Radical anions only: Compounds with relatively low electron affinities 
(like benzenes) wil l not form dianions, and alcohols must be added to pro-
tonate the radical anion and shift the initial (often unfavorable) equilibrium. 
In such cases, reductive alkylation is generally not possible. 

2. Stable monoanions: In these cases (e.g., anthracene, biphenyl, 
naphthalene) alcohols as cosolvents should be avoided, and water or am
monium chloride wil l serve as good quenching agents after a suitable reaction 
period. Inverse addition into alkyl halides wil l produce mainly monoalkyl 
products, but normal addition may furnish dialkylated or higher alkylated 
products because of the amide back reaction. 

3. Unstable monoanions: In some cases (e.g., phenanthrene), the mon
oanion is protonated by ammonia, and this reaction produces a neutral com
pound. If the neutral compound is reactive under the reaction conditions, 
overreduction wil l result. Similarly, alkylated dihydro products cannot be 
obtained, although alkylation of subsequent anionic species may be possible 
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78 POLYNUCLEAR AROMATIC COMPOUNDS 

(e.g., 4a-methyl-2,4a,9,10-tetrahydrophenanthrene from phenanthrene) 
(23). 

4. Stable dianions: Systems capable of forming aromatic dianions (e.g., 
cyclooctatetraenes) or larger polynuclear aromatic compounds (e.g., pery-
lene) fit into this category. Again, strong quenching agents are recom
mended, and dialkylation is possible. 

Researchers have often suggested (3,4) that methyl-ammonia reduction 
must be carried out with carefully purified polynuclear aromatic compounds 
and scrupulously dried ammonia and ethyl ether cosolvents. Hence Burk-
holder and I (8) were surprised to learn that commercial anthracene could 
be reduced almost quantitatively without prior purification of ammonia or 
T H F (or ethyl ether) and with a rather wide variation in the amount of metal 
used. More recently, my co-workers and I (14) found that 0.5 g of anthracene 
in ammonia-THF containing 3 m L of H 2 0 can be reduced in excellent yield 
by the addition of 2.5 mol of sodium (Scheme V). These results indicate that 
electron addition to polynuclear aromatic compounds is a very fast process, 
and destruction of the metal by water is simply not competitive under these 
conditions. 

Scheme V 

Prediction of Products. The products (i.e., regiochemistry) of 
metal-ammonia reduction are determined from the (initial) protonation site 
of the dianion as well as the (subsequent) protonation site of the monoanion. 
These protonations are generally considered to occur at the sites of highest 
electron density; thus, products can be predicted by molecular orbital cal
culations (12, 15-18). Several examples are shown in Table II. However, 
different theoretical methods may produce contrasting results, and highest 
occupied molecular orbital (HOMO) coefficients may be more important 
than overall electron densities. For example, different reduction products 
are predicted for aceanthrylene by M N D O (19, 20) and Hiickel molecular 
orbital (HMO) calculations. In fact, the H M O product is the one actually 
formed (Scheme VI). 

MNDO H M O 

Scheme VI 
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5. RABIDEAU Dissolving-Metal Reduction in Liquid Ammonia 79 

Table II. Some Representative Metal-Ammonia Reduction Products 

Aromatic Substrate Reduction Product Calculated 

yes 

yes 

yes 

yes 

no 

yes 

SOURCE: The calculated results are from references 15 and 40, except for pyrene which is from 
reference 41. 

In the case of triphenylene (3), M N D O calculations predict only the 
2,4a-dihydro product (4). However, sodium-ammonia reduction produces 
only one dihydro product (Scheme VII), assigned as 5 on the basis of carbon 
and proton N M R (19, 20). This result is quite remarkable because this 
product is unexpected from calculations as well as from comparison with the 
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80 POLYNUCLEAR AROMATIC COMPOUNDS 

reduction of related systems like o-terphenyl, which gives a product similar 
to 4 (21). 

Effect of Substituents. Substituents are not expected to exert the 
same influence on polynuclear aromatic compounds as they do on benzenes 
because their effect may be greatly attenuated by the normal distribution of 
added electron density in the parent polynuclear aromatic compound. For 
example, even with the presence of two electron donors, 9,10-dialkylan-
thracenes (6) reduce in the central ring (Scheme VIII), just as the parent 
compound does (3). Moreover, a strong electron-withdrawing group like 
carboxylate does shift reduction to the substituted ring, as in 4-biphenyl-
carboxylic acid (8, Scheme IX), but even in this case some reduction (ca. 
25%) occurs in the unsubstituted ring (22, 23). The analogous tert-butyl 
ester, however, reduces exclusively in the substituted ring (22). Electron-
releasing substituents in the 1-position of naphthalene direct reduction to 
the adjacent ring (Scheme X), whereas electron-withdrawing groups result 
in 1,4-dihydro products (3, 24, 25). 

cis & trans 

6 7 

Scheme VIII 

The 2-substituted naphthalenes are not as straightforward, and tend to 
reduce in the substituted ring regardless of the nature of the substituent. 
For example, 2-methylnaphthalene was claimed to reduce exclusively in the 
methylated ring (26). Although a reinvestigation uncovered the presence of 
a second isomer (12, Scheme XI), the major product is, in fact, 11 (18). This 
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5. RABIDEAU Dissolving-Metal Reduction in Liquid Ammonia 81 

11 12 
Scheme XI 

result was explained in the following way: Methyl groups are stabilizing on 
sp2 carbons (e.g., olefins); therefore, lack of deactivation (or even activation) 
may be possible for a highly delocalized carbanion with a methyl substituent 
on a position that bears little of the excess charge. Another example of this 
situation is 3-methylbiphenyl, which bears a charge mainly at C - l ( l ' ) and 
C-4(4'); it reduces primarily (80%) in the substituted ring (10). 

Effect of React ion Condit ions . The naphthalene system also pro
vides an interesting example of how product composition may be affected 
by reaction conditions (27). Naphthalene, as well as its 1,4-dimethyl and 2,6-
dimethyl derivatives, can be reduced smoothly (with yields greater than 
90%) by lithium-NHg at -78 °C (Scheme XII) because the final monoanion 
(see the preceding discussion) is stable at this low temperature, and rapid 
protonation produces the 1,4-dihydro product (13). However, at reflux, the 
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82 POLYNUCLEAR AROMATIC COMPOUNDS 

15 

Scheme XII 

monoanion (Li salt) is also protonated, and consequently the neutral 1,4-
dihydro product is formed in the reaction medium, which now contains two 
equivalents of lithium amide. The amide causes a rearrangement to the 
conjugated isomer (14). If this reaction occurs in the presence of excess 
metal, this isomer is further reduced; thus, simply beginning with excess 
lithium at -33 °C produces tetrahydro products (15) in 94-99% yields. By 
carrying out the initial reduction at -78 °C and then adding F e C l 3 to destroy 
excess metal, the 1,2-dihydro isomers (14) can be produced by simply al
lowing the reaction mixture to warm up to reflux (82-98%). 

Reduction at the Site of Substitution. 9-Alkylanthracenes are also 
intriguing, because unlike the naphthalene system, reduction takes place at 
the site of substitution. This situation raises the question as to where the 
initial protonation of the dianion takes place. H O M O coefficients ( M N D O ) 
are slightly higher at C-10 for R being methyl, ethyl, and isopropyl, although 
total electron densities are higher at C-9 (28). In fact, methylation of the 
monoanions produces 9-methyl-9,10-dihydroanthracenes (i.e., from 16) as 
the major products (Scheme XIII). However, as suggested in 1954 by Barton 
(29), the stability of the monoanion may play a role in this process. Appar
ently, this situation is true when R is phenyl, because in this case only 
monoanion 16 is produced. Calculations regarding monoanion stabilities 
(heats of formation), however, indicate that no conflict exists between these 
two approaches in the present case because the 9-R anions (16) are predicted 
to be the most stable (28). Hence, both methods suggest that protonation 
should take place at C-10 in the 9-R dianions. 
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5. RABIDEAU Dissolving-Metal Reduction in Liquid Ammonia 83 

NH„ 

M DIANION 

16 17 
Me 70 30 
Et 73 27 
iPr 90 10 
Bz 57 43 
Ph 100 0 

COTTO) » 

NH„ 

Scheme XIII 

Dimerization and Bond Cleavage 

So far the conversion of aromatic rings to dihydroaromatic compounds has 
been discussed. Two other important processes are dimerization and bond 
cleavage; these processes are more important in ethers than in ammonia. 
Because radical anions are being generated, dimerization might be possible 
through a simple radical-combination reaction (Scheme XIV). However, such 
observations are rare (30). Dimerization is expected to be unfavorable on 
the basis of entropie considerations, and the presumed greater immobili
zation of solvent in 19 makes dimerization even more unfavorable. Moreover, 
as noted by Dewar and Dougherty (31), dimerization requires the conversion 
of two aromatic species (18) into a nonaromatic, albeit highly delocalized, 
double anion (19). At least two reports (32, 33) indicate that dimer (and 
trimer) formation can be substantial, even in ammonia-ethyl ether solvent 
mixtures. Neither report, however, suggests that radical dimerization is the 
responsible pathway. 

Θ e 

18 19 

Scheme XIV 
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84 POLYNUCLEAR AROMATIC COMPOUNDS 

The sodium-ammonia reduction of ethyl 9-anthroate (32) produces both 
20 and 21 (Scheme XV); the ratio of monomer to dimer varies from 40:60 
to 20:80, depending on concentration (0.025-0.1 M). However, both the 
9,10-dihydroanthracene monoanion and the dianion react with ethyl 9-an
throate to produce dimeric (and with the dianion, trimeric) products, and 
so radical intermediates are not considered responsible. 

20 21 

Scheme XV 

Similarly, the alkali-metal reduction of naphthalene in ammonia at 
-33 °C for extended reaction periods produces substantial amounts (20-70%) 
of oligomeric products (33-35). This result is due to a slow buildup of 1,2-
dihydronaphthalene (22), which then adds to its monoanion to form a dimeric 
monoanion (Scheme XVI); the dimeric monoanion is protonated by ammonia. 
Hence, this process is dependent on the generation of neutral, reduced 
products that are formed by higher temperatures, L i over Na, and extended 
reaction periods. Presumably, these factors are the reasons that such prod
ucts were not noted in the earlier study (32). 

Scheme XVI 

Thus, dimerization appears most likely to occur when an anion (or 
dianion) and a suitable acceptor molecule are both present in reasonable 
concentration: 

A " + acceptor—» [A-acceptor]~ (3) 

Moreover, some driving force wil l be provided if the [Α-acceptor] ~ is either 
especially stable (like the ethyl 9-anthroate case) or removed from equilib
rium by ammonia protonation (like the naphthalene case). 
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5. RABIDEAU Dissolving-Metal Reduction in Liquid Ammonia 85 

The cleavage of aryl-aryl, aryl-benzyl, and benzyl-benzyl bonds can 
also occur during dissolving-metal reduction (34, 35). This cleavage may be 
due to ring strain in cases such as biphenylene (24), [2.2]-paracyclophane 
(25), and triptycene (26); although for triptycene, aryl-benzyl cleavage takes 
place in T H F but not ammonia (36). Similarly, dinaphthylethanes (27) 
undergo cleavage (Scheme XVII) in ethyl ether and hexamethylphosphoric 
triamide (HMPA) (34, 35), but metal-ammonia reduction provides aromatic 
ring reduction (37). Interestingly, 27 appears to reduce more easily in both 

2 4 2 5 26 

With Na/NH3 

R = Me 
With Na/HMPA 
R = H 

Scheme XVII 

rings (tetrahydro reduction) than in only one ring (dihydro reduction) even 
with a limited amount of metal. This situation may be due to an internal 
disproportionation : 

A r - ( C H 2 ) n - A r >- A r - ( C H 2 ) n - A r 2 " 
28 

- A r - ( C H 2 ) n - A r " 
29 (4) 

Such processes in bridged anthracenes were recently reported by Fiedler 
et al. (38), and the general question of electron transfer across spacers con
necting aromatic molecules has received recent attention (39). 

Conclusion 

In this discussion of the metal-ammonia processes involving polynuclear 
aromatic compounds, some potentially important topics were omitted. One 
such topic is the stereochemistry of reduction, which is quite important 
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86 POLYNUCLEAR AROMATIC COMPOUNDS 

when the hydrogenated carbons bear substituent groups and is also important 
during reductive alkylation. This topic has been the subject of numerous 
investigations, especially those involving the anthracene system (see refer
ence 14 for leading references). A second important area is ion pairing, 
which may play a critical role in some of these reactions. For example, 
protonation sites could be controlled by the cation through either prior 
coordination of the protonating agent or ion-pair effects on electron-density 
distributions. Although the systems discussed herein presumably involve 
solvent-separated ion pairs in ammonia, ion pairing has not been thoroughly 
investigated. 
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6 

Metal-Mediated Making and Breaking 
of Carbon-Carbon Bonds 
in Aromatic Hydrocarbons 

John J. Eisch 

Department of Chemistry, State University of New York at Binghamton, 
Binghamton, NY 13901 

The interaction of zero- or low-valent lithium and nickel reagents 
with unsaturated hydrocarbons of the alkyne or arene type has been 
explored as a method of making carbon-carbon bonds in polynuclear 
aromatic hydrocarbons. Such reactions have been shown to proceed 
via two principal types of intermediates: (1) radical-anions, which 
are paramagnetic systems resulting from single-electron transfer; and 
(2) π-complexes or metallocycles, which are diamagnetic systems aris
ing from a net oxidative addition or electron-pair transfer. The en
ergetics of such metal-unsaturated substrate interactions is analyzed 
in terms of a Born-Haber cycle. Examples of useful carbon-carbon 
bond formations studied in this work are (1) the oligomerization of 
alkynes, (2) the cyclization of aromatic hydrocarbons, (3) the desul-
furization of sulfur heterocycles, and (4) the dimerization of cyclo-
butadienoid systems. 

THE INTERACTION OF ZERO- OR LOW-VALENT METALS with aromatic nuclei 
is a reaction of great generality encompassing the alkali-metal adducts re
ported by Schlenk and Bergmann (1) in 1928 as well as arene-chromium 
complexes elucidated by Fischer and Hafher (2) and Zeiss and Herwig (3) 
in 1956. Not only can arenes interact with metals, but alkynes can be cy-
clotrimerized to arenes by using metal catalysts. The trimerization of alkynes 
to benzenes (2) by (Ph 3 P) 2 (CO) 2 Ni (Ph denotes phenyl) is shown in Scheme 
I (4). Because of the thermodynamic stability of the aromatic ττ-electron 
configuration, the driving force for such oligomerization of alkynes is readily 

0065-2393/88/0217-0089$06.00/0 
© 1988 American Chemical Society 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

06



90 POLYNUCLEAR AROMATIC COMPOUNDS 

comprehensible. However, the similar cyclotetramerization of certain al
kynes to the nonaromatic cyclooctatetranes (3) by nickel(II) cyanide or nickel(O) 
complexes is, in contrast, astonishing (4). 

Yet, a closer study of the behavior of low-valent transition metals, such 
as nickel, and of alkali metals, such as lithium, reveals that metals are able 
to disrupt aromatic systems almost as readily as they can induce their for
mation. The possibility of full (Li) or partial (Ni) electron transfer from a 
metal to a sufficiently low-lying antibonding ir-molecular orbital of the re
agent hydrocarbon is basic to both the formation and disruption of an aromatic 
nucleus by a low-valent metal reagent, M(0). For oligomerizations of alkynes 
(e.g., Scheme I), two extreme types of intermediates (4 and 5 in Scheme 
II) can be generated by a one- or two-electron transfer: metal-radical anion 
pairs (4) or metal-dianion pairs (5). In a less extreme extent of electron 
transfer, 4 and 5 may be better represented as covalent ττ-complexes 6 and 
7 (Scheme II). The ultimate products arising from intermediates 3 and 4 can 
be produced either catalytically from transition metals or stoichiometrically 
from main-group metals. 

R-C=C-R M ° • » ( R - C = * C - R ) ~ 

1 
4 

ι 
R-C===C-R 

ft 
6 

( R - C = C - R ) 

M 2 + 

5 

2-

R - C = C - R 

V 

Scheme II 

The extent of electron transfer between an organic substrate and a metal 
is a complex function of the metal's sublimation energy (Si) and ionization 
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6. EISCH Metal-Mediated Making and Breaking of C-C Bonds 91 

potential (I), as well as the organic substrate's sublimation energy (S2) and 
electron affinity (£) (5). In terms of Gibbs free energy, one can analyze the 
free-energy solution potential (P) into the foregoing energy inputs and note 
that energy-releasing terms, namely, ion solvation (Hx and H2) and ion 
association (A), are necessary to yield a negative P. Such a Born-Haber 
treatment for the solution potential of a metal-hydrocarbon adduct is shown 
in Figure 1. This figure shows how crucial the role of the donor solvent is 
in solvating alkali-metal cations in such adduets. Such metal-cation solvation 
is the principal free-energy compensation (-G) for the positive S χ and J 
investments. In the case of transition metals, such energy compensation can 
also be provided by donor ligands on the metal center, such as phosphines 
(H x), or from the association of partially charged metal and organic ligand 
centers (A). This association can be considered as the back bonding invoked 
in transition-metal ττ-complexes. 

A n important extension of such electron transfer from a metal center 
to a hydrocarbon substrate is that the metal need not be in the zero-valent 
state. Rundle (6) pointed out that an electronic kinship exists between metal 
lattices and organometallic compounds: Both systems are electron-deficient; 
that is, they have too few valence electrons to fill the available low-energy 

R 9 Mg 

- P d o n o r 
s o l v e n t 

- P = S 2+ I + Ε - ΗΛ - H2- A 

Figure 1. Born-Haber cycle for the formation of the carbon-metal bond. 
Subscripts: d, dissolved; s, solid. 
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92 POLYNUCLEAR AROMATIC COMPOUNDS 

bonding orbitals. The resulting electron-deficient systems are therefore ex
pected to display greater electron derealization, similar to their metal coun
terparts. Thus, the associated (RLi) n , where R is an alkyl group, should have 
an enhanced tendency to lose electrons, as does its corresponding cluster, 
L i n . Indeed, a number of instances in which organolithium compounds have 
reacted by electron transfer have been observed. Especially noteworthy in 
this regard is teri-butyllithium (ί-BuLi), which causes the reductive dimer
ization of diphenylacetylene (8) in tetrahydrofuran (THF) (7), as shown in 
Scheme III. The formation of 10 clearly shows that 9 was generated by 
electron transfer and then underwent dimerization. Compound 10 is also 
the product formed from the alkyne and lithium metal. 

P h - C = C - P h • ( P h - C = C - P h ) " L i + 

8 9 

P h v / P h 
C — C 

ι P h - C C-Ph 

L i l ( 

10 

Scheme III 

In this and other reactions, terf-butyllithium shows a greater tendency 
to undergo electron transfer than its isomer, n-butyllithium. n-Butyllithium, 
for example, does not form 10 from 8 but adds instead across the C = C 
linkage (7). This behavior suggests that the ionization potential of the car-
banionlike R group in R L i is an important determining factor in such electron 
transfer: 

M e 3 C ~ L i + — ^ M e 3 C- + L i + (1) 

In this view, the lower ionization potential of the tert-butyl anion in com
parison with that of the η-butyl anion is ascribed to the greater stability of 
the tert-butyl radical (<S). 

In 1929, Blicke and Powers (9) suggested such electron transfer by 
Grignard reagents to explain the reduction products encountered with ke-
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6. EISCH Metal-Mediated Making and Breaking of C-C Bonds 93 

tones. In recent years, Ashby (JO) and Eisch (11) have adduced evidence 
for the occurrence of such single-electron transfers in a variety of organo-
metallic processes. Accordingly, in keeping with the parallel drawn between 
the nature of metals and organometallic compounds (RM)„ one would expect 
that the energetics of such electron transfer from R M to substrate A = B, 
where A and Β are unsaturated carbon, nitrogen, or oxygen centers, could 
be analyzed by a Born-Haber cycle that incorporates the Blieke-Powers 
hypothesis of single-electron transfer (SET). Such an analysis of free-energy 
contributions is depicted in Figure 2. This cycle allows for a stepwise car-
bometalation of A = Β by R M or for a reductive dimerization of A = Β to give 
M 2

2 + ( B - A - A - B ) 2 " . As in metal reactions, the solvation of metal cations (Ηχ) 
and association factors determine a negative Gibbs energy of reaction (P). 

The study reported in this chapter examines the interactions of the 
alkali metal lithium and the transition metal nickel with various ττ-bonded 
hydrocarbons to determine the value of such metal interactions for forming 
new C - C σ-bonds in aromatic systems through preliminary disruption of 
C - C iT-bonds. From the foregoing considerations, pronounced solvent or 
ligand effects are expected in such reactions. 

A=B e +[R-M] n 

- Ρ = - H , - H 2 - fi3- A 2(or - A 3 ) + ΑΛ + Ε + I 

Figure 2. Born-Haber cycle for the single-electron transfer (SET) response of 
the carbon-metal bond, incorporating the Blicke-Powers hypothesis. 
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94 POLYNUCLEAR AROMATIC COMPOUNDS 

Experimental Details 

General Operating Techniques. Al l reactions involving metals or organ-
ometallic reagents were conducted under an atmosphere of a dry, oxygen-free, 
inert gas, which was nitrogen for lithium reactions and argon for nickel reactions. 
The preparation of suitably anhydrous and deoxygenated solvents, the analysis 
and transfer of such air- and moisture-sensitive metal reactants, and the execution 
of organometallic reactions have been described in detail in a recent monograph 
(12) . 

The following physical measurements and spectra were determined with 
the indicated instruments: (1) melting points (uncorrected) with a Thomas-Hoo
ver Unimelt apparatus; (2) IR spectra: Perkin-Elmer spectrometer, model 137, 
equipped with NaCl optics; (3) * H N M R spectra: reported on the δ scale on 
which the position of the tetramethylsilane (Me4Si) signal is taken as 0.0 parts 
per million (ppm) with a Varian instrument, model A-60; (4) electron spin res
onance (ESR) spectra with a Varian spectrometer, model V-4502, operating at 
9.5 G H z with 100-KHz field modulation; (5) mass spectrometric (MS) data: Du 
Pont spectrometer model 21-491B; and (6) vapor phase chromatographic (VPC) 
data: chromatograph, F & M model 720, equipped with 6-ft X 0.25-in. columns 
of silicone gum rubber (10% SE-30) on an inorganic support (Chromosorb P). 

Elemental analyses were performed by the Schwarzkopf Microanalytical 
Laboratory, Woodside, NY. 

Reagents. The lithium metal, containing a maximum of 0.05% sodium, 
was obtained from the Lithium Corporation of America. Bis(l,5-cycloocta-
diene)nickel [(Cod)2Ni)] was prepared by a modification of a known procedure 
(13) . This complex was used to prepare tetrakis(triethylphosphine)nickel 
[(Et 3P) 4Ni]. Tetraphenylcyclobutadienenickel(II) bromide dimer was synthe
sized from stilbene-free diphenylacetylene (14). 

Methylphenylacetylene (1-phenylpropyne), fert-butylphenylacetylene (1-
phenyl-3,3-dimethyl-l-butyne), biphenylene, and diphenylacetylene (diphenyl-
ethyne) were prepared by reliable methods. The other hydrocarbons were pur
chased and then purified until they met published criteria of purity (i.e., mp, 
thin layer chromatography, IR, and UV). The same procedure was followed for 
phenoxathiin, phenothiazine, and thianthrene. Finally, silicon derivatives of 
alkynes, alkenes, alkadienes, and arenes were made according to published 
procedures. 

Illustrative Examples of Reactions with Lithium Metal. 

REDUCTIVE DIMERIZATION OF ΓΕΗΤ-BUTYLPHENYLACETYLENE. Under nitro
gen, a freshly cut suspension of lithium pieces (138 mg, 20 milligram-atoms (mg-
at) of wire cut in 2.0-mm segments) in 3.16 g (20 mmol) of tert-butylphenyl-
acetylene and 20 mL of ethyl ether was stirred vigorously as 1.2 mL of T H F was 
added dropwise at 25 °C. During the following 3 h, the solution became red, 
and the amount of lithium diminished. The lithium was removed, and the red 
solution was treated with water (about 60 mg of L i was recovered). The mixture 
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6. EISCH Metal-Mediated Making and Breaking of C-C Bonds 95 

was diluted with benzene, and the benzene layer was washed with water and 
dried over M g S 0 4 . Removal of volatiles in vacuo at 25 °C and * H N M R spectral 
analysis of the residue showed the presence of (E,E)-l,4-di-£ert-butyl-2,3-di-
phenyl-l,3-butadiene (55%), ferf-butylphenylacetylene (35%), and (Z)- and (£)-
l-teri-butyl-2-phenylethene and 3,3-dimethyl-l-phenylbutane (10%). The pres
ence of the diene was verified by isolation (mp 162-163 °C), and that of the 
others was verified by VPC collection and spectral comparison with authentic 
samples (15). 

R E D U C T I V E DIMERIZATION A N D ISOMERIZATION O F M E T H Y L P H E N Y L -
ACETYLENE. In a manner similar to the foregoing method, 5.8 g (50 mmol) of 
the methylphenylacetylene and 35 mL of ethyl ether were vigorously stirred 
with 350 mg (50 mg-at) of lithium pieces at 20 °C for 4 h. The excess lithium 
was removed, and the red solution was hydrolyzed. Removal of the volatiles in 
vacuo and crystallization of the residue from absolute ethanol gave 2.2 g (38%) 
of colorless leaflets of (E,E)-2,3-dimethyl-l,4-diphenyl-l,3-butadiene (mp 132-
133 °C) (16). When the reaction was carried out on the same scale but in 30 mL 
of T H F at -10 °C for 24 h, hydrolytic work-up (the addition of water followed 
by extraction with ether) gave an organic layer containing (E,E)-2,3-dimethyl-
l,4-diphenyl-l,3-butadiene and isomers of methylphenylacetylene. 

Removal of the T H F under reduced pressure and distillation of the residue 
at 28-30 °C under 0.2 m m H g yielded a pale-yellow distillate, which was shown 
by gas chromatography (GC), IR, and * H N M R to be a mixture of methylphen
ylacetylene (*H N M R signal at 1.83 ppm), 3-phenylpropyne (δ 3.41, d; δ 2.15, 
t) and phenylallene [δ 6.13, £, Η; δ 5.00, d, 2H; / (coupling constant) = 6.5 
Hz](I7). 

MONOMOLECULAR AND BIMOLECULAR REDUCTIONS OF DIPHENYLACETY
LENE. 

Cyclizing Dimerization. A solution of 3.6 g (20 mmol) of diphenylacetylene 
in 8 mL of ethyl ether was stirred at 25 °C with 410 mg (60 mg-at) of lithium 
pieces for 2 h. The red-brown suspension was then treated dropwise with 1.6 
mL (20 mmol) of dichlorophenylborane in 20 mL of ethyl ether. After the mixture 
was heated at reflux for 2 h, 250 mg of lithium was recovered before the mixture 
was treated with water. The organic products were taken up in benzene, the 
benzene layer was dried, and the volatiles were removed in vacuo. Column 
chromatography on silica gel with a petroleum ether-benzene gradient gave one 
principal fraction: 1.60 g, yellow solid, mp 182-184 °C (decomposition). Re-
fluxing this sample in glacial acetic acid yielded 1,2,3-triphenylnaphthalene, mp 
148-149 °C; the melting point of a mixture with an authentic sample was un
depressed (18). 

Noncyclizing Dimerization. A solution of 5.0 g (28 mmol) of diphenyl
acetylene in 200 mL of anhydrous T H F was stirred vigorously by a blade-driven 
mechanical stirrer at 25 °C with 220 mg (32 mg-at) of lithium pieces. During 
the following 3 h, the solution turned dark blue. After the residual lithium was 
removed and the sample was weighed, a 30% consumption of lithium metal was 
ascertained. 
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96 POLYNUCLEAR AROMATIC COMPOUNDS 

Treatment of the reaction mixture, first with methanol and then with water, 
led to an organic solution, whose usual chromatographic separation and spectral 
identification showed the presence of only diphenylacetylene and (£,£)-l,2,3,4-
tetraphenyl-l,3-butadiene (mp 181.5-183 °C) (16). 

Competitive Cyclizing and Noncyclizing Dimerizations. When reactions 
such as noncyclizing dimerization were prolonged for 40-50 h, then 1,2,3-tri-
phenylnaphthalene (mp 148-150 °C), (Z,Z)-l,2,3,4-tetraphenyl-l,3-butadiene 
(mp 146-148 °C), and (E)-l,2-diphenylethene (mp 124-125 °C) could be isolated 
from the hydrolyzed reaction mixture by column chromatography on aluminum 
oxide and elution with a benzene-hexane gradient. The principal product was 
still the (E,E)-l,2,3,4-tetraphenyl-l,3-butadiene. 

Direct examination of the dried and evaporated organic extract (which had 
not been subjected to temperatures exceeding 20 °C) by * H N M R spectroscopy 
in CC1 4 revealed distinct singlets, inter alia, at 4.0 and 4.72 ppm. Thereupon, 
the solution was heated for 30 min at 35 °C, after which the signal at 4.72 ppm 
disappeared. These signals indicated the presence of the cis and (more thermally 
labile) £rans-l,2,3,4-tetraphenylcyclobutenes in the crude reaction mixture (16). 

Long-Term Interaction with Lithium in THF. A solution of 12.21 g (69 
mmol) of diphenylacetylene in 30 mL of T H F was stirred at 20-25 °C with 80 
mg (11 mg-at) of lithium pieces for 140 h. Upon hydrolytic workup, 150 mg of 
a light-brown solid was obtained, which was insoluble in water, benzene, and 
acetone. This product was subjected to sublimation at 180-200 °C under 0.01 
m m H g for 3 days. The colorless sublimate was identified as hexaphenylbenzene 
by IR and melting-point comparisons. The organic layer contained preponder
antly diphenylacetylene and some (E,E)-l,2,3,4-tetraphenyl-l,3-butadiene (16). 

CYCLIZATION OF o-DIPHENYLBENZENE. A solution of 2.30 g (10 mmol) of O-

diphenylbenzene in 15 mL of T H F was stirred with lithium pieces (350 mg, 50 
mg-at) at 25 °C for 18 h. The lithium pieces were then removed, and hydrolytic 
workup of the mixture followed in the usual manner. The organic product was 
shown by MS analysis to be a mixture of o-diphenylbenzene, triphenylene, and 
a dihydro derivative of o-diphenylbenzene. This mixture was heated in benzene 
with 5.68 g (25 mmol) of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ). Column 
chromatography yielded 1.5 g (65%) of pure triphenylene, mp 198-199 °C (19). 

CYCLIZATION OF 1,l'-BINAPHTHYL. A solution of 2.54 g (10 mmol) of 1,1'-
binaphthyl in 20 m L of T H F and 350 mg (50 mg-at) of lithium pieces, after 18 
h at 25 °C and hydrolytic workup, produced a mixture of Ι,Γ-binaphthyl, per-
ylene, and a dihydro derivative of Ι,Γ-binaphthyl. Similar treatment with D D Q 
provided a 55% yield of perylene, mp 272-274 °C (20). 

REDUCTIVE DIMERIZATION OF CYCLOPROPYLTRIPHENYLSHANE. A solution 
of 1.10 g (3.6 mmol) of the cyclopropyltriphenylsilane in 30 mL of T H F and 
30 mg (4.6 mg-at) of lithium pieces, after stirring at -78 °C for 20 h and hydro
lytic workup, produced an almost quantitative yield of 4,4'-bis(cyclo-
propyl(diphenyl)silyl)-l,l',4,4'-tetrahydrobiphenyl, which after column chro
matography and recrystallization from ethyl ether melted at 145-151 °C (21). 
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6. EISCH Metal-Mediated Making and Breaking of C-C Bonds 97 

This latter compound could also be aromatized to 4,4'-bis(cyclopropyl-
(diphenyl)silyl)biphenyl with D D Q . 

CYCLIZATION OF 2-(2-BIPHENYLYL)-l,l-DIPHENYLETHENE. A solution of 332 
mg (1.0 mmol) of 2-(2-biphenylyl)-l,l-diphenylethene in 7.5 mL of T M E D A 
(N,N,N'N'-tetramethyl-l,2-ethylenediamine) was treated with 2.5 mL (4.0 
mmol) of n-butyllithium in hexane. Then the solution, which became deep red, 
was heated at reflux for 72 h. The black solution was hydrolyzed with 20 mL of 
2 Ν aqueous HC1, and the organic fraction was isolated in the usual way. The 
lH N M R spectrum of this product showed 75% of 2-(2-biphenylyl)-l,l-diphen-
ylethene and 25% of 9-(diphenylmethyl)fluorene. After isolation, 9-(diphenyl-
methyl)fluorene melted at 212-214 °C; * H N M R (CDC13) gave δ 4.1-5.02 (d of 
d, 2H) and δ 6.55-7.75 [m (multiplet), 18H] (22). 

Illustrative Reactions with Nickel(O) Complexes. 

REACTIONS OF DIPHENYLACETYLENE. 

Trapping of the cis-Stilbene Precursor. A solution of 2.34 g (8.5 mmol) of 
(Cod) 2Ni and 2.82 g (15.8 mmol) of diphenylacetylene was formed in 25 mL of 
toluene to yield a burgundy-red color. Addition of 3.39 g (8.5 mmol) of 1,2-
bis(diphenylphosphino)ethane led to a yellow precipitate. The suspension was 
stirred for 18 h at 25-30 °C and then for 1 h at 95 °C. The cooled black reaction 
mixture had no obvious precipitate. Addition of deoxygenated, 6 Ν aqueous 
HC1 led to the deposition of the N i C l 2 complex with 1,2-bis-
(diphenylphosphino)ethane. The separated organic layer was washed with 
aqueous NaHCOa-NaCl and dried over anhydrous MgS0 4 . Concentration of 
this layer led to the deposition of 764 mg (27%) of hexaphenylbenzene. Column 
chromatography of the filtrate yielded 1.23 g of ds-stilbene (40%) and 82 mg of 
(E,E)-l,2,3,4-tetraphenyl-l,3-butadiene (3%) (23). 

Interception of (Ε, Ε)-l ,2,3,4-Tetraphenyl-l ,3-butadiene. A suspension of 
4.30 g (1.56 mmol) of (Cod) 2Ni in 30 mL of T H F was cooled to 0 °C, and then 
a solution of 5.55 g (31.2 mmol) of diphenylacetylene in 30 mL of T H F was 
added dropwise over 15 min. A red solution resulted, and stirring was continued 
for another 15 min. Then 30 mL of 6 Ν D C l in D 2 0 was added, the mixture 
was exposed to air as it rose to 25 °C, and then ethyl ether was added to extract 
the organic products. The organic extract was washed thoroughly with water, 
dried over anhydrous M g S 0 4 , and evaporated in vacuo. The residue was sub
jected to column chromatography on neutral aluminum oxide with an eluent 
gradient of benzene-hexane. A 2.0-g recovery of diphenylacetylene was obtained 
(36%), and 276 mg of (E,E)-l,2,3,4-tetraphenyl-l,3-butadiene was isolated (5%). 
By * H N M R and MS measurements, (E,E)-l,2,3,4-tetraphenyl-l,3-butadiene 
was shown to be dideuterated at the 1,4-vinylic positions. Some hexaphenyl
benzene was recovered from the top of the column (23). 

Catalytic Trimerization of Diphenyhcetylene. A mixture of 400 mg of 
(Cod) 2Ni, 8.90 g of diphenylacetylene, and 30 mL of toluene was heated at reflux 
for 4 h. The precipitate formed was filtered off and washed with ethanol, acetone, 
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98 POLYNUCLEAR AROMATIC COMPOUNDS 

and ethyl ether to give 6.93 g of fairly pure hexaphenylbenzene (78%). A highly 
pure product was obtained by Soxhlet extraction with 5.96 g of CHC1 3 (67%) 
(23). 

RING CONTRACTION OF SULFUR HETEROCYCLES WITH 2,2'-BIPYRIDYL AND 
(COD)2NI. 

Phenoxathiin. A violet solution of an equimolar mixture of (Cod) 2Ni and 
2,2'-bipyridyl (Bpy) in T H F (10 mL per 1.5 mmol) was treated with phenoxathiin, 
and the resulting mixture was heated at 55 °C for 48 h (24). The cooled reaction 
mixture was treated with glacial acetic acid, and the organic products were 
isolated in the usual way. For reactions having the following sulfide:(Cod)2Ni 
ratios, namely, 1:1, 1:2, 1:3, and 1:4, the conversions to dibenzofuran, as de
termined by VPC analysis, were 15%, 79%, 91%, and 78%, respectively. Thus, 
a sulfide:(Cod)2Ni ratio of 1:2 was the most satisfactory. Also, the percentage of 
side production of diphenyl ether increased as the ratio changed as follows: 1:1, 
1%; 1:2, 3%; and 1:3, 11%. 

Phenothiazine. Similar to the procedure for phenoxathiin, the interaction 
of 3.15 mmol of (Cod) 2Ni and 2,2'-bipyridyl in 20 mL of T H F with 1.5 mmol of 
phenothiazine yielded a 75% conversion to carbazole and a 5% conversion to 
dipheny lamine. 

Thianthrene. Similar to the procedure for phenoxathiin, the reaction be
tween 3.2 mmol of (Cod) 2Ni and 2,2'-bipyridyl with 1.3 mmol of thianthrene 
gave 55% of dibenzothiophene, 15% of biphenyl, and 30% of thianthrene. 

ISOLATION OF ORGANONICKEL INTERMEDIATES FROM BIPHENYLENE AND 
(ET3P)4NI. 

Dibenzonickelole-Bis(triethylphosphine). A solution of 7.5 g (14.1 mmol) 
of (Et 3 P) 4 Ni and 1.71 g (11.2 mmol) of biphenylene in 50 mL of ethyl ether was 
stirred for 18 h at 0 °C (25). Temperature control was essential to retard diben-
zonickelole from rearranging to the green tetrabenzo-l,2-dinickelecin. Some 
solvent was then removed at 5 °C under reduced pressure, and the rust-brown 
product was crystallized from the solution at -78 °C. An 82% yield of diben-
zonickelole was obtained. X H N M R (C 6 D 6 ) gave δ 0.6-1.7 [broad (br) d, 30H], 
δ 6.9-7.3 (br m, 6H), δ 7.35-7.6 (br m, 2H). The calculated elemental com
position for C 2 4 H 3 8 N i P 2 is the following (values are percentages): C, 64.46; H , 
8.56; and N i , 13.12. The elemental composition found was the following: C, 
64.32; H , 8.50; and N i , 13.01. (The sample had to be kept cold until it was 
analyzed to prevent the loss of E t 3 P and rearrangement to the green tetrabenzo-
1,2-dinickelecin). 

Tetrabenzo-1,2-dinickelecin-l ,2~Bis(triethylphosphine). A solution of 7.5 
g (14.1 mmol) of (Et 3 P) 4 Ni and 1.71 g (11.2 mmol) of biphenylene in 100 mL of 
T H F was stirred for 5 h at 18 °C and for 15 h at 0 °C. Then the solvent was 
removed at 10 °C under reduced pressure, and the residual solid was washed 
with three 20-mL portions of cold pentane (~0 °C). The product was suspended 
in a mixture of 60 mL of pentane and 30 mL of ethyl ether for 15 h at 20 °C. 
Then about half of the solvent was evaporated. Some Et 3 P was added to the 
residual solution, and the solution was stored at -78 °C overnight. Dark-green 
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6. EISCH Metal-Mediated Making and Breaking of C-C Bonds 99 

crystals of tetrabenzo-l,2-dinickelecin were deposited (88% yield). X H N M R 
(C 6 D 6 ) gave δ 0.5-1.5 (br m, 30H), δ 6.2 (d, 2H, 7.0 Hz), δ 6.7 (f, 2H, 7.0 Hz), 
δ 6.82 (d of d, 2H, 7.0 and 2.0 Hz), and δ 7.1 (m, 10H). The calculated elemental 
composition for C 3 6 H 4 6 N i 2 P 2 is the following (values are percentages): C, 65.70; 
H , 7.04; N i , 17.84; and P, 9.41. The elemental composition found was the 
following: C, 65.49; H , 7.13; N i , 17.83; and P, 9.55. 

In a sealed capillary tube under an argon atmosphere, tetrabenzo-l,2-di-
nickelecin had an apparent melting point of 146 °C. Heating of the green crystals 
between 150 and 200 °C led to the deposition of a nickel mirror on the glass 
vessel and the formation of tetraphenylene. 

REDUCTIVE RING OPENING OF TETRAPHENYLCYCLOBUTADIENENICKEL(II) 
BROMIDE DIMER. A suspension of 710 mg (1.2 mmol) of tetraphenyleyclobu-
tadienenickel(II) bromide dimer and 710 mg (2.4 mmol) of triphenylphosphine 
in 80 mL of toluene was stirred at -78 °C while being treated with 1.2 mL of 
2 M feri-butyllithium in pentane. The red-brown mixture was stirred for 6 h 
at -78 °C and then brought to 25-30 °C. The solution was concentrated under 
reduced pressure, pentane was added, and the resulting mixture was cooled at 
-78 °C to give the brown nickelole (40%). Recrystallization twice from pentane-
toluene at -78 °C gave a diamagnetic product (*H N M R : δ 6.5-7.5, m) that was 
allowed to reacted with different compounds to produce various products: (1) 
CO provided tetraphenylcyclopentadienone (45%); (2) glacial acetic acid gave 
(E,E)-l,2,3,4-tetraphenyl-l,3-butadiene (70%), (3) diphenylacetylene (20-fold 
excess) refluxed with toluene gave hexaphenylbenzene (58%), and (4) thermolysis 
at 50 °C followed by hydrolysis with 12 N HC1 yielded principally (E,E)-octa-
phenyl-l,3,5,7-octatetraene and a small amount of (E,E)-l,2,3,4-tetraphenyl-l,3-
butadiene (26). 

Results and Discussion 

Reaction and Oligomerization of Alkynes. 

REACTION PRODUCTS AND ORGANOMETALLIC INTERMEDIATES WITH LITH

IUM. A l l three of the alkynes examined, namely, methylphenylacetylene, 
terf-butylphenylacetylene, and diphenylacetylene, gave as the principal re
action product in either ethyl ether or T H F the (E,E)-tetrasubstituted 1,3-
butadiene (Scheme IV). Methylphenyl- and ieri-butylphenylacetylene (11) 
gave reduced dimers of opposite regiochemistry (12 and 13, respectively). 
In addition, a minor amount of the starting alkyne was reduced to its E- and 
Z-alkenes (14) and alkane (15). As workup of such reaction mixtures with 
D 2 0 showed, products 14 and 15 arose largely from proton-abstraction re
actions of radical-anion intermediates during exposure to the lithium, be
cause they were mostly undeuterated. 
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100 POLYNUCLEAR AROMATIC COMPOUNDS 

Μ β χ Me P h ^ 

P h - C C - P h Ζ · H2° Ζ · Η 2 ϋ t - B u -c ' C- t - B u 
\ Me 11 R = t - B u \ \C 

12 13 

Scheme TV 

Ph .R P h - C H 2 - C H 2 - R 

Η Η 
14 15 

Especially in T H F , methylphenylacetylene was found to undergo a base-
catalyzed rearrangement to its isomeric alkyne and aliène: 

H 

P h - C ^ C - C H , 1 _ U T H F > P h - C H 2 - C ^ C - H + P h - C = C = H C H 2 

Whereas the foregoing products were formed in relatively short contact 
times with lithium, the longer reaction times studied with diphenylacetylene 
and lithium in T H F led to other dimers and trimers such as the (Z,Z)-1,3-
butadiene (16), 1,2,3-triphenylnaphthalene (17), cis and frans-tetraphenyl-
cyclobutenes (18) and hexaphenylbenzene (19); 18 and 19 can be viewed as 
arising from intermediate 21. A l l of these products can be explained the 
initial formation of an ion pair containing a lithium cation and an alkyne 
radical anion (20) (27-30). Such an adduct can dimerize to 21, undergo 
reduction by proton abstractions from T H F and electron transfer, or act as 
a strong base in isomerizing methylphenylacetylene (Scheme V). If radical 
20 dimerizes as governed by the steric properties of R, the different regi-
ochemistry of dimerization for methylphenylacetylene or ferf-butylphenyl-
acetylene becomes understandable (Scheme IV). 

However, the reason for the favored stereoselectivity with which 20 
dimerizes to 21 requires some thought. The crystal structure of the bis-
T M E D A complex of 21 shows that the lithium centers bridge across the 
C - l and C-4 centers of the diene and thus hold it in an s- and cis-configuration 
(21a) (31). A similar bridging in the associated, dimeric, radical ion 20a allows 
for the observed stereoselective coupling (Scheme VI). 

The products obtained by long-term reaction with lithium, namely, 16-
19, readily arise from 21. Phenyl-substituted vinyllithiums readily undergo 
cis-trans isomerization in T H F (32), and thus 21 could isomerize to forms 
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Lt-Cs=C-CH 2 Ph R - C s C - P h 
11 

L i 

H 2 C - c L c - P h m R " ^ ^ P h L i + ( R - C = C - P h ) \\ ™ F 

3. THF 

H 2 C = C = C ' X 

. L i 

Ph 

I 20 

c — c r 
// \\ 

P h - C C - P h w 
21 

Scheme V 

Ph Ph 

Ph Ph 

P h v . P h 

P h - C < L i > C - p h 

20a 21a 

Scheme VI 

that could yield either 16 upon hydrolysis or 17 upon cyclization (33) (Scheme 
VII). Likewise, isomeric 18 could arise from an electrocyclic ring closure of 
21a, 22a, or 23a and protonation by T H F (34). Intermediate 24a might form 
25a by electron transfer, and 25a would immediately react with diphenyl
acetylene to yield 19 (Scheme VIII). 1 

These alkynes do not undergo such smooth dimerizations to alkadiene 
derivatives such as 21 or 22 when sodium or potassium is employed or when 
the reaction is conducted in other solvents (27-30). The potassium adduct 
of terf-butylphenylacetylene (cf. 13) dimerizes through the para-position of 
the phenyl group (35). These observations indicate that the special reactivity 
of lithium may reside in the greater autoassociation tendency of its radical-
anion adducts (20a). 

JThe conversion of 24a into intermediate 25a is given as a double single-electron transfer (SET) 
reaction. Alternatively, a Diels-Alder reaction of 21a could produce 19a. 
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102 POLYNUCLEAR AROMATIC COMPOUNDS 

P h . 

L i - C 

P h . yPh 

.Ph 

P h - C ^ C - P h * L i - C \ L i / C _ P h 

23a 

•Li Η 
C C v 

// \ 
' \ / 

Ph Ph 

22a 

JH2O 
16 

C—Li 

H,0 
17 « Li 

P h . 

Scheme VII 

Ph 

P h - C G ~ P h 
\ 

L i L i 

PhC=CPh 

PhC==CPh 

18 

Li Ci 
24a 
-2e~ 

PK 

2 P h C = C - P h 

Ph 

• 21 

P i f ^ P h 

25a 

Scheme VIII 

REACTION PRODUCTS AND ORGANOMETALLIC INTERMEDIATES WITH NICKEL(0) 

COMPLEXES. Nickel(O) complexes such as (Cod) 2 Ni, show a striking parallel 
with lithium(O) complexes in their reactions with diphenylacetylene: a se
quence of monomolecular reduction; bimoleeular, stereospecific reduction; 
and cyclotrimerization (Scheme IX). Consonant with the suggestion that 
nickel(O) forms nickelirene (26) and nickelole (27) intermediates in the course 
of cyclotrimerization of diphenylacetylene is the isolation of (Z)-l,2-di-
phenylethene (28) and (E,E)-l,2,3,4-tetraphenyl-l,3-butadiene (29) upon hy
drolysis. Furthermore, when D C l was used in the workup, both 28 and 29 
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6, EISCH Metal-Mediated Making and Breaking of C-C Bonds 103 

were dideuterated at their vinylie positions. This finding suggests that there 
are C - N i bonds at these vinylie positions in the organonickel precursors of 
28 and 29. Recent studies have firmly established 26 and 27 as the catalytic 
carriers in nickel-catalyzed alkyne oligomerizations (23, 26). 

R—C—C—R 
L n M ° | 

= 2 L i , N i ν 
26 

II 
R - C 

27 

C - R 

R 

II I 

•R'cY*S 
R 

Ph Ph 
P h . Ph ^ C — 

P h — C C — P h 
H H \ / 

χ>=α 

28 
Η Η 

29 

Scheme IX 

Coupling of Aromatic Rings with Lithium Reagents. 

C A R B O N - C A R B O N BOND FORMATION M E D I A T E D BY LITHIUM M E T A L . A 

second, most general method of coupling aromatic rings involves the use of 
lithium metal in T H F , The reaction can be fostered if the electron affinity 
of the aryl rings is enhanced (i.e., if Ε is made less positive in Figure 1) by 
placing electron-withdrawing substituents on the rings to be coupled. Such 
substituents can be other aryl groups or an R 3 S i group, as the following 
examples show. 

This reaction can be achieved either intramolecularly (Scheme X) or 
intermolecularily (Scheme XI). In both reactions the crucial step is the 
transfer of electrons to the rings to be coupled and the dimerization of the 
resulting radical anions (Scheme XII). 

30 

Scheme X 
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104 POLYNUCLEAR AROMATIC COMPOUNDS 

Scheme XII 

The attachment of a R 3 S i (31) or an biphenylyl (30) group enhances the 
electron affinity of a benzene ring. Such substitution permits biphenyl rings 
(33) or the triphenylene system (32) to be generated readily. Collateral 
evidence in support of radical-anionic intermediates in these reactions has 
been obtained (5). Another example of the intramolecular cyclization is the 
formation of perylene from Ι,Γ-binaphthyl. 

ORGANOLITHIUM COMPOUNDS AS ELECTRON-TRANSFER AGENTS IN CARBON-
CARBON BOND FORMATION. A n instructive example of how R L i , rather than 
lithium metal, can act as an electron source (cf. Figure 2) is the cyclization 
of 2-(2-biphenylyl)-l,l-diphenylethene (34) by n-butyllithium. To enhance 
electron transfer, the chelating strong-donor T M E D A was employed. The 
observed cyclization to 9-(diphenylmethyl)fluorene (35) can best be explained 
by electron transfer (Scheme XIII). 2 

Coupling of Aromatic Rings with Nickel(O) Reagents. Nickel(O) 
complexes are able to couple aromatic groups to each other through the 
preliminary disruption of relatively weak σ bonds. Again, examples of such 
coupling are known for both intramolecular (Scheme XIV) and for inter-
molecular (Scheme XV) situations. The type of cyclizing desulfurization de
picted in Scheme XIV has also been observed with phenothiazine and 
thianthrene (24), and evidence has shown the importance of electron-transfer 
processes i n such ring couplings (24,36). The process given in Scheme XV, 

2For the ring-coupling reactions shown in Schemes XII and XIII, bis-radical anions are suggested 
as the reactive intermediates. One might demur that in such conjugated systems the dianions 
exist as electron-paired diamagnetic intermediates. In this case, the unpairing of such electrons 
requires only a modest promotional energy. 
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6. EISCH Metal-Mediated Making and Breaking of C-C Bonds 105 

Scheme XV 

on the other hand, has been demonstrated to proceed by way of dibenzo-
nickelole and tetrabenzo-l,2-diniekeleein intermediates (25). 

Closely related to the dimerization of biphenylene (36) to tetraphen-
ylene (37, Scheme XV) is the dimerization of an aryl-substituted cyclobuta-
diene to octadienes or cyclooctadienes by way of nickel complexes. A useful 
source of the cyclobutadiene group is its air-stable complex with N i B r 2 . 
Reduction of this complex with ferf-butyllithium (electron-transfer agent) 
gives the tetraphenylcyclobutadiene-nickel(0)-triphenylphosphine complex 
(38), which isomerizes to the nickelole (39). The dimerization of 39 leads to 
40, whose protonation yields the octadiene. Alternatively, at higher tem
peratures, 40 can extrude Ni(0) to produce 41 (26, Scheme XVI). 

These observations, in addition to those made in the stepwise oligo
merization of alkynes by nickel(O) complexes (Scheme IX), help to clarify 
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106 POLYNUCLEAR AROMATIC COMPOUNDS 

the mechanistic pathways involved in the Reppe and Schweckendiek (4) 
oligomerization of alkynes. Nickeloles (27) are intermediates common to both 
cyclotrimerizations and cyclotetramerizations. Depending upon conditions 
and the structure of the alkyne, either process can ensue from 27 (Scheme 
XVII). The mechanistic pathways from the nickelole to the final oligomer 
diverge, depending upon whether the nickelole dimerizes (path a to tetra-
mer) or reacts preferentially with alkyne (path b to trimer). Preference for 
path a or path b is highly dependent upon the substituents (R) and ligands 
(L) on nickelole 27. A recent study showed that the ease of dimerization of 
the dibenzonickelole to the dibenzodinickelecin increased as L changed from 
E t 3 P to P h 3 P (25). 

Summary 

This study showed that the lithium- and nickel-mediated formation of car
bon-carbon bonds has considerable promise for the rational construction of 
polycyclic aromatic nuclei. Not only can such aromatic systems be elaborated 
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6. EISCH Metal-Mediated Making and Breaking of C-C Bonds 107 

from simple derivatives of alkynes and benzene in an intermolecular fashion, 
but intramolecular ring couplings and ring closures can also be achieved by 
employing sulfur heterocycles or o-diaryl aromatic compounds. In all of these 
processes, electron transfer from the metal to the unsaturated substrate was 
shown to play a decisive role. 
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Reductive Alkylation of Aromatic 
Compounds Perylene, Decacyclene, and 
Dibenzothiophene 

Lawrence B. Ebert, George E. Milliman, Daniel R. Mills, and Joseph C. 
Scanlon 

Corporate Research Laboratories, Exxon Research and Engineering Company, 
Annandale, NJ 08801 

The reduction of three polynuclear aromatic compounds, namely, 
perylene, decacyclene, and dibenzothiophene, with potassium metal 
in tetrahydrofuran at 25 °C, followed by quenching with alkyl iodides, 
was investigated. With perylene, a dianion was obtained, which on 
reaction with methyl iodide added two methyl groups; the main re-
gioisomer had one methyl group on C-1 and one methyl group on 
the adjacent nonprotonated carbon, C-14. The reductive alkylation 
of decacyclene also led to alkyl groups on quaternary carbon atoms. 
The reduction of dibenzothiophene led to a loss of sulfur and proton 
uptake from solvent to yield biphenyl as the product after 24 h of 
reduction. 

REDUCTIVE ALKYLATION is a useful means of investigating a variety of 
fossil-fuel materials, as proposed by Sternberg and co-workers (1, 2). A 
refractory carbonaceous substance, such as coal, is reduced with the radical 
anion of naphthalene in the presence of excess alkali metal in tetrahydrofuran 
(THF) at room temperature. The resultant ensemble of reduced species 
(e.g., "coal anion") is quenched with any of a variety of alkylating agents, 
most frequently alkyl iodides. The resultant alkylated product typically has 
enhanced solubility in common organic solvents. This result allows inves
tigation by liquid-state techniques, which cannot be used on the initial 
refractory material. Lewis and Singer (3) show the use of this approach in 
their chapter in this book on the determination of molecular weight distri
butions of petroleum cokes that have been solubilized by reductive alkyla
tion. The initial chemistry of Sternberg and co-workers (1, 2), and related 

0065-2393/88/0217-0109$0.600/0 
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110 POLYNUCLEAR AROMATIC COMPOUNDS 

approaches have been applied to a number of fossil-fuel systems, and the 
results are discussed in recent reviews (4-7). 

Curiously, the chemistry of model aromatic hydrocarbons under the 
conditions of Sternberg and co-workers (I, 2) has been studied incompletely 
(8, 9) and sometimes in contexts far removed from fossil fuels (10). In this 
chapter, we discuss the chemistry of three model compounds, namely per
ylene, decacyclene, and dibenzothiophene. Our studies used reduction by 
K° in T H F followed by alkylation, and our new findings are the following: 
(1) In the reductive methylation of both perylene and decacyclene, methyl 
groups were found on nonprotonated carbon atoms in the products. This 
situation can be shown either by X H N M R in which the proton resonance 
of the methyl group is a singlet rather than a doublet, as would be the case 
for a methyl group bound to a carbon bearing one proton or by 1 3 C N M R 
by comparing proton coupled to proton decoupled spectra. (2) In the case 
of the reductive methylation of perylene, the dominant isomeric product 
contained a methyl group on the C - l carbon and the adjacent nonprotonated 
carbon, C-14. The stereochemistry of the addition was trans. This regi-
ochemistry is consistent with molecular orbital calculations of Minsky et al. 
(10), which showed maximum electron density in perylene anions to be on 
C - l . (3) In the reductive alkylation of dibenzothiophene, both a 2-biphenylyl, 
alkyl sulfide and biphenyl were recovered after reaction times of a few hours, 
and only biphenyl was recovered after longer reaction times. The use of 
[ 2 H 8 ] T H F showed that the two additional protons in biphenyl came from 
the solvent. 

Background 

Herein, we focus on N M R characterization of the products of reductive 
alkylation; however, reductive alkylation has other interesting and some
times controversial aspects. We briefly mention a few of these controversial 
points: (1) In the reductive alkylation of perylene, we found products of 
molecular weight corresponding to the addition of two alkyl groups to a 
perylene molecule ( M W = 252); in previous literature, these molecules 
have been called by some people dialkyldihydroperylenes (9). For example, 
mass spectrometry (MS) of our product of methylation showed a molecular 
ion that has a mass-to-charge ratio (mlz) of 282, which is consistent with the 
addition of two C H 3 groups to perylene. Such a product is consistent with 
a perylene dianion precursor. Abbott et al. (9) claimed reductive alkylation 
products to be monoalkyldihydroperylenes (indicative of hydridoperylene 
carbanion precursors). Minsky et al. (10) claimed the product of reductive 
protonation to be tetrahydroperylene (indicative of a tetraanion precursor). 
One of us (L. Β. E.) addressed both of these claims elsewhere (11, 12); the 
evidence presented herein further strengthens the case for the dianion of 
perylene under these reaction conditions. In this chapter, we shall refer to 
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7. EBERT ET AL. Reductive Alkylation of Aromatic Compounds 111 

our products as dialkyldihydroperylenes to keep with past terminology, al
though our N M R results demonstrate this usage to be incorrect. (2) In the 
reductive alkylation of decacyclene, we found potential evidence for trianions 
and tetraanions, although dianions did seem to predominate. This result is 
consistent with past work (13) and is not further explored herein. (3) In the 
reductive alkylation of dibenzothiophene, we found the nonalkylated product 
biphenyl, as others have reported (8). We also found the 2-biphenylyl alkyl 
sulfide and evidence for proton donation from solvent. Our work, done at 
room temperature, did not suggest the recently proposed dibenzothiophene 
dianion to have appreciable stability at room temperature (14). 

Experimental Details 

Perylene, decacyclene, dibenzothiophene, and methyl iodide were obtained from 
Aldrich, potassium metal was obtained from Alfa, and THF was obtained from Fisher 
(THF was distilled from benzophenone ketyl prior to use). Aromatic anions were 
generated under a helium atmosphere within a glovebox (VAC Atmospheres) by the 
addition of potassium metal to a solution of the aromatic hydrocarbon in THF at 
room temperature. The highly colored anion of the aromatic hydrocarbon was ob
served within seconds of the addition of potassium; the color persisted until quench
ing. During reduction, excess metal was present at all times. For quenching, excess 
metal was removed, and the anion solution was placed in a glass vessel, fitted with 
a rubber septum, and equilibrated in an ice bath (0 °C). The quenching agent, either 
neat or diluted with THF, was slowly added to the anion solution with a syringe; 
typically, the quenching agent was equilibrated at 0 °C. As one example, 2.848 g 
(10.5 mmol) of perylene in 34.314 g of THF was reacted with 1.708 g (43.7 mmol) 
of potassium metal for 13 days. A total of 2.01 Κ atoms were consumed per perylene 
molecule, and the anion solution was quenched with 3 g of 13C-enriched methyl 
iodide. Further details of our work with the perylene dianion were published pre
viously (12). 

The nuclear Overhauser effect (NOE) was measured with a Varian XL-300 
spectrometer. A difference technique was used in which two different free-induction 
decays (FID) were obtained: one with the decoupler set on-resonance and the other 
with it set far off-resonance. The off-resonance FID was then subtracted from the 
on-resonance FID, and the result was Fourier transformed to give a spectrum re
vealing NOE enhancements. Peaks in such a difference spectrum reflect increases 
in the integrated intensity of the NMR absorption as a result of the concurrent 
saturation of the given resonance. This enhancement arises from cross relaxation 
between nuclei of the saturated resonance (denoted by S) and the enhanced ensemble 
(denoted by I). In the case of our alkylated perylene molecule, the mechanism of 
cross relaxation between I and S is presumably dipolar. The magnitude of the cross 
relaxation depends upon the distance between the I spins and the S spins and 
specifically varies as the 10"6 of that distance (15). Enhancements are expected only 
for those nuclei near the nucleus that is saturated. The magnitude of NOE enhance
ments of the I ensemble created by saturating S can depend on the cross relaxation 
between the I ensemble and the spins that are not enhanced (denoted by N). Thus, 
it is not true that the "closer the spins, the larger the NOE enhancement." The 
enhancement magnitudes depend on the relative proximity of the I spins to the S 
and Ν spins (15). 

The connectivity in our alkylated perylene was also studied by heteronuclear-
correlated two-dimensional NMR, the details of which will be published elsewhere. 
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112 POLYNUCLEAR AROMATIC COMPOUNDS 

In addition to spectra obtained with a Varian XL-300 spectrometer, proton spectra 
were acquired with a JEOL FX-400 spectrometer (400 MHz), and carbon spectra 
were acquired with a Varian FT-80 spectrometer (20 MHz). Spectra of solids were 
obtained with a Varian WL-112 spectrometer, which is a wide-line instrument that 
uses sinusoidal field modulation with detection via a lock-in amplifier (1 3C at 15 MHz 
and 2 H at 12 MHz). (The symbol δ denotes parts-per-million downfield from tetra-
methylsilane.) 

X-ray diffraction was performed with a Siemens D-500 unit employing copper 
radiation and a graphite monochromator. 

Gas chromatography-mass spectrometry (GC-MS) was performed with a Hew
lett-Packard 5595 spectrometer equipped with two parallel GC columns; the effluent 
from one column went to a flame-ionization detector, and the effluent from the other 
column went to a quadrupole mass filter (18). 

Perylene Chemistry. Capillary G C analysis of the crude reductive 
methylation product indicated that one dimethyldihydro isomer was 6.6 
times more abundant than the next most abundant isomer (12). The * H 
spectrum of the crude product, shown in Figure 1, is consistent with this 
finding because it shows only two dominant methyl resonances: δ 0.79 (doub
let) and δ 1.42 (singlet). The presence of a singlet and a doublet immediately 
provides some information about the regiochemistry of the product, which 
can be seen by considering the molecular structure. The conventional num
bering scheme for the protons of perylene is shown in Figure 2. Protonated 
carbons are assigned the numbers of the adjacent protons. We wil l designate 
the nonprotonated carbon bonded to C - l as C-14. Within this chapter, we 
wil l refer to C-14 as C-q to emphasize that a quaternary carbon is involved 
in the chemistry. Specifically, the presence of a singlet and a doublet for 
the C H 3 resonances immediately rules out an isomer in which methyl groups 
are attached to C-2 and C-3 because this isomer would show two doublets 
(each methyl group split by the methine proton). 

Two regioisomers are possible. In one isomer, methyl groups are at
tached to C-3 and C-q, and H - l and H-2 are olefinic (Scheme I); in the 

Results 

Η C H 3 

Scheme I. Formation of C-3/C-q isomer of dimethyldihydroperylene. 
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j _ J L 
i l 

1—L 
9.0 8-0 7-0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 

PPM 

Figure 1. 1H NMR spectrum (400 MHz, 25°) of the product of reductive meth
ylation of the dianion of perylene (dimethyldihydroperyhne). 

other isomer, methyl groups are attached to C - l and C-q, and H-2 and H -
3 are olefinic (Scheme II). The large difference in observed chemical shifts 
of the olefinic protons (δ 6.25 and δ 6.52, in Figure 1) argues for, but does 
not prove, the C-l/C-q isomer. 

Scheme 11. Formation of C-l I C-q isomer of dimethyldihydroperylene. 

NOE APPROACH. To make an unambiguous assignment of regiochemistry, 
several N O E experiments were performed to establish the connectivity of 
the protons. Proton-NOE enhancements are observed between nuclei sep
arated by less than about 5 Â. N O E difference spectra exhibit peaks only 
for those protons that are close to the proton being irradiated. 

Η 

C H 3 

Η 

Η 

C H 3 
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114 POLYNUCLEAR AROMATIC COMPOUNDS 

H 4 H3 

Figure 2. Proton-numbering scheme for perylene. 

IRRADIATION OF METHINE C - H . Figure 3 shows a difference spectrum 
obtained by irradiation of the methine resonance at δ 3.07. In the C-l/C-q 
isomer (Scheme II), this resonance is for H - l ; in the C-3/C-q isomer (Scheme 
I) this resonance is for H-3. A n N O E was observed for four different reso
nances: those for both methyl groups, that for the δ 6.25 olefinic proton, 
and that for an aromatic proton at δ 7.53. Because the methine proton 
interacts with both methyl groups, the C-l/C-q isomer is suggested in which 
the methine C - H is close to both methyl groups rather than the C-3/C-q 
isomer, in which the methine C - H of C-3 is quite distant from the methyl 
group on C-q. In the C-l/C-q isomer, the aromatic proton at δ 7.53 is H -
12; in the C-3/C-q isomer, the aromatic proton at δ 7.53 is H-4. 

IRRADIATION OF T H E δ 6.52 OLEFINIC RESONANCE. In a second N O E ex
periment, the olefinic resonance at δ 6.52 was irradiated, and an N O E was 
seen for two resonances: that for the other olefinic proton at δ 6.25 and that 
for the one aromatic proton at δ 7.12. In the C-l/C-q isomer (Scheme II), 
the single aromatic proton is H-4; in the C-3/C-q isomer (Scheme I), the 
aromatic proton is H-12. This observation is further evidence for the C- l/ 
C-q isomer because the δ 6.52 resonance corresponds to H-3, which should 
not show an N O E on either methyl group. In the C-3/C-q isomer, either 
olefinic proton ( H - l or H-2) should show an N O E on a methyl group. 

IRRADIATION OF METHYL SINGLET AT δ 1.42. In a third N O E experiment, 
the singlet methyl resonance at δ 1.42 was irradiated, and an N O E was seen 
for four resonances: the methine at δ 3.07, an aromatic proton at δ 7.53, the 
olefin at δ 6.52 and the olefin at δ 6.25. The N O E on an aromatic proton at 
δ 7.53 was proof of the presence of the C-l/C-q isomer in which both the 
methine C - H (H-l) and the methyl group on C-q are near the same aromatic 
proton (H-12). The first and third N O E experiments demonstrated that this 
situation is the case. 
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I i 1 i f ' i l I I I 
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PPM 

Figure 3. NOE difference spectrum arising from saturation of the methine 
resonance at δ 3.07. 

In contrast, in the C-3/C-q isomer, the methine C - H (H-3) is the closest 
to the aromatic H-4 and the methyl group on C-q is closest to the aromatic 
H-12. The second N O E experiment showed that in the C-3/C-q model, H -
12 must be at δ 7.12; however, the third N O E experiment showed that in 
the C-3/C-q model, H-12 must be at δ 7.55. 

Thus, the C-l/C-q model self-consistently accounts for the three N O E 
experiments, and the C-3/C-q model does not. The dominant regioisomer 
of the reductive methylation of perylene has methyl groups at C - l and the 
adjacent nonprotonated carbon (see Scheme II). 

A remaining question concerns the stereochemistry of the C-l/C-q iso
mer: Are the methyl groups on the same side of the perylene plane (cis) or 
on opposite sides (trans)? 

IRRADIATION OF THE METHYL DOUBLET AT θ 0.79. To address the question 
just proposed, a fourth N O E experiment was performed in which the methyl 
doublet at δ 0.79 was irradiated. A n N O E was seen for the two olefinic peaks 
(H-2 and H-3), for the aromatic H-12 at δ 7.55 and the methine C - H on H -
1; however, an N O E was not seen for the singlet methyl at δ 1.4. The third 
and fourth N O E experiments demonstrated that no intermethyl N O E occurs. 
This observation is suggestive of the irans-isomer, for which the distance 
between methyl carbons atoms is 3.9 Â and the interproton distances are 
too long for N O E , rather than of the cis-isomer, for which the distance 
between methyl carbon atoms is 2.9 A . The trans-isomer is depicted as 
structure 1. 
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116 POLYNUCLEAE AROMATIC COMPOUNDS 

Structure 1. The trans- isomer of C-l/C-q dimethyldihydroperylene. 

SECOND MOMENT NMR ANALYSIS. We have also approached the stereo
chemistry question by second-moment analysis of the 1 3 C resonance of 
di[ 1 3C]methyldihydroperylene in the solid state. We formed this compound 
with 1 3 C-enriched methyl iodide (99.7% 1 3 C , Merck) and observed a line 
width ^ 0.05 millitesla (mT), or 0.5 gauss (G). Because the intramolecular 
carbon-carbon dipolar interaction of the methyl groups of the cis-isomer 
corresponds to a Gaussian line width of 0.36 G (second moment = 0.0352 
G 2 = 22.642/2.9386), most likely the total predicted second moment of the 
ds-isomer is larger than the observed moment. This situation is still being 
investigated. 

LIQUID-STATE 1 3 C NMR OF ENRICHED MATERIALS. High-resolution 1 3 C 
N M R spectra of solutions of the 1 3 C-enriched product allowed investigation 
of methyl shifts of the most abundant dimethyldihydroperylene isomer and 
of the other products previously determined by G C - M S (12). In the most 
abundant isomer, namely, the C-l/C-q isomer, the methyl group attached 
to C - l was at δ 15.8 and the methyl group attached to C-q was at δ 33.9. 
Methyl resonances in the minor products of reductive methylation occurred 
at δ 19.7, 24.5, 25.5, 33.1, 33.2, and 40.6. Consistent with our previous 
G C - M S work, the integrated intensity of any of these minor methyl peaks 
was about 10 times smaller than either of the methyl peaks of the main C-
1/C-q isomer. We also proposed the presence of a trimethyldihydroperylene 
on the basis of G C - M S fragmentation patterns; significantly, two-dimen
sional N M R demonstrated a carbon methyl bound directly to an aromatic 
carbon, and the shift of this methyl group was δ 19.7 ( 1 3 C N M R at an observa
tion frequency of 75.43 M H z ) . 
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7. EBERT ET AL. Reductive Alkylation of Aromatic Compounds 117 

LIQUID-STATE 1 3c NMR OF OTHER MATERIALS. We report results of 1 3 C 
N M R of a di[ 2H 3]methyldihydroperylene product for comparison with work 
on reductively alkylated decacyclene reported later. The two rehybridized 
carbons, namely, C - l and C-q, appeared at δ 38.6 and 41.7 respectively. 
The two methyl carbons, which are split by C - D coupling of 19.5 H z , 
appeared at δ 14.6 and 33.0. Several aromatic resonances spanned the range 
from δ 119.0 to 141.6 ( 1 3 C N M R data at an observation frequency of 100.4 
M H z ) . 

To unambiguously confirm the assignment of the rehybridized carbons 
C - l and C-q, 1 3 C N M R spectra of a dimethyldihydroperylene were obtained 
both with and without proton decoupling. The resonance at δ 41.7 was 
unchanged (proving it to be C-q), and the resonance at δ 38.6 became a 
doublet without decoupling (proving it to be C- l ) . The H - C coupling con
stant for the doublet was 127 H z , which is consistent with its identity as an 
sp 3-hybridized carbon (17). 

PERYLENE REDUCTION IN THE PRESENCE OF NAPHTHALENE. The chemistry 
that we have discussed is similar to that of Sternberg and co-workers (I, 2) 
in using an excess of potassium metal in T H F at room temperature. In the 
Sternberg and co-workers approach, however, naphthalene was used to 
transfer electrons from potassium metal to the substrate under investigation 
whether it was a fossil fuel, such as coal (2), or a model compound, such as 
dibenzothiophene (8). Thus, the results of our work on the direct reduction 
of perylene by K° might differ from results of a reaction in which naphthalene 
is present. 

To address this possibility, we combined naphthalene (0.924 g, 7.2 
mmol), pyrene (0.503 g, 2.5 mmol), and perylene (0.399 g, 1.6 mmol) with 
K° (2.504 g, 64 mmol) in T H F (32.467 g). Quenching an aliquot with methyl 
iodide after 29 h of reaction showed the C - l / C - q dimethyldihydroperylene 
isomer to be the single most abundant perylene-derived product; it was 
approximately 7 times more abundant than recovered perylene. Signifi
cantly, we recovered tetramethyltetrahydroperylene [MS: molecular ion at 
ml ζ = 312, intensity (I) = 13; base ion reflecting methyl loss at mi'z = 
297, I = 100; second methyl-loss ion at ml ζ = 282, I = 13; third methyl-
loss ion at ml ζ = 267, I = 26; and fourth methyl-loss ion at ml ζ = 252, I 
= 53). The G C - F I D intensity was 7.2 times less than that of the C - l / C - q 
dimethyldihydroperylene isomer. In contrast with perylene, pure naphthal
ene was 28.9 times more abundant than the dominant dimethyldihydro-
naphthalene product. In fact, the reduction of methyl iodide by the 
naphthalene radical anion to yield methyl radicals may be the origin of the 
methyl groups in the tetramethyltetrahydroperylene. 

At the same time, a second aliquot was quenched with pentyl iodide. 
A dipentyldihydroperylene (MS: molecular ion at ml ζ = 394, I = 1.4; 
pentyl-loss ion at ml ζ = 323, I = 54; and second pentyl-loss ion at ml ζ = 
252, I = 100) was the predominant perylene-containing species; it was 32 
times more abundant than the recovered perylene. 
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118 POLYNUCLEAR AROMATIC COMPOUNDS 

With the naphthalene ensemble, recovered naphthalene was only 1.8 
times more abundant than the most prevalent dipentyldihydronaphthalene 
isomer; it was only 1.2 times more abundant than the two most prevalent 
dipentyldihydronaphthalene isomers. In the stoichiometric alkylation of an 
aromatic radical anion, 1 mol of the aromatic compound is recovered for every 
mole of the dialkyl dihydroaromatic compound recovered. 

Thus, the radical anion of naphthalene reacted differently with methyl 
iodide (to form methyl radicals) than with pentyl iodide (to undergo substi
tution). Perylene, on the other hand, underwent substitution with methyl 
iodide whether or not naphthalene was present; perylene also underwent 
substitution with pentyl iodide when naphthalene was present. 

DECACYCLENE CHEMISTRY. Unlike perylene, which consumes 2 mol of 
Κ per mole of perylene, decacyclene consumes between 2.2 and 3.0 mol of 
Κ per mole of decacyclene. As with perylene, we wanted to determine if 
reductive methylation could yield a product with a methyl group on a qua
ternary carbon, as in the C-3/C-q dimethyldihydrodecacyclene isomer de
picted in Scheme III. 

Scheme III. The reductive methylation of decacyclene illustrated for hypo
thetical C-31 C-q dimethyldihydrodecacyclene product. 

Reductive methylation with C D 3 I led to a product containing six 1 3 C 
N M R resonances in the aliphatic region and a cluster in the aromatic region 
from δ 121 to 148 ( 1 3 C N M R observation frequency was 20 M H z , and protons 
were decoupled). The C D 3 groups, appearing broadened by unresolved C -
D coupling, were at δ 12 and 20, and the rehybridized carbons appeared at 
δ 36 and 50. Two sharp peaks of lower intensity occurred at δ 29 and 32. 
Additionally, deuterium N M R of the solid compound (12 M H z , 1.83 T, 
dispersive mode, 23 °C) showed only a quadrupole split resonance with 
derivative maximum separation of 5.66 mT (56.6 G), which is indicative of 
methyl groups rotating about their threefold axes. 

To determine if alkylation had occurred on nonprotonated carbons, 
another high-resolution spectrum was obtained with the proton decoupler 
turned off. The two C D 3 resonances remained broad; the peak at δ 36 and 
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7. EBERT ET AL. Reductive Alkylation of Aromatic Compounds 119 

the minor peaks at δ 29 and 32 broadened, but the major peak at δ 50 had 
the same line width as that in the proton-decoupled spectrum. This result 
suggests that the δ 50 peak represents a rehybridized quaternary carbon, 
analogous to C-q in the dimethyldihydroperylene compound discussed ear
lier. 

This assignment is consistent with 1 3 C N M R spectra of reductively 
ethylated, pentylated, and decylated decacyclenes, all of which have such 
a low-field resonance at δ 55. 

A n additional reductive alkylation experiment was performed with 
C H 3 I . With an uptake of 3 mol of Κ per mole of decacyclene, the product 
showed a proton N M R spectrum including a doublet at δ 0.53, a singlet at 
δ 1.43, and distinct olefinic clusters near δ 6.22 and 6.65. However, other 
peaks in the range between δ 1.5 and 2.0 suggested additional complexity, 
possibly from impurities in the initial decacyclene, from decomposition of 
the solvent, or from the presence of tetramethyltetrahydrodecacyclenes 
(probe MS shows ions of ml ζ = 480, 495, and 510). Furthermore, the 
aromatic region of the proton N M R of the product was complex; although 
pure decacyclene showed three peaks — δ 7.69 (t), δ 8.61 (d), and δ 7.81 
(d) (18)— the reductively methylated material had roughly nine "packets" 
in the aromatic region, including ones at δ 7.78, 7.91, 8.78, and 7.45. 

Structures of Perylene and Decacyclene Products. After ob
taining intramolecular structural information from N M R experiments, in-
termolecular ordering was investigated by means of X-ray diffraction. This 
study extended work that we already published on the diffraction of liquidlike 
organic compounds (19-21). N o t i n g that the diffraction pattern of 
di[ 2H 3]methyldihydroperylene published in reference 21 showed both sharp 
Bragg peaks and broad Debye peaks, we melted the compound at 110 °C 
and allowed it to recrystallize at 25 °C. The diffraction pattern of the product 
showed two sharp peaks at 10.2 and 5.13 Â (which were present before 
melting) and two intense broad peaks at 6.6 and 4.4 Â, in addition to the 
broad "(100)" intramolecular peak at 2.2 Â. The pattern, which is similar to 
that of a discotic liquid crystal, is shown in Figure 4. 

Inspection of the reductively methylated, hexylated, and octylated de-
cacylenes shows evidence only for the broad Debye peaks; no hydrocarbon 
material in the product gave Bragg peaks (e.g., as found in the initial de
cacyclene). The reductively methylated decacyclene showed a peak at 5.9 
A of full width at half maximum of 3.3°2Θ on top of a much broader peak. 
The reductively hexylated material showed peaks at 4.0 Â (major) and 5.3 
Â (minor). 

Previously, we showed (19-21) that single-phase organic liquids of a 
given functionality (e. g., η-paraffins, aromatic compounds, or naphthenes) can 
give rise to peaks of characteristic d values. Our reductively alkylated mol-
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Figure 4. X-ray diffraction pattern (Cu) of reductively methylated perylene 
following melting and resolidification. Sharp peaks are at 10.15 and 5.13 A, 

and broad peaks are at 6.55, 4.36, and 2.15 A. 

ecules, which do not fit neatly into any of these categories, showed diffraction 
patterns distinct from those of η-paraffins, aromatic compounds, and 
naphthenes. 

Dibenzothiophene Chemistry. Unlike with perylene and deca-
cylene, for which reductive alkylation leads simply to the addition of alkyl 
groups to aromatic compounds, the reductive alkylation of dibenzothiophene 
can lead to biphenyl (8). This product occurs by the loss of sulfur from 
dibenzothiophene, followed by the uptake of two protons. Using reaction 
times of 1-4 h at room temperature, one can isolate a 2-biphenylyl, alkyl 
sulfide; this finding indicates that the anion on sulfur can have some stability. 
We investigated this situation by performing 2 H N M R on a product of the 
reaction of C D 3 I with a dibenzothiophene anion solution formed by adding 
2 mol of Κ per mole of dibenzothiophene. 

Deuterium N M R of the quenched, unevaporated product solution 
showed three peaks: δ 2.07 (dimethyl sulfide, also seen in MS analysis with 
ml ζ = 68), δ 2.18 (methyl iodide), and δ 2.33 (presumably 2-biphenylyl 
methyl sulfide which is also called 2-phenylthioanisole). Only the last peak 
remained in the product following rotary evaporation. 

The presence of only one deuterium resonance in the evaporated prod
uct suggests that a monomethylated derivative is present; M S confirms this 
condition. This finding implies that the intermediate picks up protons from 
the solvent or other source. To investigate this matter, we performed the 
reduction in [ 2 H 8 ] T H F (with 4.3 K/dibenzothiophene) and found only bi
phenyl as a C H 3 I quench product after 24 h. MS analysis of the 42-h quench 
product showed appreciable deuterium incorporation (mlζ = 154, intensity 
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7. EBERT ET AL. Reductive Alkylation of Aromatic Compounds 121 

= 100; 155, 96; 156, 44; 157, 13; 158, 3). Thus, deuterium incorporation 
from solvent was confirmed. Our mechanism is summarized in Scheme IV. 

H H 

Scheme IV. Reduction of dibenzothiophene with K° in THF at room temper
ature. 

Discussion 

The results just discussed demonstrate the complexity of the reductive al
kylation reaction, even with relatively simple model compounds such as 
perylene, decacyclene, and dibenzothiophene. 

With perylene, one might have expected either the C-3/C-q dimethyl 
dihydro isomer, in analogy to the known chemistry of naphthalene, or the 
C-2/C-3 dimethyl dihydro isomer because of steric constraints at C-q. Yet, 
the C - l / C - q dimethyl dihydro isomer was obtained overwhelmingly. This 
result is in accord with the prediction of Minsky et al. (10) that C - l bears 
the highest electron density (and once C - l picks up an alkyl group in the 
quench, only one regioisomer can be made). 

Curiously, in reacting with methyl iodide so readily to make dimethyl 
dihydro products, the perylene dianion is distinct from the radical anion of 
naphthalene, which primarily reduces methyl iodide to the methyl radical 
and the iodide anion. 

With both perylene and decacyclene, alkylation occurs at quaternary 
carbons. Because the 1 3 C chemical shifts of these alkylated quaternary com
pounds are so far downfield (δ 42 in the perylene compound and δ 50-55 
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122 POLYNUCLEAR AROMATIC COMPOUNDS 

in decacyclene), these results must be considered in seeking the correct 
interpretation of N M R spectra of reductively alkylated fossil fuels. 

For example, although the presence of quaternary sp 3-hybridized car
bon has been recognized in the product of reductive butylation of Illinois 
No. 6 coal, this carbon has been postulated to arise from multiple butylation 
reactions (22, 23). A simple model for this carbon would be the quaternary 
C-9 in 9,9,10-tri(n-butyl)-10-hydroanthracene. More recently, Stock and 
Willis (22-25) have suggested that reductive alkylation can lead to quaternary 
sp3- hybridized carbon via the following: 

1. Attachment of the alkyl group to an aromatic carbon bearing 
an intrinsic alkyl group to generate a quaternary carbon bear
ing one added alkyl group and one intrinsic alkyl group (as 
compared with two added alkyl groups in the initial postulate 
embodied by the anthracene example given in the preceding 
paragraph). Recent work by Rabideau (26) presented in this 
book is relevant to this proposal in suggesting that electron-
releasing alkyl groups wil l direct attack away from the aromatic 
carbon bearing the alkyl group. 

2. Attachment of an alkyl group to a carbanion formed by met-
alation of a tertiary (acidic) C - H to generate a quaternary 
sp 3-hybridized carbon from a tertiary sp 3-hyridized carbon. 

Our work demonstrates that a quaternary sp 3-hybridized carbon can 
arise in a manner entirely unanticipated in the work by Stock and Willis 
(24, 25) via the addition of an alkyl group to a nonprotonated (initially) 
aromatic carbon. 

The details of the chemical shifts that we have presented are also rel
evant to past work relating to fossil fuels. Analysis of the product of the 
reductive butylation of Illinois No. 6 coal revealed seven sharp peaks in 1 3 C 
N M R . Whereas a peak at δ 67.8 was assigned to the α-methylene group in 
a butyl aryl ether, no signal corresponding to α-methylene group in a carbon-
alkylated product was discernible (23). A later study with 1 3 C-enriched 
methyl groups did not show any narrow, well-defined peaks assignable to 
methyl groups on carbon (25). Our work, using 1 3 C-enriched methyl groups, 
is interesting in showing the rather large range of chemical shifts observable 
for the methyl resonances in what are demonstrably dimethyldihydropery-
lenes: δ 15.6-40.6. Furthermore, relevant to work performed with natural 
isotopic abundances we have shown that the resultant quaternary sp 3-hy-
bridized carbons can come quite far downfield: δ 41.7 for C - q in C - l / C - q 
dimethyldihydroperylene and δ 50-55 for C-q in reductively alkylated de-
cacyclenes. In the past, resonances in this region have been associated more 
strongly with alkyl groups on nitrogen or on oxygen (27, 28). 
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7. EBERT ET AL. Reductive Alkylation of Aromatic Compounds 123 

With respect to the use of analysis of N O E enhancements to infer 
stereochemistry of the C - l / C - q dimethyldihydroperylene isomer, our work 
is an extension of many studies of the related naphthalene and anthracene 
systems (29-33). Perylene is somewhat interesting in being one of the small
est polynuclear aromatic hydrocarbons to contain formally single bonds (34). 
Furthermore, although perylene has significant crowding of hydrogens (H-
1 and H-12, as well as H-6 and H-7, are only 1.81 Â apart), the slight 
deviations from planarity of perylene are considered to arise from inter-
molecular packing effects (34). Picene, which has the same type of hydrogen 
crowding as perylene (interhydrogen distances are 1.88 Â), deviates from 
planarity by 3.72° between the first and fifth ring (35). The regiochemistry 
of reductive alkylation may be driven, in part, to relieve strain in such 
molecules. 

With dibenzothiophene, potassium reaction leads to sulfur removal from 
dibenzothiophene and proton removal from the solvent, which introduces 
another level of complexity into the analysis. Ito et al. (14) claimed the 
existence of a dianion of dibenzothiophene with potassium cations in T H F ; 
this dianion is sufficiently stable at 20 °C so that its formation can be mon
itored with traditional UV-vis ible techniques. Furthermore, this dianion is 
the product of cleavage of one C - S bond; one charge is on sulfur, and the 
other is presumably on carbon. Our G C - M S data, in showing deuterium 
incorporation from [ 2H$]THF, do not suggest that the negative charge on 
the carbon system has stability in the solvent at room temperature. Fur
thermore, at no time during the reduction did we find that a quench with 
alkyl iodide yielded a product with two alkyl groups, which would be ex
pected from the stable dianion of dibenzothiophene discussed by Ito et al. 
(14). Significantly, the data supporting a recent claim of a dianion of 
benzo[fo]thiophene with sodium were obtained at—78 °C; raising the tem
perature to—20 °C changed the reaction pathway to a metalation (36). 

Nevertheless, in terms of analysis of sulfur functionality, the observed 
chemistry of sulfur loss and protonation from solvent could serve as a useful 
complement to existing physical probes (37, 38). 

For the three compounds we studied, namely, perylene, decacyclene, 
and dibenzothiophene, we have discussed issues in the identity of the in
termediate reduction products tetranions of perylene and decacyclene and 
dianions of dibenzothiophene and even naphthalene (5)], which are relevant 
not only to the study of aromatic hydrocarbons but also to the study of 
graphite. In aromatic molecules, added charge tends to segregate to the 
periphery of the compound (39) in a predictable way (40-43); this situation 
allows a prediction of regiochemistry, as we have done here for perylene. 
In graphite, added charge in part goes to internal carbons (39) and thereby 
generates graphitic chemistry possibly different from aromatic hydrocarbon 
chemistry. 

One example of this divergence may be seen in reductive protonation. 
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124 POLYNUCLEAR AROMATIC COMPOUNDS 

For the dianion of perylene, the addition of ammonium chloride in water 
yields two distinct products: tetrahydroperylene (ca. 15% of initial perylene) 
and dihydroperylene (ca. 15% of the initial perylene); the rest of the re
covered product is perylene. A small amount of hydrogen gas is also pro
duced. With deuterated water and deuterated ammonium chloride, the 
following products are obtained: tetradeuteroperylene (molecular ion at ml 
ζ = 260 and base ion at ml ζ = 230, which arises from the loss of deuterated 
ethylene, C 2 H 2 D 2 ) , dideuteroperylene (molecular ion at ml ζ = 256), and 
perylene containing significant amounts of deuterium (ion at mlz = 253 
shows 53% of the intensity of the ion at 252). Significantly, the most abundant 
isomer of hydrogen gas is H D (65% of all hydrogen). The D + adds to the 
periphery of the perylene, and slight amounts of the hydroaromatic compound 
decompose to the aromatic compound and hydrogen gas. (A detailed account 
of this reaction appears in reference 44.) In the past, researchers studying 
fossil fuels believed that reductive protonation could also rehybridize gra
phitic sp2 carbon to sp3 carbon (45). However, such reactions are now known 
to lead to intercalation compounds or residual compounds, which do contain 
the molecule used for protonation but do not contain sp 3-hybridized carbon 
(44, 46, 47). 

The diffraction work on reductively methylated perylene is relevant to 
the understanding of fossil-fuel structures. Coals and petroleum-derived 
solids are poorly crystalline in comparison with graphite; typical crystallites 
are less than 20 A. In fact, coals containing 89% carbon are considered to 
approach an ideal liquidlike arrangement (48) in which only short-range 
stacking interactions of aromatic moieties over distances of 7-10 Â occur. 
Studies of reductively alkylated aromatic compounds allow us to focus on the 
relative importance of aromatic-aromatic and aliphatic-aliphatic interactions 
over such short distances. Furthermore, changing the length of the alkyl 
group changes the relative abundances of aromatic and aliphatic atoms so 
that the effects of these interactions on the structure of such poorly crystalline 
materials can be determined. Thus, in the future, the model-compound 
chemistry of both polynuclear aromatic hydrocarbons and graphite wi l l be 
useful in elucidating the chemistry of fossil fuels. 
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MS of the compounds. M . Matturro performed molecular mechanics M M P I 
calculations on cis and trans (l,q)dimethyl dihydroperylene isomers to give 
us atomic coordinates. 
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Coupling of Aromatic and Heterocyclic 
Cation Radicals with Neutral Radicals 

Henry J. Shine1 and Miroslaw Soroka2 

1 Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, 
TX 79409 

2 Institute of Organic and Physical Chemistry, Technical University, Wroclaw, 
Poland 

Evidence is presented that aromatic and heteroaromatic cation rad
icals can couple with the free radical NO2 and that the thianthrene 
cation radical (Th.+) can couple with alkyl radicals. Evidence for 
reactions with NO2 was taken from the literature wherein controversy 
is found as to whether or not the coupling reaction is a step in 
conventional nitration reactions. Evidence for alkyl-radical coupling 
was obtained from reactions of Grignard reagents with Th.+. In 
particular, reaction with 5-hexenylmagnesium chloride was found to 
lead to a mixture of sulfonium ion perchlorates, ThR+ClO4-, con
taining a large amount of R as the cyclopentylmethyl group. Attempts 
to find similar evidence for the formation and coupling of radicals 
in analogous reactions of Th.+ with dialkylmercurial compounds, 
including bis(5-hexenyl)mercury, were not conclusive. Few reactions 
of neutral radicals with aromatic and heteroaromatic cation radicals, 
other than those noted, have been reported. 

THIS CHAPTER IS CONCERNED WITH A REACTION of aromatic and hetero
cyclic cation radicals about which only little is so far known: their ability to 
react with neutral radicals. The reaction is expressed simply for the coupling 
of an aromatic cation radical ( A r H . + ) with a radical (R .) in equation 1. This 
simple equation, presently only poorly documented, is nevertheless part of 
current thinking in two reactions of wide scope: electrophilic aromatic sub
stitution and reactions of cation radicals with nucleophiles. The product of 
equation 1 is a σ complex, (ArHR) + , which is structurally the same as that 

0065-2393/88/0217-0127$07.50/0 
© 1988 American Chemical Society 
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128 POLYNUCLEAR AROMATIC COMPOUNDS 

obtained in electrophilic aromatic substitution and is shown in equation 2 
with the electrophile Ε + . The two reactions are intimately connected, and 
researchers are currently showing considerable interest in finding whether 
the reaction of A r H with E + involves electron transfer (equation 3) and 
radical coupling (equation 4). The product ( A r H R ) + is also structurally like 
the σ complex, ( A r H N u ) + , which would be obtained from the overall reaction 
of a cation radical (ArH* + ) with a negatively charged nucleophile (Nu ~). This 
reaction is written in two steps, equations 5 and 6, in the manner of Ham-
merich and Parkers formulation of reactions of cation radicals with nueleo-
philes (I). In these steps, ( A r H ' + / N u ~ ) is a ιτ-complex, not well defined, 
which becomes a covalently bound complex in the redox step of equation 
6. The connection of equation 1 with equations 5 and 6 is mechanistically 
important because, as with electrophilic aromatic substitution, a second 
electron-transfer sequence of steps can be written for the nucleophilic re
action, that is, equations 7 and 8. In equation 8, the equivalent of equation 
1 can be seen. 

A r H " + + R- - » ( A r H R ) + (1) 

A r H + E + -H> ( A r H E ) + (2) 

A r H + E + -> A r H , + + E- (3) 

A r H ' + + Ε · - > ( A r H E ) + (4) 

A r H , + 4- N u " -> (ArH' + /Nu~) (5) 

( A r H ' + / N u - ) + A r H , + -> ( A r H N u ) + + A r H (6) 

A r H , + + N u " -> A r H + Nu- (7) 

A r H * + + Nu- ( A r H N u ) + (8) 

The main emphasis of this chapter will be on our attempts to find 
evidence for radical coupling in reactions of the thianthrene cation radical 
(Th*+) with nucleophiles, that is, for the occurrence of steps such as equations 
7 and 8. However, because discussions of reactions of cation radicals with 
radicals are relatively sparse, we wil l refer first to other works that principally 
deal with aromatic nitration. 

The structure of the thianthrene cation radical is shown in structure 
1 as T h ' + . Its electron spin and charge are fully delocalized (2), yet reactions 
with nucleophiles occur principally at one of the sulfur atoms (3). Therefore, 
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8. SHINE & SOROKA Coupling of Aromatic ér Heterocyclic Radicah 129 

in the context of equations 1-8, we should replace equation 1 with equation 
9, 

R 

in which the symbol^, represents the thianthrene cation radical. The 

symbols ThR + and ThO (thianthrene 5-oxide) will be used frequently in this 
chapter; they correspond to structures 2 and 3, respectively. 

T h , + T h R + ThO 

1 2 3 

Experimental Details 

Acetonitrile (Eastman Kodak) and methylene chloride (Merck) were distilled over 
P 2 0 5 in an argon atmosphere and stored under dry argon. Butane, 1-butene, butyl 
chloride, 1-hexene, methylcyclopentane (MCP), 5-hexen-l-ol, and octane were ob
tained from commercial sources. Dibutylmercury (Bu2Hg) was prepared by reaction 
of butylmagnesium chloride (BuMgCl) with mercuric chloride (HgCl2) in a standard 
way. Butyl-, cyclopentylmethyl-, and 5-hexenylmereuric chloride (BuHgCl, 
CPMHgCl, and 5-hexenylHgCl, respectively) were prepared by reaction of the Grig-
nard reagent with HgCl 2 (4). Two 1/8-in. stainless steel columns were used in gas-
liquid chromatographic (GLC) analyses: (1) a 6-ft, 10% OV-101 (methylsilieone) on 
Chrom WHP (calcined diatomaceous earth, white, high performance), 80/100 mesh 
for analyses of hydrocarbons and some of the higher molecular weight products, and 
(2) an 18-in, 5% OV-101 on Chrom WHP 100/120 mesh for higher molecular weight 
products, especially thianthrene (Th) and derivatives. Gas ehromatographic-mass 
spectrometric (GC-MS) data were obtained with a quadrupole instrument (Hewlett-
Packard 5995). 

Reaction of T h + C K V with Bu 2Hg. 

R U N 1. A stirrer bar and 632 mg (2.0 mmol) of Th* + Cl0 4 ~ were kept under 
vacuum in a septum-capped vial for 3 h, after which dry argon and 5 mL of C H 3 C N 
was added with a syringe. To the stirred mixture, a 0.56 M solution of Bu 2 Hg in 
CH 3 CN/CH 2 C1 2 (1:1) was added dropwise with a syringe until the color of T h , + 

disappeared. This step required 1.04 mmol of Bu 2Hg. Thereafter, 200 mg of L iCl 
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130 POLYNUCLEAR AROMATIC COMPOUNDS 

was added, and the mixture was stirred for 2 h at 0 °C and stored overnight at room 
temperature. Then, 7 mL of CH 2 C1 2 was added to dissolve solid Th, and the solution 
was analyzed by GLC. Standard samples were used to determine concentration 
factors (CFs) of known compounds. For unknown compounds, namely, butylthian-
threne and dibutylthianthrene (BuTh and Bu2Th, respectively), CFs were considered 
to be the CFs of the groups present. The last known peak in the G L C on 5% O V -
101 was for ThO. Thereafter, two peaks followed and were found by G C - M S to 
correspond with BuTh (M + , ml ζ = 272). The larger of these peaks was assigned to 
2-BuTh, and the smaller peak was assigned to 1-BuTh. In addition to the BuTh 
peaks, a group of peaks was identified collectively by G C - M S as corresponding to 
Bu 2Th (M + , ml ζ = 328). 

RUNS 2-AND 3. Two other similar runs in the reaction of Th' + C10 4 ' with Bu 2 Hg 
were performed, each with 790 mg (2.5 mmol) of Th*+C10 4~ and 1.00 mmol of 
Bu 2Hg in solution. In these reactions, and when addition of Bu 2 Hg was finished, 
0.5 mL of a 2.5 M K 2 C 0 3 solution was added to quench unused Th ' + . Addition of 
K 2 C 0 3 took place immediately after adding the Bu 2 Hg in run 2, but 8 h after adding 
the Bu 2 Hg in run 3. The reason for this difference was to find if BuTh and Bu 2Th 
were being formed by the transfer of Bu + from ThBu + to Th. 

RUN 4. GLC analysis was carried out only after solid products were separated 
on preparative-scale thin-layer chromatographic (TLC) plates (Merck, 2-mm silica 
gel, No. 5766). Thus, after addition of K 2 C 0 3 solution, and omitting addition of LiCl , 
20 mL of CH 2 C1 2 was added. The separated aqueous phase was extracted with 4 X 
10 mL of CH 2 C1 2 , and the combined CH 2 C1 2 solution was dried over MgS0 4 and 
evaporated to dryness. The white solid (920 mg) obtained was dissolved in a small 
amount of CH 2 C1 2 and separated into four broad bands, which were extracted and 
assayed by GLC and G C - M S . The uppermost band, extracted with CH 2 C1 2 , gave 
354 mg of solid consisting of Th (1.53 mmol), 1-BuTh (0.011 mmol), 2-BuTh (0.021 
mmol), and Bu 2Th (0.0065 mmol). The second band (CH2C12) gave Th (0.016 mmol) 
and ThO (0.242 mmol). The third band contained ThBu + Cl0 4 ~, and was removed 
first with 250 mL of CH 2 C1 2 and next with 175 mL of a mixture of acetone and 
CH 2 C1 2 . The solvent was evaporated under high vacuum to give 297 mg of an oily 
residue. This residue was dissolved in 5 mL of C H 3 C N and treated with 200 mg of 
LiCl for 24 h, after which 5 mL of CH 2 C1 2 was added to dissolve Th. GLC analysis 
gave butyl chloride (BuCl, 0.695 mmol), butylmercuric chloride (BuHgCl, 0.046 
mmol), Th (0.536 mmol), 1-BuTh (0.013 mmol), 2-BuTh (0.090 mmol), and Bu 2Th 
(0.018 mmol). Thus, the total amount of Th-containing products in this band was 
0.657 mmol, close to the amount of BuCl. The last band at the origin was removed 
with 75 mL of acetone. The solution was stirred for 30 min with 1 g of LiCl , followed 
by workup (addition of water and extraction with ethyl ether), to give 254 mg of 
white solid. GLC analysis in 10 mL of CH 2 C1 2 gave BuHgCl (0.830 mmol), Th (0.025 
mmol), and ThO (0.003 mmol). 

Preparation of Bis(5-hexenyl)mercury. A solution of 5-hexenylmagnesium 
chloride (5-hexenylMgCl) in ether was prepared from l-chloro-5-hexene and was 
found to contain cyclopentylmethylmagnesium chloride (CPMMgCl) such that the 
ratio of 5-hexenylMgCl to CPMMgCl was 10.4:1. Thus, when 5-hexenylMgCl is 
discussed in this chapter, we are actually referring to the 10.4:1 mixture of 5-
hexenylMgCl and CPMMgCl. To 25 mmol of Grignard reagent was added 2.7 g (10 
mmol) of HgCl 2 dissolved in 50 mL of dry ether. After being stirred for several days, 
the mixture was poured into an ice-water slurry. The ether layer was removed, 
dried over MgS0 4 and evaporated to give 3.4 g (93%) of product. Attempts to distill 
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8. SHINE & SOROKA Coupling of Aromatic 6- Heterocyclic Radicals 131 

a portion of the product under vacuum caused its decomposition (5). The product 
was purified by chromatography on a column of silica gel (Woelm). Elution with 
petroleum ether gave bis(5-hexenyl)mercury [(5-hexenyl)2Hg] as a colorless oil; over
all yield was 82% (6). 

The composition of the product was determined in three ways. (1) A sample of 
250 μL· of the mercurial compound was stirred overnight with 0.5 mL of 12 Ν HC1. 
To this was added 10 mL of methylene chloride, and the solution was analyzed by 
GLC for 1-hexene, MCP, 5-hexenylMgCl (HxHgCl in Table VII), and CPMHgCl. 
The results are given under run 5 in Table VII. The data gave an average linear/ 
cyclic (L/C) ratio of 8.1. (2) The *H NMR spectrum was recorded for a solution of 
250 of the mixture* of mercurial compounds in 0.25 mL of deuteriochloroform 
containing 20 μ ί of hexamethyldisiloxane (HMDSO) as an internal standard (f). 
Integration of the vinylic Η and the aliphatic Η gave an L/C ratio of 8.1 (3). A solution 
of 250 μL of the mercurial compound in 10 mL of methylene chloride was analyzed 
by GLC (6-ft column). Three peaks with retention times of 37.15, 38.06 and 39.1 
min were obtained, and were assumed from their relative sizes to be (5-hexenyl)2Hg, 
5-hexenyl(cyclopentylmethyl)mercury (5-hexenylHgCPM), and bis(eyclopentyl-
methyl)mercury [(CPM)2Hg]. Because not all of the appropriate authentic compounds 
were available for determining real CFs, the C F for cyclopentylmethylmercuric 
chloride (CPMHgCl) was used as the integrating-computer standard. Integration 
gave the amounts of (5-hexenyl)2Hg, 5-hexenylHgCPM, and (CPM)2Hgas 0.91, 0.13, 
and 0.03 mmol, respectively. These data give an L/C ratio of 10.3. 

Reaction of Bis(5-hexenyl)mercury with Th' + C10 4 . 

R U N 1. Solid Th , + C10 4 " (790 mg, 2.5 mmol) and a magnetic stirrer were placed 
in a septum-capped vial which was evacuated and filled with argon. Next, 5 mL of 
dry C H 3 C N was injected. To the solution, stirred at 0 °C, 2.5 mL of a 0.4 M solution 
of (C eHii) 2Hg in a mixture of C H 3 C N and CH 2 C1 2 (1:1) was added dropwise with a 
syringe. After 2 min of further stirring, 1 mL of 2.5 M aqueous K 2 C 0 3 was injected, 
followed by 20 mL of CH 2 C1 2 . The phases were separated, and the aqueous phase 
was extracted with 6 X 10 mL of CH 2 C1 2 . The collected CH 2 C1 2 solution was evap
orated almost to dryness at <20 °C. The residue was dissolved in a minimum amount 
of CH 2 C1 2 and separated on a 2-mm preparative TLC plate (Merck 60F254) by using 
CH 2 C1 2 development. Three broad bands were obtained. The uppermost band was 
removed and extracted with a total of250 mL of CH 2 C1 2 . The solvent was evaporated 
to give 397 mg of a white solid, which was dissolved in CH 2 C1 2 and analyzed by 
GLC, by using both of the OV-101 columns. Analysis gave small amounts of 
1-hexene (0.016 mmol), as well as MCP (0.0054 mmol), Th (1.51 mmol), and ThO 
(0.023 mmol). Three minor peaks analyzed by G C - M S corresponded with formula 
C 6 HnTh (0.015 mmol) and traces of compounds with formula (C 6Hn) 2Th. The CFs 
for known compounds were determined with standard solutions. For RTh and R 2Th, 
CFs were taken as the sum of the CFs for Th and RH. 

The second TLC band was extracted with 400 mL of acetone/CH2Cl2 (1:1) and 
gave, after evaporation of the solution, 352 mg of a viscous oil. The Ή NMR spectrum 
(CDC13) HMDSO) was essentially that of 5-(5-hexenyl)thianthrenium perchlorate. 
Immediately after recording the Ή NMR spectrum, the product was dissolved in 5 
mL of C H 3 C N , and the solution was stirred for 24 h after adding 200 mg of LiCl . 
This solution was then analyzed by GLC on the OV-101 columns and gave 1-chloro-
5-hexene (0.693 mmol), cyclopentylmethyl chloride (CPMC1, 0.039 mmol), Th (0.647 
mmol), and ThO (0.038 mmol). Three peaks analyzed by G C - M S corresponded with 
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132 POLYNUCLEAR AROMATIC COMPOUNDS 

C 6 HnTh (M + , ml ζ = 298) and amounted to 0.114 mmol, and some small peaks 
analyzed by G C - M S corresponded with (C 6 H u ) 2 Th (Μ + , 380) and amounted to 0.017 

The third TLC band, at the origin, was removed with 150 mL of acetone. The 
solution was stirred for 30 min with 1 g of LiCl and then evaporated. The residue 
was extracted with 6 X 5 mL of CH 2 C1 2 and gave 309 mg of a white solid that was 
analyzed by both Ή NMR and GLC. Ή NMR gave L/C = 1.8 while the more 
reliable G L C analysis gave 0.639 mmol of 5-hexenylHgCl and 0.222 mmol of 
CPMHgCl, that is, an L/C ratio of 2.9. The CF of CPMHgCl was used for both of 
the RHgCl compounds. 

RUNS 2-4. The same reaction procedure was used in run 2, but workup differed. 
After unused Th*+C104~ was quenched with a K 2 C 0 3 solution, 500 mg of L iCl was 
added to the reaction mixture. The mixture was stirred for 24 h, and 6.5 mL of 
CH 2 C1 2 was added (to dissolve Th). GLC analysis was then carried out directly. In 
run 3, the same procedure was used, except that the reactants were stirred for an 
additional 2 h before quenching with K 2 C 0 3 . Run 4 was the same as run 2, except 
that neat (C 6Hn) 2Hg was added dropwise with a syringe. 

Aromatic Nitration 

In Solution. During the 1940s and 1950s, proposals were made by 
separate groups of workers that charge-transfer complexes had a role in 
electrophilic aromatic substitution (8-12). The idea was that in a reaction of 
an aromatic compound (ArH) with an electrophile (E), covalent bonding was 
preceded by transfer of charge from A r H to E : 

where C T indicates a charge-transfer complex. 
This important idea concerning the mechanism of one of organic chem

istry's major reactions has not elicited much interest. More recently, the 
idea was again brought to our attention, and the participation of charge-
transfer complexes in a number of aromatic substitution reactions was char
acterized incontrovertably by Fukuzumi and Kochi (13-17). The relationship 
of Kochi's elegant work to cation-radical reactions has been discussed by 
Hammerich and Parker (I). Curiously, once again, the fact that charge trans
fer plays a role in aromatic substitution does not appear to have elicited 
general interest among organic chemists. A more pointed interest in these 
ideas arose, however, from the analogous, specific claim by Perrin (18) that 
the nitration of certain reactive aromatic compounds with N 0 2

+ was pre
ceded by complete charge transfer (equation 11); that is, the bond-forming 
reaction was, in fact, between the aromatic cation radical and the neutral 
radical, N 0 2 (equation 12). 

mmol. 

A r H + Ε ±» [ArH,Ε] CT ( 1 0 ) 

A r H + N 0 2
+ A r H " + + Ν0 2 · ( Π ) 

A r H , + + N 0 2 - ( A r H N 0 2 ) + (12) 
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8. SHINE & SOROKA Coupling of Aromatic it Heterocyclic Radicals 133 

In equation 12 can be seen the type of reaction with which this chapter is 
concerned. 

Eberson and Radner (19-23) have explored some of the scope of the 
reaction of N 0 2 with A r H , + . They prepared the solid hexafluorophosphates 
of the naphthalene cation radical and some methylnaphthalene cation rad
icals, for example, C 1 0 H 8 ' + P F 6 ~ , and carried out reactions of the solid salts 
with N 0 2 in dichloromethane at temperatures near -25 °C (19-23). Reaction 
was found to occur according to equation 12. The results of their reactions 
are summarized in Table I (19). This table also lists the results of nitrating 
the parent hydrocarbons by the conventional route ( N 0 2

+ ) and with N 2 0 4 . 
The results prompted Eberson and Radner to dismiss the possibility that 
conventional nitration of these compounds was preceded by electron transfer 
(equations 11 and 12), because the proportions of isomers from the reaction 
of A r H * + with N 0 2 were quite different from those from the reactions of 
A r H with N 0 2

+ and with N 2 0 4 . Eberson and Radner set out to determine 
whether or not the conventional nitration of naphthalene and methylnaph-
thalenes involved the electron-transfer step. In so doing they became, to 
our knowledge, the first to show that a neutral radical (N0 2 ) wil l react with 
an aromatic cation radical. 

The data in Table I show that the coupling pathway to nitration gives 
a different ratio of nitro isomers than given by the other, electrophilic path
ways. Eberson and Radner (19) have pointed out also that the coupling results 
can be correlated, but only partly with expectations based on the distribu-

Table I. Ratio of the Most Abundant a-Nitro Isomer to the Sum of All Other 
Nitro Isomers Formed in the Nitration of Naphthalene and Some 

Methylnaphthalenes 

Substituent 
on Naphthalene11 E°(V)b N02

 + c N204
c ArH«+ + N02

c 

H 2.08 11 24 >40 

1-Me 1.99 1.3 1.9 7.3 

2-Me 2.02 1.3 1.9 7.0 

1,4-Me2 1.81 5.8 1.7 0.05 

1,8-Me2 2.3 7.3 >12 

2,3-Me2 1.90 3.3 3.3 9 

2,6-Me2 3.5 5.3 9 

"Me denotes the methyl group. 
^Values are versus a normal hydrogen electrode and are taken from references 19 and 23. 
cValues are the ratios corresponding to the indicated mode of nitration. 
SOURCE: Adapted from reference 19. 
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134 POLYNUCLEAR AROMATIC COMPOUNDS 

tions of spin densities in the relevant cation radicals. The distribution of 
isomers obtained experimentally and the corresponding spin densities are 
listed in Table II. 

The predominant isomer is in all cases the one expected from coupling 
at the position of highest spin density, except for the 1,4-dimethylnaphthal-
ene cation radical. The reason for the exception is not known. The data show 
some instances in which concordance between positional reactivity and spin 
density fails for other positions, but whether or not these differences are 
significant is again not known. The predominant isomer, in all cases except 
that of 1,4-dimethylnaphthalene, corresponds to the most stable σ complex, 
as judged by resonance structure contributions. Perrin (18) had suggested, 
in connection with his proposal for the electron-transfer route to nitration, 
that bond formation in a cation radical-radical pair would occur at the po
sition of highest spin density and where the most stable σ complex wil l be 
formed (18). The coupling data of Table II are for the most part in accord 
with this suggestion, although the isomer-ratio data (Table I) do not support 
the concept of participation of electron transfer in the pathway of the con
ventional nitrations of these substrates. 

One of the important features of the coupling reaction that was brought 
out by Eberson and Radner (19, 20) is that it does not work for all A r H * + . 
In particular, the perylene and pyrene cation radicals did not couple with 
N 0 2 . Reaction of the pyrene-dimer cation radical, (pyrene) 2 * + PF 6 ~, with 
N 0 2 , for example, gave mainly tarry materials and less than 1% of 1-nitro-
pyrene (19, 20). Eberson and Radner (19, 20) concluded that only cation 

Table Π. Orders of Positional Reactivities Toward N 0 2 

and Hyperfine Spin Densities of Naphthalene 
and Some Methylnaphthalene Cation Radicals 

Substituent on Spin 
Naphthalene Positional Reactivity Density0 

H 1 > 2 1 > 2 

1-Me 4 > 2 > S > 5 4 > 8 >2 > 5 

2-Me 1 > 4 > 8 - 5 1 > 8 > 4 > 5 

1,4-Me2 2 > 5 5 > 2 > 6 

1,8-Me2 4 > 2 > 3 4 > 2 > 3 

2,3-Me2 1 > 5 > 6 1 > 5 > 6 

2,6-Me2 1 > 4 > 3 1 > 4 > 3 

"Values taken from reference 61. 
SOURCE: Adapted from reference 19. 
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8. SHINE & SOROKA Coupling of Aromatic ir Heterocyclic Radicals 135 

radicals of A r H having E° greater than about 1.7 V (vs. normal hydrogen 
electrode) wil l couple with N 0 2 . Pyrene (E°, 1.6 V) and perylene (E°, 1.3 
V) are not among these; the coupling reactions for their cation radicals are 
estimated, in fact, to be endergonic (19, 23). This finding has a bearing on 
earlier proposals from our own laboratory that the nitrite ion reacts readily 
as a nucleophile with the perylene and pyrene cation radicals. Pyrene was 
found to be nitrated easily by shaking a solution of it with a mixture of iodine 
and silver nitrite (24). Eberson and Radner (19, 20) concluded that the 
nitrations in these cases were of the parent A r H by N 2 0 4 (equations 13 and 
14), instead of by direct reaction of A r H ' + as we proposed earlier. 

A r H ' + + N 0 2 - ^ A r H + V 6 N 8 0 4 (13) 

A r H + N 2 0 4 -> -> A r N 0 2 (14) 

Ridd and co-workers have also proposed that aromatic cation radicals 
couple with N 0 2 ; their proposal was based on chemically induced dynamic 
nuclear polarization (CIDNP) data obtained in some nitrations. The results 
support the views of Eberson and Radner (19, 23) about the role of the 
coupling reaction in aromatic nitration. For example, the nitration of me-
sitylene with N 0 2

 + , under conditions suppressing coincidental nitrous acid 
catalyzed nitration, was found to be unaccompanied by CIDNP-signal phe
nomena; this finding indicated that a radical-coupling route was not occur
ring. On the other hand, in the nitrous acid catalyzed nitration of mesitylene, 
C I D N P signals were obtained; these signals were consistent with the for
mation of nitromesitylene by the coupling of mesitylene** with N 0 2 . In this 
case, it was proposed that mesitylene"* was formed by oxidation of mesit
ylene by N O + , and it coupled with N 0 2 that was formed in solution by 
other redox reactions (25). 

Analogous results were obtained for the nitrous acid catalyzed nitration 
of durene (26). Here, however, C I D N P signals were obtained also in the 
nitration of durene by N 0 2

 + , and their character suggested that durene* + 

and N 0 2 were being formed not by the direct transfer of an electron from 
durene to N 0 2

 + , but by the homolysis of an ipso intermediate. Recombi
nation of durene* + and N 0 2 then led to nitrodurene. 

The results of these reactions support the views of Eberson and Radner 
(19, 23), but with a proviso. On the basis of the relative oxidation potentials 
in acetonitrile solution, the oxidation of mesitylene by N O + and the dis
sociative formation of durene' + and N 0 2 in the reaction of durene with 
N 0 2

+ are thought to be too endothermic to be probable (27). The proviso, 
then, is that the endothermicity of these reactions should be moderated in 
the solvent, aqueous trifluoroacetic acid, which had been used. 

The purpose of this chapter is not to argue for or against the role of 
electron transfer in aromatic nitration; the major concern of this chapter is 
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136 POLYNUCLEAR AROMATIC COMPOUNDS 

whether or not coupling reactions occur. We have to point out, however, 
that evidence of the formation of A r H * + in some conventional nitrations has 
been claimed in a qualitative way as evidence for the participation of the 
coupling reaction in those nitrations. For example, Morkovnik et al. noted 
that nitration of phenothiazine with H N 0 3 gave 2,7-dinitrophenothiazine 5-
oxide and that the same product was formed in 90% yield from the reaction 
of phenothiazine cation radical perchlorate (phen* + Cl0 4 ~) with N 0 2 in 
C H 3 C N (28), Their conclusion was that the result is consistent with single-
electron transfer (SET) as an intermediate stage in the electrophilic nitration; 
that is, in the electrophilic nitration of phenothiazine, the cation radical 
phen ' + is formed, and in a sequence of steps, is converted ultimately to 2,7-
dinitrophenothiazine 5-oxide. 

Along the same lines, Morkovnik (29) found that phenothiazine was 
oxidized in H N 0 3 / H C 1 0 4 solution to p h e n * + C K ) 4 ~ in 81% yield. Nitric 
oxide (72%) was also formed; therefore, N O + was designated as the oxidant. 
Analogously, phenoxazine gave phenoxazine* + 00 4 ~ (79%) and N O (75%). 
The point is that Morkovnik (29) associates such results with an SET pathway 
in nitration, and says: "...reactions like this are probably widespread, but 
that fast follow-up reactions of A r H " + may mask the radical-ion nature of 
such reactions and create an illusion of their nonradical nature." Similar 
reasoning was applied to reactions of naphthalene with nitrating agents 
( N 0 2

 + B F 4 ~ , H N 0 3 , and N 0 2 ) in trifluoroacetic acid. When the molar ratio 
of nitrating agent to naphthalene was low (0.2) the product was the na
phthalene dimer cation radical, (naphthalene)*+ this result was regarded as 
direct evidence for the formation and involvement of naphthalene * + in the 
conventional nitration of naphthalene (30). 

The coupling of the dibenzodioxin (DBD) cation radical with N 0 2 was 
also proposed as part of the pathway of the conventional nitration of D B D . 
The character of the nitration of D B D with H N 0 3 / H C 1 0 4 depended on the 
molar ratio of the reactants. When this ratio was in the range of 0.3-0.5, 
the only product was D B D * + . If the ratio was ^2, the product was a mixture 
of 2,7- and 2,8-dinitrodibenzodioxin (2,7- and 2 ,8- (N0 2 ) 2 DBD), whereas if 
the ratio was >0.6 but <2, a mixture of D B D * + and 2,7- and 2 ,8 - (N0 2 ) 2 DBD 
was obtained. A list of reactions and products is given in Table III from 
which it was concluded that the nitration of D B D occurs as in equations 
15-17 (31). 

D B D + H N 0 3 / H + -> D B D ' + + N 0 2 + H 2 0 (15) 

D B D * + + N 0 2 -H> 2 - N 0 2 D B D + H + (16) 

2 - N 0 2 D B D + H N 0 3 -> 2,7- + 2 ,8 - (N0 2 ) 2 DBD + H s O (17) 

Entries 1 and 2 in Table III seem not to be in concordance, however. 
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8. SHINE & SOROKA Coupling of Aromatic ir Heterocyclic Radicals 137 

Table IH. Products of Reaction of DBD and D B D + S b C l 6 - with Nitrating Agents 

Reactant 
Nitrating 
Agent Solvent 2-N02DBD 2J-(N02)2DBD 2,8-(N02)2DBD 

DBD N 2 0 4 C H 3 C N 71 

DBD- + SbCl 6 - N 2 0 4 C H 3 C N 44 37 

DBD H N 0 3 TFA a 49 38 

DBD N 2 0 4 TFA f l 50 44 

NOTE: Values are the percentages obtained of the indicated products. 
T F A is trifluoroacetic acid. 
SOURCE: Adapted from reference 31. 

The conclusions from Morkovnik's laboratory, drawn from comparisons 
of product formations, contradict in two ways the conclusions of Eberson 
and Radner, who sought isomer distributions, rather than products only. 
The first contradiction is that the cation radicals that Morkovnik feels do 
couple with N 0 2 are, for the most part, those coming from easily oxidizable 
heteroaromatic compounds for which E° < 1.7 V. Eberson and Radner regard 
such reactions as endergonic and improbable. The second contradiction is 
that Morkovnik concludes that the coupling reaction is involved in electro
phil ic nitration of these easily oxidizable heteroaromatic compounds, 
whereas Eberson and Radner (19) believe that nitro compounds obtained 
from the reaction of N 0 2 with the cation radicals of heteroaromatic com
pounds with low oxidation potentials are likely to have been formed via 
direct electrophilic nitration by N 2 0 4 . Eberson and Radner (19) further 
believe that cation radicals detected in such nitrations are formed by the 
dissociation of the σ complex ( A r H N 0 2 ) + and not by direct electron transfer 
from A r H to N 0 2

 + . These different views show the apparent anomaly of the 
nitration of naphthalene, in which Morkovnik has found the cation radical 
dimer, (naphthalene)2*+. This cation radical should fit well into the coupling 
reaction with N 0 2 . How this finding is to be reconciled with the views of 
Eberson and Radner remains to be seen. 

I n the Gas Phase. Schmitt et al. (32, 33) found that A r H * + and N 0 2 

couple in the gas phase to give the σ complex ( A r H N 0 2 ) + . The A r H ' + was 
produced by ionization of A r H with photons emitted from pulse-radiation 
excited argon atoms. Reactions were carried out in a flow system within the 
source of a quadrupole mass spectrometer. In contrast, reactions of the 
corresponding A r H with N 0 2

+ were found not to go directly to ( A r H N 0 2 ) + 

but to lead either to A r H " + and N 0 2 by fast electron transfer or to (ArHO) + 

and N O by oxygen-atom transfer. From these results, Schmitt et al. (32, 33) 
concluded that "aromatic radical cations are a plausible intermediate in the 
mechanism for aromatic nitration." 
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138 POLYNUCLEAR AROMATIC COMPOUNDS 

Among A r H , + which coupled readily with N 0 2 in the gas-phase, were 
cation radicals of benzene, toluene, p-xylene, mesitylene, and fluoroben-
zene, all of which couple at about the same rate (1.2-3.7 c m 3 molecule - 1 

s - 1 ) . The cation radicals of m- and p-difluorobenzene coupled with N 0 2 

about 10 times more slowly. Naphthalene* +, which was anticipated to couple 
easily, did so only very slowly. These results may be related to the relative 
stabilities of the cation radicals and their corresponding σ-complexes in the 
gas phase. 

More recently gas-phase nitration was treated theoretically with Μ Ν D O 
(modified neglect of diatomic differential overlap) and I N D O (intermediate 
neglect of differential overlap) self-consistent field calculations (34). Electron 
transfer and radical-pair recombination were favored for the nitration of 
toluene and the xylenes but not for nitrobenzene, for which a classical ni
tration route via a ττ complex was favored. The calculations could not make 
a distinction between the two routes in the nitration of benzene. More 
information is needed about these coupling reactions and how they differ in 
the gas and heterogeneous-solution phases. 

Other Reactions 

In his dissertation, Radner (23) wrote the following: " . . .during the course 
of this work, a literature search revealed almost complete lack of knowledge 
of the coupling reaction of radical cations with radicals other than N 0 2 . " In 
this regard, we experienced the same finding as Radner. Radicals cannot 
easily be generated in the presence of a cation radical, and few stable radicals 
with structures of interest are available to explore these reactions. Conse
quently, nothing other than reactions with N 0 2 had been explored. Eberson 
(35) pointed out that the reaction of cyanide ion with cation radicals may 
involve the coupling of the cation radical with the cyano radical. The reason 
for this belief lies in the relatively low oxidation potential of the cyanide ion. 
Anodic oxidation of an aromatic compound, for example, should occur at a 
potential at which the cyanide ion is also oxidized. The next result would 
be, then, the following coupling reaction (equation 18): 

A r H * + + C N - -> ( A r H C N ) + - > A r C N + H + (18) 

However, to our knowledge, this reaction has not been clearly validated. 
Reaction of a pre-prepared cation radical with the cyanide ion may also take 
place by the electron-transfer route of reactions 7 and 8. 

"Scavenging" of alkoxy radicals by the paraquat cation radical ( P Q ' + 

received much attention at one time. Scavenging of these radicals took place 
by electron transfer and gave the alkoxide ion and P Q 2 + . Reaction of P Q ' + 

with ( C H 3 ) 2 C (CN) may have involved coupling, but the polymeric products 
could not be characterized adequately (3). 
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8. SHINE & SOROKA Coupling of Aromatic 6- Heterocyclic Radicals 139 

Some olefinic cation radicals have been found to add triplet oxygen with 
ease (J, 36); The final products are dioxetanes. In contrast, the aromatic and 
heterocyclic cation radicals with which we are currently concerned appear 
to be quite unreactive with triplet oxygen. 

In regard to the reactions of cation radicals with stable radicals, such 
as l,l-diphenyl-2-picrylhydrazyl, and with well-known spin traps, virtually 
nothing can be found in the literature. The pyridine cation radical has been 
reported to add to the spin trap phenyl-N-terf-butyl nitrone (37). 

Our own interest in the coupling of radicals with cation radicals grew 
out of our work with reactions of T h ' + C l 0 4 ~ with diaryl- and dialkylmer-
curials. These reactions gave 5-thianthrenium perchlorates in good yields 
according to equation 19, in which R was C H 3 , C 6 H 5 , and o-, m-, and p-
substituted C 6 H 4 (38). 

2 T h ' + C 1 0 4 - 4- R 2 H g - ^ T h R + C 1 0 4 - 4- Th 4- R H g + + C 1 0 4 " (19) 

We sought evidence for the possibility that these reactions involved the 
formation and trapping of radicals (equations 20-22): 

T h , + + E t 2 H g -H> Th 4- E t 2 H g ' + (20) 

E t 2 H g * + - » Et- + EtHg+ (21) 

T h ' + + Et- T h E t + (22) 

We carried out the reaction with diethylmercury (Et 2Hg) in the presence 
of labeled oxygen. The idea was to scavenge ethyl radicals, if they were 
formed, with oxygen (a scavenging reaction known to occur at difiusion-
controlled rates) and to identify the products of scavenging. We found evi
dence for oxygen scavenging but were still unable to prevent the formation 
of T h E t + (39). The result suggested that if ethyl radicals were being formed 
(equation 21), they must react with T h * + (equation 22) very rapidly, in 
competition with 0 2 . The possibility that alkyl radicals react rapidly with 
T h * + persuaded us to find ways of generating radicals in the presence of 
T h * + by using known, established methods. We turned to the photolysis of 
azoalkanes in solutions of T h * + . Here, the reactions did not go according to 
plan and were not in that sense successful. We discovered that the chosen 
azoalkanes were readily decomposed, oxidatively, by T h " + (equation 23), 

T h , + 4- R - N = N - R —» Th 4- R- 4- R + 4 - N 2 (23) 

so that our plan for using the photolysis of these compounds for generating 
radicals was subverted. Instead, a chemistry evolved of the oxidative de
composition and oxidative cycloaddition of hydrazones, which are tautomeric 
with azoalkanes, to solvent nitriles (40-42). 
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140 POLYNUCLEAR AROMATIC COMPOUNDS 

Circumstantial evidence for the trapping of R* by T h ' + was found, 
however, in one of these reactions. When (phenylazo)triphenylmethane was 
used, one of the products obtained was T h P h + C l 0 4 ~ , and its formation was 
attributed to the trapping of phenyl radicals by T h * + . 

Thus, the literature taught us that particular aromatic cation radicals 
would couple with N 0 2 , whereas our own work gave evidence, but only 
circumstantial, for the coupling of phenyl and possibly ethyl radicals with 
T h , + . We turned then to a twofold plan. First to trap radicals with T h " + 

after generating them in situ by reaction of T h * + with Grignard agents 
(equations 24 and 25): 

T h ' + + R M g C l Th + R- + M g C l + (24) 

T h ' + + R- T h R + (25) 

Among the Grignard agents was the well-known probe for radical reactions, 
namely, 5-hexenylMgCl. This part of our plan was carried out successfully. 
The results are summarized here but given in detail elsewhere (43). The 
second part of the plan was to use the 5-hexenyl probe again in the form of 
(5-hexenyl)2Hg. This part of the plan is described here also. The results, 
however, still leave unsettled the question of whether radicals are formed 
and trapped in the oxidative decomposition of R 2 H g by T h * + . 

Reaction ofTh'+Cl04~ with RMgCl 

In 1978, Eberson et al. (44) commented on the reaction of A r H " + with a 
carbanion as follows: 

In view of the ease of oxidation of carbanions (in the form of 
organometallies, say R L i or RMgX), one would predict that the 
reaction between a carbanion and a radical cation of even low 
oxidizing power would lead to very rapid initial electron transfer 
and hence that products would be derived from attack of R- on 
A r H . Somewhat surprisingly, such studies have to our knowledge 
not been performed before but should be of considerable in
terest. ... 

We began such a study in 1983 with T h * + C 1 0 4 ~ and Grignard reagents. 
Reactions were carried out in ether and in tetrahydrofuran (THF), but het-
erogeneously, because T h * + C 1 0 4 ~ is insoluble in these Grignard solvents. 
For the most part, an excess of T h " + C l 0 4 ~ was used to enhance the chance 
of trapping R- by T h " + according to equations 24 and 25. Tables IV and V 
summarize only the results of reactions in ether. The details of all reactions 
are given elsewhere (43). 

Table IV lists the products of reaction of " S - h e x e n y l M g C l " and 
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8. SHINE & SOROKA Coupling of Aromatic ir Heterocyclic Radicals 143 

C P M M g C l with T h * + C l 0 4 ~ . Again, as mentioned in the Experimental De
tails, the 5-hexenylMgCl is really a 10.4:1 mixture of 5-hexenylMgCl and 
C P M M g C l as determined from the amounts of 1-hexene and M C P obtained 
by decomposing aliquots of the Grignard reagent with water. The entries 
in Table IV show that sulfonium perchlorates, T h R + C l 0 4 ~ (i.e., products 
that correspond with radical trapping, equation 25), were obtained. Other 
products were Th, ThO, and the hydrocarbons R H corresponding to R M g C l . 
The ThO was formed by hydrolysis during workup of the unused excess of 
T h , + C 1 0 4 - : 

2 T h ' + + H 2 0 - » Th + ThO + 2 H + (26) 

The key to our understanding of the reaction of T h ' + C 1 0 4 ~ with R M g C l 
lies in the composition of T h R + 0 0 4 ~ and in the formation of R H . First, 
the cyclopentylmethylsulfonium salt prepared separately was used (entry 3, 
Table IV). It was characterized by * H N M R and was used as the model to 
show that reaction with L i C l in acetone gave the corresponding chloride in 
good yield (cyclopentylmethyl chloride, 93%). Reaction of 5-hexenylMgCl 
with T h " + gave a mixture of 1-hexene and M C P in a linear/cyclic L/C ratio 
of 6.2, as well as a mixture of sulfonium salts in a L/C ratio of approximately 
2, The mixture of sulfonium salts was assayed in two ways. First, by * H 
N M R (with the cyclopentylmethylsulfonium salt as the control), which gave 
an L/C ratio of 1.8. Second, the mixture of sulfonium salts was converted 
into a mixture of the corresponding alkyl chlorides by reaction with L i C l in 
acetone. Assay of the alkyl chlorides gave an L/C ratio of 2.3. These ratios, 
when compared with the L/C ratio of 10.4 in the Grignard reagent, show 
that the 5-hexenyl radical was liberated from the Grignard reagent by SET 
to T h ' + and cyclized to the C P M radical before being trapped by a second 
unit o f T h ' + . 

The formation of hydrocarbon products, 1-hexene, and M C P can be 
attributed to abstraction of hydrogen atoms from the ethyl ether solvent. In 
this case, the L/C ratio of 6.2 is also indicative that cyclization of some 5-
hexenyl radicals occurred before reaction with the solvent. The ratio of 6.2 
appears to be too high, however, because the rate of abstraction of hydrogen 
atom from the solvent is thought to be smaller (at least by an order of 
magnitude) than the rate of cyclization of 5-hexenyl radical (45). The seeming 
discrepancy in our result may lie in our having lost hydrocarbon product, 
because 16% of the Grignard reagent's alkyl groups were lost from our 
accounting. If all of this loss (0.16 mmol) were considered (unreasonably, 
however) to be entirely M C P , the L/C ratio of 6.2 would be lowered to 1.2. 
This value may still be too high for reactions of alkyl radicals that react with 
solvent only after diffusing from their point of origin and therefore give 5-
hexenyl radicals time to cyclize. The ratio of 6.2 may then be more real than 
we expect. It may be that alkyl radicals, formed by SET, are formed close 
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144 POLYNUCLEAR AROMATIC COMPOUNDS 

to solvent molecules complexée! with the Grignard reagent; in that way, 5-
hexenyl radicals would have the opportunity to react with such solvent 
molecules before cyclizing, as if in a solvent cage. 

We would have thought that the L/C ratio of the sulfonium salts should 
be even lower than 2.0. The ratio in the sulfonium salts may not be lower 
than that which was found because 5-hexenyl radicals from the Grignard 
reagent are formed on or near the surface of insoluble T h " + C l 0 4 ~ and, to 
some extent, are scavenged before they can diffuse away and cyclize. The 
situation may be somewhat like that in the formation of 5-hexenylMgCl itself; 
this involves reaction of the 5-hexenyl radical with magnesium, but the rate 
of formation of the Grignard reagent at the magnesium surface is faster than 
that of cyclization and leads, therefore, to the high L/C ratio (approximately 
10) in the Grignard reagent (45). 

The reaction with 5-hexenylMgCl helps us to understand the reactions 
of the other Grignard reagents (Table V). We can illustrate with iert-butyl-
magnesium chloride (tert-BuMgCl). Because 0.97 mmol of ThO was obtained 
(entry 5, Table V), 0.97 mmol of Th must also have been formed by the 
hydrolysis of unused T h * + (equation 26) in the workup. This condition re
quires, then, that after reaction with ter i -BuMgCl, 1.94 mmol of T h * + re
mained for hydrolysis. Consequently, in the initial reaction, the Grignard 
reagent (1.0 mmol) reduced its equivalent of T h * + completely (experimen
tally, 1.07 mmol). The data are in good agreement for complete SET between 
T h " + and tert-BuMgCl. Analogously, reaction with sec-BuMgCl and B u M g C l 
led to SET, but only in the case of B u M g C l were radicals trapped as T h R + 

(entry 1). Apparently, tert-Bu and sec-Bu radicals may be too bulky to be 
trapped, or, if they are trapped, the corresponding sulfonium ions are too 
unstable to be isolated (as perchlorates). 

If we accept that all of the B u M g C l (1.2 mmol, Table V) was used in 
reducing T h ' + and that 0.58 mmol of Bu- was successfully trapped, the two 
reactions accounted for 1.78 mmol of T h * + . Thus, 1.22 mmol of T h * + was 
unused and available for hydrolysis during this workup. The amount of ThO 
obtained (0.54 mmol) requires that 1.08 mmol of T h * + remained for hy
drolysis after the Grignard reaction was finished; this value is in reasonable 
agreement with the preceding value (1.22 mmol). 

Alkyl radicals that were not trapped as T h R + engaged in Η-atom ab
straction from the solvent, disproportionation, and recombination. The ex
tents of these reactions can be calculated after compensating for the amounts 
of alkane, alkene, and hydrocarbon dimer (RH, R(-H), and RR, respectively) 
already present in the Grignard solution. The amounts are given in paren
theses for the indicated radicals as follows: Bu- (64%, 16%, and 20%), sec-
Bu- (40%, 52%, and 8%), and tert-Bw (46%, 52%, and 2%). These analyses 
may be in error because we were unable to account for all of the alkyl groups 
in the R M g C l that was used. However, the analyses signify that alkyl radical 
reactions resulted from reactions of R M g C l with T h ' + in ether. 
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8. SHINE & SOROKA Coupling of Aromatic ù- Heterocyclic Radicals 145 

We believe, then, that the reactions with 5-hexenylMgCl, C P M M g C l , 
and B u M g C l are the first coupling reactions of alkyl radicals with a cation 
radical to have been reported (43). 

Could the sulfonium ions (ThR + ) have been formed by reaction of R-
with Th (equations 27 and 28)? 

R- + Th - » ThR- (27) 

ThR- + T h ' + -> T h R + + Th (28) 

This route corresponds with Eberson's proposal (44) for the SET reaction of 
A r H * + with R~; that is, the reaction of A r H with R- would follow. We think 
that this is not likely to have occurred in our reactions. Saeva and Morgan 
(46) showed that phenyl and (l-naphthyl)dialkylsulfuranyl radicals are highly 
unstable. When formed by anodic reduction of sulfonium ions, (ArRR')S + , 
the sulfuranyl radicals appear to lose an alkyl radical at the time of electron 
transfer (46). This observation suggests that sulfuranyl radicals of the type 
ThR- may also have a short life. This condition does not rule them out as 
intermediates in the alkylation reaction (equations 27 and 28); however, it 
does not encourage belief in that route. 

Reactions ofTh'+Cl04~ with Bu2Hg 

Data from four runs in the reaction of B u 2 H g with T h * + C l 0 4 ~ are given in 
Table VI . They show that a sulfonium salt ( T h B u + 0 0 4 ~ ) was formed in 
good yield (55-65% of theory, equation 19), and BuHg + , isolated as B u H g C l , 
was formed in excellent yield (90-100%, as determined by G L C ) . The results 
give no indication as to whether a radical-trapping reaction (e.g., equations 
20-22) occurred. The reactions differ from those of T h ' + with R M g C l in two 
ways. First, very little of the hydrocarbons (i.e., butane, 1-butene, and 
octane) was obtained. This result might suggest that radicals were not formed 
in the B u 2 H g reaction. However, Η-atom abstraction from C H 3 C N is not 
necessarily a facile reaction (42); therefore, the absence of much butane in 
the B u 2 H g reaction may not be diagnostic of a nonradical reaction. Second, 
ring-alkylated products of the type BuTh and B u 2 T h were obtained. These 
designations were made on the basis of G C - M S data; G C - M S data also 
indicated the presence of two isomers of BuTh and several isomers of Bu 2 Th. 
The new products were found to be in both the Th and ThBu + C10 4 ~ T L C 
fractions; this finding suggested that the products were formed not only as 
BuTh and B u 2 T h but also as B u T h B u + C l 0 4 ~ and Bu 2 ThBu + C10 4 " . We do 
not know yet how these products were formed. A n experiment was carried 
out by delaying the quenching of the reaction (run 3) to find indirectly if 
butyl-group transfer from ThBu + to Th was occurring. No substantial change 
in the product distribution was found (cf. run 2). 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

08



146 POLYNUCLEAR AROMATIC COMPOUNDS 

Table VI. Yields of Products of Reaction of Bu 2 Hg 
with Th- + C10 4 - in Acetonitrile 

Product 1 2 3 4 

BuH 0.056 0.018 0.005 

Bu(-H) 0 0.001 0 

Bu 2 0.016 0.008 0.006 

BuCl 0.748 0.811 0.778 0.695 

BuHgCl 1.00 0.982 1.019 0.901 

Th 1.83 2.107 2.138 2.103 

ThO 0.014 0.244 0.225 0.245 

1-BuTh 0.025 0.020 0.023 0.024 

2-BuTh 0.130 0.106 0.111 0.111 

Bu 2Th 0.042 0.029 0.027 0.027 

BuTh + (%)« 27.6b 32.7b 30.9b 28. Ie 

BuHgCl (%)d 48.2 49.1 51.0 45.0 

Total Bu (%)· 100 101 100 

Total Th (%Y 102 100 103 100 

NOTE: Values are the yields of products given in millimoles for the corresponding run number, 
unless indicated otherwise. In run 1, 2.00 mmol of Th- +C10 4~ reacted with 1.04 mmol. of 
Bu 2Hg; in runs 2-4, 2.50 mmol of T h - + C l 0 4 ~ reacted with 1.00 mmol of Bu 2Hg. 
"Percent of Bu 2 Hg converted to ThBu + . 
^Minimum value, which was obtained by deducting the sum of all 1-BuTh, 2-BuTh, and Bu 2Th 
(mmol), as listed in the table from the yield of BuCl (mmol). 
cReal value, which was obtained by deducting the sum of 1-BuTh, 2-BuTh, and Bu 2Th (mmol) 
as assayed by G L C in the workup of the isolated sulfonium perchlorate mixture with LiCl, 
from the yield of BuCl(mmol). 
^Percent of Bu 2 Hg converted to BuHg + . 
eSum of all Bu groups. 
^Sum of all Th groups. 

Reactions ofTh'+Cl04~ with (5-Hexenyl)2Hg 

The designation (5-hexenyl)2Hg refers to the mixture of dialkylmercurial 
compounds obtained from the reaction of 5-hexenylMgCl with H g C l 2 . The 
composition of the mixture is described in the Experimental Details. The 
results of reactions of T h * + with (5-hexenyl)2Hg are given in Tables VII and 
VIII. Unlike the reactions with 5-hexenylMgCl, these reactions were ho-
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8. SHINE & SOROKA Coupling of Aromatic à- Heterocyclic Radicals 147 

Table VII. Yields and L/C Ratios of Products of Reaction of (5-Hexenyl)2Hg with 
Th- + CKV 

Products 1 2 3 4 5 

1-Hexene 0.016 0.006 0.010 0.001 0.90 
MCP 0.0054 0.004 0.023 0.006 0.082 
l-Chloro-5-hexene 0.69 0.75 0.65 0.71 
CPMC1 0.039 0.024 0.039 0.036 
HxHgCl 0.65 0.69 0.60 0.67 0.81 
CPMHgCl 0.024 0.22 0.23 0.21 0.13 
Th 2.17 2.21 2.15 2.02 
ThO 0.16 0.13 0.16 0.19 
C 6 H n T h e 0.13 0.13 0.13 0.11 
(CeHn^Th* 0.018 0.013 0.016 0.010 
L/C(l) c 

L/C(2)d 

17.7 31.3 16.7 19.7 L/C(l) c 

L/C(2)d 2.9 3.1 2.6 3.2 

NOTE: All values, except for the L/C ratios, are the yields of products given in millimoles. In 
runs 1-4, 2.50 mmol of T h ' + C l 0 4 ~ reacted with 1.00 mmol of (5-hexenyl)2Hg; in run 5, 0.5 
mL of 12 Ν HC1 reacted with 1.0 mmol of (5-hexenyl)2Hg. The mixture of isomers of (5-
hexenyl)2Hg is described in the Experimental Details. After reaction with the mercurial com
pound was finished in runs 1-4, the products were treated with LiCl (see Experimental Details). 
This reaction converted ions such as ThR + into Th and RC1, and R H g + into RHgCl. This 
situation accounts for such halides being listed in column 1. 
"Sum of isomeric compounds having M + (GC-MS) of 298. 
bSum of isomeric compounds having M + (GC-MS) of 380. 
CLIC ratio for RC1 obtained from ThR+CKXf. 
dLIC ratio for RHgCl. 

Table VIII. Material Balance in Reactions of (C 6Hn) 2Hg with Th- +C10 4" and 
with HC1 

Product Type 1 2 3 4 5 

RH 1.1 0.5 1.7 0.35 49.1 
RC1 36.5 38.7 34.5 
RHgCl 44.5 45.5 41.5 44.0 47.0 
Th 86.8 88.4 86.0 80.8 
ThO 6.4 5.2 8.0 7.6 
RTh e 5.2 5.2 5.2 4.4 
RTh& 6.5 6.5 6.5 5.5 
R 2 Th e 0.72 0.52 0.6 0.4 
R 2Th f e 1.8 1.3 1.6 1.0 
Total R 90.3 92.5 85.8 88.2 96.1 
Total Th 99.1 100.6 100 93.2 

NOTE: Details of products and yields in millimoles are in Table VII. Values are the percent 
C 6 H n group or Th group in each type of product on the basis of 1 mmol of ( C 6 H n ) 2 H g and 
2.5 mmol of Th- + Cl0 4 ~. R means any C 6 H n group. 
"This entry is for percent Th. 
^This entry is for percent R. m 

American Chemical Society 
Library 

1155 16th St.. N.W. 
Washington, D.C. 20036 
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148 POLYNUCLEAR AROMATIC COMPOUNDS 

mogeneous in acetonitrile solution. We anticipated that a clear answer would 
be obtained as to whether or not the reaction took place via initial SET 
(equations 29 and 30): 

T h * + + R 2 H g - » Th + R- + R H g + (29) 

T h ' + + R- —» T h R + (30) 

That is, we anticipated that if the L/C ratio in the product T h R + turned 
out to be small, as in the reactions with 5-hexenylMgCl, we would have a 
clear indication of the electron-transfer route. To our surprise, we found 
that the L / C ratios for T h R + , as expressed by conversions into l-chloro-5-
hexene and C P M CI, were very high (Table VI); they averaged approximately 
21 for the four runs. In contrast, the L / C ratios for 5-hexenylHgCl and 
C P M H g C l , representing R in R H g + , were very low; they averaged 2.9 for 
the four runs. The results suggest that the 5-hexenyl group is placed selec
tively in T h R + , and the C P M group is placed selectively in R H g + . If electron 
transfer does occur in these reactions, the 5-hexenyl radical must not only 
have been obtained selectively, but must have been trapped without the 
occurrence of cyclization at all. Trapping without cyclization contradicts the 
results from using the Grignard reagent; however, that reaction was het
erogeneous in comparison with the homogeneous reaction of the mercurial 
compound in C H 3 C N . If reaction with the mercurial compound does not 
involve electron transfer, we are confronted with the alternative reaction: 
selective displacement of the 5-hexenyl group from the mercurial compound. 
Displacement may be looked upon in two ways, each of which has a point 
of contention. Electrophilic displacement (equations 31 and 32), acceptable 
on the basis of known electrophilic displacements on mercurial compounds 
(47, 48), has the disadvantage of forming the anticipated labile sulfuranyl 
radical (equation 31). Unless this radical is rapidly oxidized (equation 32) it 
should dissociate into Th and the 5-hexenyl radical, which can be cyclized. 

R-Hg-R R 

V -> 1·+ R H g + (3D 

R 

^ S x + T h ' + —» T h R + + Th (32) 

Another point may be relevant here, too. Electrophilic displacement by the 
cation radical implies a two-electron bond-forming process, that is, one in 
which a pair of electrons from R 2 H g is used in forming the new bond at 
sulfur. This process would constitute, in effect, the direct bonding between 
a nucleophile, say N u ~ , with a cation radical, a process recently described 
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8. SHINE & SOROKA Coupling of Aromatic i? Heterocyclic Radicals 149 

as energetically improbable by Pross (49). Radical displacement (equations 
33 and 34) removes the problem of the sulfuranyl radical but gives the 
problem of the equally (or more?) labile R H g radical (equation 35). Such 
radicals (RHg-) have been found to be very unstable (50 — 53). If R in RHg-
is 5-hexenyl we should expect the formation of (cyclizable) 5-hexenyl radical. 

R-Hg-R R 

v + ι 
^ / s ^ + R H g * ( 3 3) 

RHg- + T h , + -> RHg+ + Th (34) 

RHg- -> R- + H g (35) 
If the 5-hexenyl group were selectively placed in T h R + , by any route, 

the composition of our (5-hexenyl)2Hg (see Experimental Details) would lead 
to maximum L/C ratios of 34.7 in T h R + and 5.7 in R H g C l . The only com
ponent of the mixture of ( C 6 H n ) 2 H g mercurial compounds in our (5-hex-
enyl) 2 Hg that allowed the selection between 5-hexenyl and C P M was the 
mixed mercurial compound, 5-hexenylHgCPM. If 85% of the 5-hexenyl 
groups (0.11 mmol out of 0.13 mmol) in this compound became 5-hexenyl 
in T h R + , the L/C ratio for T h R + would be 20, whereas the L/C ratio for 
R H g C l would be 6.6. Thus, the selectivity has to be so good as to be 
questionable as a concept. Consequently, we feel that the results from using 
(5-hexenyl)2Hg cannot at this time answer the question originally posed: 
concerning whether or not electron transfer and radical trapping occur. 

Reactions of (5-hexenyl)2Hg were similar to reactions of B u 2 H g with 
T h , + insofar as the formation of RTh and R 2 T h is concerned. These products, 
like those from reaction with B u 2 H g , were obtained mainly from treating 
the mixture of sulfonium salts with L i C l . Again, this result suggested that 
the products existed initially as R T h R + C l 0 4 " and R 2 T h R + C 1 0 4 " (in which 
R is C 6 H n ) . The results indicate that a fundamental difference exists in the 
way the two organometallic compounds (RMgCl and R 2 Hg) react with 
T h , + e i o 4 - . 

Reaction of Peryhnem+Cl04' with Me2Hg 

Some years ago, following the discovery that T h * + can be alkylated at sulfur 
by reaction with R 2 H g , numbers of unsuccessful attempts were made to 
methylate the perylene cation radical with dimethylmercury (Me 2 Hg). The 
cation radical was reduced completely to perylene, but no evidence of meth-
ylperylenes could be found (54). In particular, no trace of a perylene car-
boxylic acid was found when the aromatic hydrocarbon product was subjected 
to oxidation procedures that had been shown independently to convert meth-
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150 POLYNUCLEAR AROMATIC COMPOUNDS 

ylperylenes into perylene earboxylic acids. This result (the formation of 
perylene) may be indicative of an initial electron transfer, analogous to re
action 29, and the failure of subsequent coupling is then in line with the 
observation of Eberson and Radner (20) about the inertness of the perylene 
cation radical to coupling with N 0 2 ; that is, after electron transfer and 
formation of Me- , coupling between Me- and perylene cation radical may 
not have been able to occur. 

Reflections on the Electron-Transfer and Coupling Steps in 
Reactions of RMgCl and R2Hg with Th+Cl04~ 

Electron transfer occurs in the reaction between T h * + C10 4 ~ and R M g C l 
and is followed by coupling between T h * + and some types of R-. Thus, the 
net result in some cases is the finding of a new route (equations 24 and 25) 
to reaction between T h * + and a nucleophile. The finding that electron trans
fer occurs from readily oxidizable carbanions should not be surprising. The 
likelihood that electron transfer wil l occur between a cation radical and a 
nucleophile can be assessed, in fact, by Eberson's method (55-57), on the 
basis of the Marcus theory and a knowledge or assessment of the oxidation 
potentials of the reactants and the reorganization energies (λ) of the re
spective redox pairs. Thus, in connection with the reaction between T h * + 

and R M g C l (equation 36), we know that E° (Th*+/Th) is 1.54 V (vs. N H E ) , 
and we can assume that E° values for the couple R M g B r , + /RMgBr (58) wi l l 
suffice for the corresponding couple, R M g C l " + /RMgCl. 

The respective reorganization energies are as follows T h ' V T h = 10 kcal/ 
mol and R M g C l ' + / R M g C l = 70 kcal/mol (55, 56). With these data, A G * 
can be calculated for electron transfer (equation 36) and, thereby, an as
sessment of the electron-transfer process can be obtained. Data are given 
in Table IX, and they indicate that electron transfer should be very fast (AG* 
values <3 kcal/mol). A n analogous calculation can be made for electron 
transfer between T h " + and B u 2 H g . We have done this calculation by using 
both the value (41 kcal/mol) for λ in the electron transfer from a variety of 
organometallic compounds to tris(l,10-phenanthroline)iron(III), and the 
expression (equation 37) analogous to that for (AG*) V 2 developed by Kochi 

Th* + R M g C l Th + R M g C l * + (36) 

(59). 

(37) 

We have assumed also that the term for the oxidation potential [ E 0 R M + 
(Wp/F)] (in which Wp is the work term for separation of products, and F is 
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8. SHINE & SOROKA Coupling of Aromatic ù Heterocyclic Radicals 151 

Table IX. Calculations of AG* for Electron Transfer between Th + and RMgCl 

R in 
RMgCl 

E° (V)a 

(RMgCh+/RMgCl) 
A G 0 

(kcal/mol) 
λ 
(kcal/mol) 

A G * 
(kcal/mol) 

Me -0.25 -39.0 40 0 

Et -0.66 -50.7 40 0.72 

Bu -0.53 -47.7 40 0.40 

sec-Bu -0.87 -55.6 40 1.52 

tert-Bu -1.07 -60.2 40 2.50 

Cyclopentyl -0.88 -55.8 40 1.56 

"Values are for RMgBr , + /RMgBr and taken from reference 58. 

the Faraday consistent) for B u 2 H g is the same as that given for diethylmer-
cury (Et 2Hg), namely, 1.21 eV (59). In this way, A G * for electron transfer 
between T h * + and B u 2 H g is calculated to be 6.8 kcal/mol, which is lower 
than A G * for electron transfer to the F e L 3

3 + oxidants (where L denotes a 
ligand) used by Kochi (59). This calculation indicates that electron transfer 
from B u 2 H g to T h , + should not be difficult. Furthermore, Rollick and Kochi 
(60) showed that electron transfer occurs readily from M e 2 H g to an oxidant, 
tris(l,10-phenanthroline)iron(III), whose reduction potential versus a satu
rated calomel electrode (0.99V) is smaller than that of T h * + (1.30 V). Thus, 
in comparison, electron transfer from R 2 H g to T h * + should be facile. 

Our experimental results for reactions with R M g C l agree, as has been 
shown, with what one would anticipate from the calculations of A G * , but 
the results for reactions with R 2 H g are ambiguous, and we still need to find 
where the problem lies. 

The overall result, then, is that we have found that coupling between 
T h " + and alkyl radicals is a viable reaction. It takes its place, along with the 
reaction of N 0 2 with A r H * + , as a new mode in the repertoire of cation radical 
reactions. No doubt, further examples of such coupling reactions lie hidden 
among organic reactions and await uncovering. 

Note Added in Proof 

Kochi and co-workers (62) reported that conventional electrophilic nitration 
of some aromatic ethers gave the same products and had the same charac
teristics as nitration of the ethers with tetranitromethane via charge-transfer 
activation. A n arene cation r a d i c a l - N 0 2 pair was shown to be the source of 
products in the latter method. Insofar as the aromatic ethers are concerned, 
therefore, there seems to be little doubt that the products of conventional 
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152 POLYNUCLEAR AROMATIC COMPOUNDS 

nitration also originate from the formation and recombination of a cation 
r a d i c a l - N 0 2 pair. 
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9 
Nitration of Pyrene by NO 2 and N 2 O 4 

David S. Ross, Georgina P. Hum, and Robert J. Schmitt 

SRI International, Menlo Park, CA 94025 

The nitration of pyrene by N(IV) (NO2, N2O4) in methylene chloride 
at 25 °C under conditions in which the Ν(IV) is primarily the tetroxide 
demonstrates first-order product formation both in pyrene and N(IV). 
The order in Ν(IV) shifts to second order when the starting Ν(IV) 
concentration is increased. N(IV) nitrates pyrene directly; nitric acid, 
that is, N(V), does not. Under first-order conditions, the addition of 
NO [NO] >> [N(IV)] shifts the product formation to second order 
and substantially accelerates the reaction. The reaction scheme in
volves the initial formation of a pyrene-N2O4 complex, followed by 
(1) the unimolecular collapse of the complex to product and (2) the 
addition of a second N2O4 to the pyrene in the complex. The second 
path leads directly to polynitropyrenes when the concentration of 
N(IV) is sufficiently high. 

THE NITRATION OF AROMATIC COMPOUNDS has been studied for decades, 
and benzene and its derivatives have been used almost exclusively as the 
substrates (1, 2). Nitric acid, usually in sulfuric acid, has generally been the 
nitrating reagent; the nitronium ion, NO2+, has presumably been the specific 
nitrating agent. Nitric acid and the nitronium are both N(V) species. 

Interest in the study of the nitration of polynuclear aromatic hydrocar
bons (PAHs) has developed recently, partly because of the significance of 
combustion-derived nitrated PAHs in the environment (3-6). The nitration 
of PAHs in innocuous media such as methylene chloride by N(IV) (NO2 and 
N 2 O 4 ) has been of particular interest, because the textbook view of aromatic 
nitration has been the acid-catalyzed route. P A H nitration by N(IV) is sur
prisingly rapid at ambient temperatures, and Eberson and Radner (7, 8) and 
Pryor et al. (9) focused on electron transfer as the key to the reaction: 

P A H e l e c t r ° n transfer> P A H ' + nitrated P A H (1) 

0065-2393/88/0217-0155$06.00/0 
© 1988 American Chemical Society 
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156 POLYNUCLEAR AROMATIC COMPOUNDS 

The study reported here was prompted by the still unsettled question of 
just how the reaction takes place. This chapter includes studies of the reaction 
kinetics and stoichiometry and covers the effects of oxygen and N O . 

Background 

Eberson and Radner (7, 8) presented a series of papers describing the ni
tration of PAHs with N(IV). Their work dealt with the synthetic and me
chanistic aspects (7) and included a study of the reaction of electrochemically 
generated P A H radical cations with N(IV) (reference 8 and citations therein). 
They also covered the effects of acidic and basic additives; the overall stoi
chiometry of the reaction was considered to be as follows: 

4 P A H + 3 N 2 0 4 - » 4 P A H - N 0 2 + 2NO + 2 H 2 (2) 

The electron-transfer aspect of the reaction was studied by using Marcus 
theory and various thermodynamic cycles. Thus, the thermochemistries of 
a number of electron-transfer schemes were considered. Through a series 
of logical arguments, the scheme settled upon was not electron transfer per 
se but rather electrophilic attack of P A H by nitrosated nitrogen tetroxide: 

P A H + N 2 0 4 - N O + ~* -> P A H - N 0 2 (3) 

A somewhat different picture was presented by Pryor et al. (9), who 
concluded that electron transfer to charge-separated species did occur for 
some PAHs, and N 0 2 was the electron acceptor: 

P A H + N 0 2 - ^ [ P A H ' + N 0 2 ] P A H - N 0 2 (4) 

This reaction was supported by a correlation found between rate data and 
results from molecular orbital calculations. 

Experimental Details 

Materials. Methylene chloride (Mallinckrodt) was distilled from calcium hy
dride before use. Pyrene (Aldrich) was used without further purification. Nitrogen 
tetroxide (Matheson) was purified with oxygen before use. Nitric acid (100%) was 
prepared by distilling fuming nitric acid from oleum. 

Kinetic Measurements. Kinetic runs were conducted under pseudo-first-order 
conditions. The limiting reagent was at a concentration of ~ 10 ~5 M , and the excess 
reagent was at a concentration of 10"4 to 10"1 M . Fresh stock solutions of the reagents 
were used. An aliquot of solvent was added to the reaction cell, and aliquots of the 
pyrene and N 2 0 4 stock solutions were added at the desired concentrations. The 
formation of 1-nitropyrene was monitored at 430 nm on a UV-visible spectropho-
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9. ROSS ET AL. Nitration of Pyrene by N02 and N204 157 

tometer (Hewlett-Packard 8450A) with a thermostated cell holder at 25 °C. Reactions 
performed under an atmosphere of argon or oxygen were conducted in a special 
vacuum cell designed to allow for degassing of the reactants by freeze-thaw cycles 
with liquid nitrogen. 

Product Analyses. The reaction was scaled up to 10 ~3 M to allow for product 
analyses. The reaction mixtures were analyzed by using a silicone capillary column 
(SE-54) on a gas chromatograph (Varian 3700) at 250 °C. Gas chromatographic-mass 
spectrometric (GC-MS) data were obtained on a gas chromatograph (Hewlett-Pack
ard 5890) with a mass-selective detector (model 5970). A bonded-phase silicone 
capillary column (DP-1701) was used at 250 °C. 

Results 

A number of aspects of the reaction require clarification, including the roles 
of nitric acid, oxygen, and N O . Also, although the reaction has been pre
sumed to be first order in both P A H and N(IV) (7), preliminary evidence 
suggests that the process may be far more complicated (9). In this regard, 
the position of the N 0 2 - N 2 0 4 equilibrium under reaction conditions must 
be considered as well as whether N 0 2 or N 2 0 4 is the reacting species. 

Included in this chapter are kinetic studies of the nitration of pyrene 
by N(IV) in methylene chloride in which first the P A H and then the N(IV) 
was the limiting reagent. The study was conducted spectrophotometrically; 
in all cases, 1-nitropyrene was the sole product, as determined by both U V 
spectrometry and G C analysis of the product mixture. (Dinitropyrenes were 
sought but were not found.) The effects of oxygen and N O were determined 
by using a cell designed so that the reaction could be run under argon and 
known quantities of oxygen and N O could be added at wil l . 

The degrees of N(IV) dissociation are important to the interpretation of 
the observed order of the reaction in N(IV). For example, for the sequence 

2 N 0 2 ± 5 N 2 0 4 (5) 

N(IV) + P A H - * N 0 2 - P A H (rate-controlling step) (6) 

the observation of a reaction that is first order in N(IV) can be interpreted 
differently, depending on the major N(IV) species. If the equilibrium step 
is far to the left, then the N(IV) species in the rate controlling step must be 
N 0 2 . Alternatively, if the equilibrium is far to the right, then the N(IV) in 
the slow step must be N 2 0 4 (or 2 N 0 2 ) . The problem can become more 
complicated for observations of reaction orders other than 1.0. 

The dissociation constant for N(IV) in methylene chloride has not been 
reported. However, the constant in carbon tetrachloride was reported to be 
1.8 X 10" 4 M (10). For the range of N(IV) concentrations used here (5 x 
10 ~ 5 to 1 X 10~3 M), in the equilibrium CC1 4 would favor the tetroxide, 
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158 POLYNUCLEAR AROMATIC COMPOUNDS 

except at the lowest levels. However, because the dissociation decreases as 
the polarity of the medium increases (10), we presume that [ N 2 O j > > 
[N0 2 ] for all of our work. 

Initial Work: Nitric Acid as Nitrating Agent. Because of the 
generally large role of nitric acid in nitration, its specific action during ni
tration in media such as methylene chloride was important to establish 
initially. The acid exists virtually entirely in its molecular form in such 
solvents, and past accounts of nitrations in such media included complicated 
kinetics with orders in N(V) up to values of 5 or 6 (II). 

We conducted several nitrations of pyrene in methylene chloride in 
which we compared N(IV) and N(V). The results are shown in Figure 1, 
which presents product profiles (arbitrary ordinate scale) for periods of 1000-
2000 s. Figure la, with pyrene as the limiting reactant and the two Ν species 
at the same concentration, shows that on the time scale for N(IV) nitration, 
nitric acid is unreactive with pyrene. The situation does not change much 
when the conditions are reversed and the Ν species are limiting, as Figure 
l b shows. In this case, an induction period is apparent; this observation 
suggests that the nitric acid decomposes to N(IV), which is then responsible 
for the nitration in some manner. In Figure l c , in which the pyrene levels 
have been increased by a factor of about 20 over those of Figure l b , the 
induction period appears to have been overcome, although the reaction in 
the N(V) case is still considerably slower than the N(IV) reaction. Seemingly, 
the P A H triggers the N(V) decomposition in the initial stages. 

No further work was done with N(V) nitration; however, on the basis 
of these observations, we assert that nitric acid itself does not nitrate pyrene 
in methylene chloride. This finding can be contrasted with the results of 
Grosjean et al. (3), who concluded in atmospheric pollutant studies that the 
opposite view is correct. Specifically, their results from vapor-phase exper
iments suggested that N 0 2 was not active in nitration of filter-deposited 
PAHs, whereas nitric acid was necessary for nitration. The differences in 
conditions must be considered when comparing these data with those from 
this work. Nonetheless, it is difficult to refute the absence of nitration activity 
by N(V) under our conditions, and the important questions concerning the 
nitrating species in the environmental work remain. 

N(IV) Nitration of Pyrene. Kinetic runs were conducted with both 
Ν(IV) and pyrene as limiting reactants; in each case, the runs were conducted 
in both a standard 10-mm U V cell with a small headspace (—3.2 m L of liquid 
volume and ~ 0.5 m L of headspace) and in our vacuum U V cell with a 
headspace of about 50 m L . In the vacuum U V cell, the head gas was 1 atm 
of argon. As discussed in the following paragraphs, the order of addition was 
important, and in the work described here, aliquots of pyrene stock solutions 
were added to prepared N(IV) solutions. The results from the two different 
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Prod. 

0 200 400 600 800 1000 

Time (sec) 

Figure 1. Comparison ofN204 and HN03 for the nitration of pyrene (Py) in 
methylene chloride, (a) [HN03]/[Py] = 7.5 x 10~4 MÎ4.9 X 10~s M; [N204]/ 
[Py] = 8.4 x 10~4 Ml5.7 x 10~5 M . (b) [HN03]/[Py] = 2.9 x J O " 5 Mi 1.5 
x 10-2 M; [N204]/[Py] = 5.1 X 10~5 MI 1.5 X 10~2 M. (c) [HN03]/[Py] = 
5.3 X 10~5 Μ/2.8 x 10'1 M; [N204]l[Py] = 7.3 Χ 10~5 Μ/2.6 x 10'1 M. 
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160 POLYNUCLEAR AROMATIC COMPOUNDS 

sets of limiting conditions were surprising. The orders for pyrene and N(IV), 
which changed as shown in Figure 2 for the nitration of pyrene in methylene 
chloride at 25 °C, are summarized as follows: For excess pyrene (Py) ([Py] 
= 7 X 10 " 3 to 2 X 10" 1 M), the nitration was first-order in both pyrene 
and N(IV); for excess N(IV) ([N(IV)] = 3 Χ Κ Γ 4 to 2 x H T 3 M ; [Py] ~ 
4 X 10~5 M), the nitration was first order in pyrene and second-order in 
N(IV). 

Pryor et al. (9) also noted a second-order dependence on N(IV) in an 
account of their preliminary results. This change in order with change in 
N(IV) concentration demonstrates aspects of the reaction central to the de
tails of the reaction mechanism. One feature of the high order in N(IV) is 
the need to conduct the kinetic experiments by adding the N(IV) to the 
pyrene rather than vice versa. We found invariably that the opposite order 
of addition brought about unpredictable and decidedly unreproducible re
sults. 

A cell effect was evident for the [N(IV)] > > [Py] case. The rate constants 
for runs in the cell with the significant headspace were below the linear 
extrapolation of the line in the plot. Additionally, the ultimate yields of 1-
nitropyrene in the gas cell as estimated by the final absorbances were con
siderably lower than those in the conventional cell. Evidently, the rate of 

log k(obs) 

Β cess Ν IV) 

1 

^ 
1 
• 
• 

Excès s Pyren e 

-4 -3 -2 -1 0 

log concert. 

Figure 2. Determination of reaction order. Abscissa values correspond in each 
case to the concentration of the reactant in excess. Key: • , conventional cell; 

•, vacuum cell. 
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9. ROSS ET AL. Nitration of Pyrene by N02 and N204 161 

loss of N(IV) out of the medium and into the vapor phase is rapid relative 
to the nitration rate. 

Effects o f Oxygen and N O . The potential importance of this chem
istry to environmental issues suggested that the effects of 0 2 and N O should 
be investigated. The results are summarized in Table I. 

The results of runs with added 0 2 under conditions of limiting pyrene 
show that 0 2 increases the rate of nitration under these conditions. In these 
cases, the product production was first order. However, when the condition 
was switched to limiting N(IV), the effect of added oxygen also switched, as 
shown in Figure 3. Here, the G 2 severely slows the nitration, and the product 
profile reflects no simple rate law. The profile can be reasonably well-
matched with a process that is sixth order in N(IV); this result is reminiscent 
of the high order in nitric acid mentioned earlier (11). However, a more 
likely explanation is a reaction or reactions operating parallel to and com
petitive with nitration in which the pyrene or the N(IV) is consumed in a 
process not yielding nitropyrene. Product profiles from parallel first-order 
reactions can mimic higher order reactions. Consistent with this surmise is 
the observation that yields of 1-nitropyrene from the 0 2 runs, were consid-

Table I. Effects of Oxygen and NO on the Nitration of Pyrene in Methylene 
Chloride at 25 °C 

Starting Concentration 
(M Χ 104) 

Head Gas kobs 
N(IV) Pyrene (1 atm) (s-1 Χ 104) 

Limiting Pyrenefl 

5.0 0.34 argon 9.1 
0.34 oxygen 23.2 

6.3 0.34 argon 8.5 
0.34 oxygen 52.9 

7.5 0.34 argon 11.0 
0.34 oxygen 45.1 

Limiting N(IV) 

0.68 141 oxygen l/mb 

0.67 280 argon and 2.2C 

NO (22 torr) 
eFirst-order production of 1-nitropyrene in all cases. 
bThe rate law was not easily defined. 
This value is the observed second-order rate constant ( M ^ s - 1 Χ 104). 
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0.6 

0.5 

0.4 

Prod. 0-3 

0.2 

0.1 

0.0 

0 10 20 30 

Time (sec x1E-3) 

Figure 3. Effects of oxygen in Py nitration. [Py] = 1.4 X J O " 2 M; N204 = 
6.8 X 10~5 M. Argon and oxygen are both at 1 atm. 

erably below quantitative levels, as demonstrated by the product profiles 
such as the one shown in Figure 3. 

The effect of added N O is more straightforward. In a single run under 
argon, 22 torr of N O was added to the gas cell. The cell contained 5 m L of 
a methylene chloride solution of pyrene (2.8 X 10~2 M and N(IV) (6.7 X 
10~5 M); on a molar basis, [NO] > > [N(IV)]. In this case, the development 
of product smoothly followed second-order behavior, in contrast with the 
first-order production of 1-nitropyrene under the same conditions but in the 
absence of N O . 

This result is the major clue to understanding the process; the order 
shift reveals the specific N-reactant, and the reaction rate demonstrates that 
the arene radical cation is a key intermediate. The rationale goes as follows: 
First, the addition of N O drives the N(IV) virtually fully to N 2 0 3 and the 
N 2 0 4 - N 0 2 balance shifts to favor the dioxide. N 2 0 3 is not expected to be 
a reactant. As discussed earlier, the shift from first order to second order 
dictates that the tetroxide or 2 N 0 2 accompanies pyrene in the transition 
state. Because the N 0 2 case would be the result of a trimolecular reaction, 
we conclude that the tetroxide is the specific species reacting with pyrene. 
Thus, we rewrite reactions 5 and 6 as follows: 

2 N 0 2 - » N 2 0 4 (7) 

N 2 0 4 + P A H -> N 0 2 - P A H (rate-controlling step) (8) 
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9. ROSS ET AL. Nitration of Pyrene by N02 and N204 163 

In regard to the reaction rate, if the equilibrium levels of the tetroxide 
are responsible for the nitration, then we would anticipate that the N O 
addition would slow the reaction. However, because the rate of product 
production with N O addition is comparable to that without N O addition, 
N O must be part of the reaction scheme. The role of N O in organic reactions 
is limited, but N O readily forms stable IT complexes with aromatic radical 
cations (12). We conclude, therefore, that such ions, or in the very least ion 
pairs tending toward radical-cation character, are part of the nitration of 
PAHs by N 2 0 4 . 

Headspace Effects and Stoichiometry. In the earlier accounts of 
pyrene nitration by N(IV), N O was a prominent reaction product, and each 
N 2 0 4 ultimately yeilded IV3 nitropyrenes (7, 9). Our work found substantial 
effects of N O on reaction rate, as just discussed, and also effects of headspace 
on nitropyrene yields, as estimated spectrophotometrically. Specifically, we 
found in the runs with [Py] » [N(IV)] that with a large headspace the 1-
nitropyrene/N 2 0 4 ratio ranged from 0.9 to 1.3; however, with a small head-
space, this ratio approached and in some cases exceeded 2.0. 

Accordingly, a study of the stoichiometry of pyrene nitration by N(IV) 
in methylene chloride was conducted by using gas chromatography for anal
ysis. The results are summarized as follows: Starting with 79.1 μιηοΐ of pyrene 
and 7.6 μιηοΐ of N(IV) led to a mass balance of 97.5% and a 1-nitropyrene/ 
N 2 0 4 ratio of 2.4; starting with 109.8 μιηοΐ of pyrene and 15.1 μιηοΐ of N(IV) 
led to a mass balance of 94.3% and a l -nitropyrene/N 2 0 4 ratio of 1.8. 

The two factors to consider are the mass balances, which were satisfac
tory, and the yield ratios, which were less than satisfactory. In other words, 
we can account for the carbon-containing components of the mixture, but 
the range in the ratios reflects some difficulty in introducing N(IV) to the 
system with adequate precision. These results show, however, that in our 
hands the l -nitropyrene/N 2 0 4 ratio must be closer to 2.0 than it is to 1.3. 

Thus, for N 2 0 4 being limiting, both N 0 2 reactants were accounted for 
in the nitropyrene product. This result indicates that some component in 
the system can act as a sink for hydrogen. We considered that pyrene might 
act as an oxidant; however, although our starting pyrene contained some 
dihydropyrene, no significant increase in dihydropyrene was found after a 
run. We also considered that the methylene chloride medium might be the 
ultimate Η sink, but a careful search for HC1 after nitration was negative. 
Currently, we suspect small quantities of oxygen to be responsible, even 
though we made every effort to eliminate 0 2 from the system. This aspect 
of the work remains to be clarified. 

Discussion 

The accumulated evidence for the nitration of pyrene includes the fact that 
in methylene chloride, nitric acid does not directly nitrate pyrene, whereas 
N(IV) readily does. With limited pyrene and under the condition [ N 2 0 4 ] > 
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164 POLYNUCLEAR AROMATIC COMPOUNDS 

[ N 0 2 ] , the reaction is second order in the tetroxide. The order shirts to first 
order with declining N(IV) concentration or increasing pyrene concentration 
at levels at which the tetroxide is still maintained as the major N(IV) species. 
The view that the tetroxide rather than the dioxide is the specific reactant 
is supported by the observation that with added N O , which shifts the con
dition to [ N 0 2 ] > [ N 2 0 4 ] , the production of product shifts from a first-order 
to a second-order process. Less directly explainable are the effects of the 
purposeful addition of oxygen, which either accelerates or slows the nitration 
for limiting amounts of pyrene or N(IV), respectively. 

Reaction Scheme and Rate Algebra. Scheme I can account for 
the observations just discussed. It includes the initial, rapid, and reversible 
formation of a p y r e n e - N 2 0 4 donor-acceptor complex; such complexes have 
been reported (13, 14). K 3 is the equilibrium constant for the formation of 
the complex, and fc4, and k5 are the rate constants for the subsequent parallel 
routes to product. The pyrene in the complex then reacts with a second 
N 2 0 4 to yield the product in corresponding to k4. In a parallel step corre
sponding to k5, the complex breaks down to yield the same product. 

N 2 0 4 + pyrene-rlê [pyrene-H ,+ · Ν 0 2 ·Ν0 2 ] 

VN2°4 V5 

product product 

Scheme I 

A n expression for the observed rate constant, fcobs, can be derived for 
Scheme I for the case of limiting pyrene: 

^obs/CN204
 = ^3^4CN204 + ^3^5 (9) 

where c N z o 4 is the concentration of nitrogen tetroxide. A plot of kohs/cN2o4 

versus c N a o 4 provides a test of the proposed mechanism. The plot should 
yield a line passing through the origin if the step corresponding to k5 is 
unimportant and a nonzero intercept if this step is significant. As shown in 
Figure 4, such a plot does provide a reasonably sound line (r 2 = 0.96), and 
the nonzero intercept shows that the second route is operative. The slope 
and intercept give the following values, respectively: K3k4 = 5585 M - 2 s - 1 ; 
K3k5 = 3.2 M - 1 s" 1 . 

Reaction Mechanism. The pyrene in the charge-separated complex 
has radical-cation character, whereas the N 2 0 4 can dissociate to accommo
date its radical-anion character. Direct electron transfer from P A H to both 
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9. ROSS ET A L . Nitration of Pyrene by N02 and N204 165 

k(obs)/N(IV) 

N(IV)(Mx1E4) 

Figure 4. Plot of kobs/[N(IV)] versus [N(IV)l 

N 0 2 and N 2 0 4 was considered by Eberson and Radner (7) but was rejected 
on the basis of their Marcus theory calculation. However, rather than com
plete charge separation, we would expect ion-pair formation in a medium 
with only modest polarity, such as methylene chloride. This factor could 
overcome the objections posed by the calculations, although currently the 
matter is not settled. This dissociative attachmentlike process is the non-
photochemical analogue to that proposed by Masnovi and Kochi (15) for the 
photochemically promoted reaction between anthracene and tetranitrome-
thane. In that case (15), electron acceptance by tetranitromethane was ac
companied by the simultaneous split to N 0 2 and the trinitromethanide anion. 

Following the formation of the complex, the charge-separated pyrene 
reacts along two competitive routes. As discussed earlier, collapse within 
the complex in the step corresponding to k5 leads to the σ intermediate 
commonly considered in electrophilic nitration (16). 

Alternatively, the pyrene could react in the step corresponding to k4 

with a second, external N 2 0 4 . We viewed this reaction as an addition of the 
tetroxide across the unsaturated arene system, which leads to adducts such 
as structure 1, which could then lose N 0 2 to form the same σ intermediate 
(Scheme II). To test this possibility, we allowed small quantities of solid 
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166 POLYNUCLEAR AROMATIC COMPOUNDS 

[pyrene-H] + + N 2 0, 

1 

Scheme II 

pyrene to react with liquid N 2 0 4 at ambient temperatures in a small-scale 
experiment. The same thing was done with 1-nitropyrene. If the addition 
of the tetroxide to the pyrene radical cation were an active route, then in 
neat N 2 0 4 , the addition of yet another tetroxide following the first could be 
competitive with the loss of N 0 2 and polynitropyrenes would be formed. 

This view was readily confirmed. The reactions with both substrates 
were virtually instantaneous and essentially quantitative. In the pyrene case, 
a mixture of trinitropyrenes, which contained some dinitropyrenes, was 
isolated. ( W A R N I N G : Din i t ropyrenes are highly mutagenic.) In the 
1 — nitropyrene case, a mixture of 1,3-, 1,6-, and 1,8-dinitropyrene was 
identified, and small quantities of trinitropyrenes were present. 

pyrene-H + N 2 0 4 - » dinitropyrenes + trinitropyrenes (10) 
-10% -90% 

1-nitropyrene + N 2 0 4 —> dinitropyrene + trinitropyrene (11) 
99+% trace amounts 

Thus, in agreement with Scheme II, pyrene directly forms polynitropyrenes 
without first forming nitropyrene. Indeed, pyrene yields the more substi
tuted products. This observation is a new one and is to be investigated 
further. 

To our knowledge, this procedure is the most simple route to these 
materials. The reported methods (reference 17 for dinitropyrenes, and ref
erence 18 for trinitropyrenes) involve high temperatures and concentrated 
nitric acid and sometimes provide only modest yields. The reaction of 1-
nitropyrene is surprisingly rapid and most likely follows a similar route. 

The conventional acid-promoted nitration of pyrene to dinitropyrene 
yields the 1,6- and 1,8-isomers (18, 19). However, on the basis of the rules 
of electrophilic nitration, these isomers should be formed in the minority, 
if at all, because they would result from σ cationic intermediates with con
tributing structures containing positive charges adjacent to a nitro group 
(16). Thus, the chemistry discussed here must be operative in acidic nitration 
media as well, at least for PAHs and other relatively easily oxidized aromatic 
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9. ROSS ET AL. Nitration of Pyrene by N02 and N204 167 

compounds. This point goes to the heart of the mechanism of conventional 
aromatic nitration and deserves further study. 

This situation also raises an interesting contrast with the position of 
Eberson and Radner (7). Their thesis is that the nitrous acid catalyzed (NAC) 
nitration observed for electron-rich substrates in acidic media is what is 
operative for N(IV) in methylene chloride. We agree that the two processes 
are the same but view that what is termed N A C in acidic media is rather 
the N(IV) nitration described here. In this regard, the role of acid in Ν(IV) 
P A H nitration, including both the added acids and the nitrous acid (HONO) 
generated in the nitration, has to be clarified. 

Finally, the effects of oxygen we observed cannot be fully explained. 
However, expecting the chemistry related to the charge separation to be 
affected by oxygen is reasonable because donor-acceptor complexes between 
aromatic hydrocarbons and 0 2 are known (20). The formation of H O N O in 
the nitration ultimately leads to the lVa stoichiometry reported by other 
workers. As described by Eberson and Radner (7), H O N O decomposes to 
water, N O , and N 0 2 . However, in our case, N O must be oxidized by oxygen 
or other oxidants present in the system back to N 0 2 . Alternatively, H O N O 
could be oxidized; its reaction with oxygen in solution very rapid (21). 
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Comparison of Polynuclear Aromatic 
Hydrocarbon Cation Salts with Salts 
of Simple Fluoroaromatic Cations 

Thomas J. Richardson, Francis L . Tanzella, and Neil Bartlett 

Department of Chemistry, University of California at Berkeley, and the 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
Berkeley, CA 94720 

Electron oxidation of the fluoroaromatic compounds C6F6 and C10F8 

by O2+ salts yields salts of the radical cations C6F6+ and C10F8+ 

which are Curie law paramagnets. The fluoroanalogues of the metallic 
(C10H8)2+ salts do not exist. Repulsive interactions involving the elec
tron-rich fluorine ligands of the fluoroaromatic compounds are prob
ably responsible for the failure of these species to make metallic 
stacks. Attempts to prepare C6H6+ salts have produced the poly(p
-phenylene) cation salts (C6H4)n+AsF6-, which are good electronic 
conductors. Electron oxidation of polynuclear aromatic hydrocar
bons by C6F6+ salts or by AsF5, (e.g., 3AsF5 + 2C24H12 —> 

2 C24H12+AsF6- + AsF3) yields what appear to be salts of the poly
nuclear aromatic cations. The magnetic and electrical properties of 
such salts are described. 

RADICAL-CATION SALTS derived from hexafluorobenzene (1), octafluoro-
toluene (2), pentafluoropyridine (3), and octafluoronaphthalene (4) have been 
known for some time, and some of their reaction chemistry has been dis
cussed in a recent publication (5). Hexafluorobenzenehexafluoroarsenate, 
C 6 F 6

+ A s F 6 - , has oxidizing power sufficient to electron oxidize most other 
mono- and polycyclic aromatic compounds. 

Fritz et al. (6) prepared bis(naphthalene) salts, ( C 1 0 H 8 ) 2
 + MF6- (M = 

0065-2393/88/0217-0169$06.00/0 
© 1988 American Chemical Society 
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170 POLYNUCLEAR AROMATIC COMPOUNDS 

Ρ, As) in which the aromatic molecules occur in stacks; this situation results 
in metal-like electrical conductivity (σ) (σ = 0.12 ± 0.046 Ω " 1 c m - 1 for a 
polycrystalline pellet). This finding suggested the possibility of analogous 
behavior in the fluoroaromatic series. Materials containing dimeric cations, 
however, have not been isolated from reaction mixtures containing excess 
amounts of the neutral monomers or from controlled reduction of monocation 
salts. In each case, the cations are monomeric and magnetically independent 
of one another. 

Attempts to prepare salts containing C 6 H 6
+ have led to polymerization 

with H F elimination, and the resulting solid contains electron oxidized 
poly(p-phenylene) (7). 

Thermally stable blue-green powders have been obtained by the oxi
dation of coronene with 0 2 A s F 6 , C 6 F 6 A s F 6 , or A s F 5 . IR spectra of these 
materials show the presence of the A s F 6 " ion in addition to the coronene-
like cation. Gravimetry and elemental analyses indicate compositions ranging 
from ( C 2 4 H 1 2 ) 4 0 A s F 6 to ( C 2 4 H 1 2 ) 0 2 5 A s F 6 ; at least three crystallographically 
distinct phases are indicated. In the X-ray powder diffraction patterns of 
these solids very strong reflections with d spacings of about 3.3 A suggest 
that the coronene species may be interplanar stacked in a platelike fashion. 
Crude resistance measurements on pellets of the polycrystalline powders 
indicate ambient-temperature conductivity for these salts in excess of 1.0 X 
l O ^ O ^ e m " 1 . 

Experimental Details 

The syntheses of cation salts of the monocyclic fluoroaromatic compounds and of 
oetafluoronaphthalene have been described elsewhere (1-5). Manipulations of air-
or moisture-sensitive materials were carried out in a Vacuum Atmospheres Dri-Lab 
or in a stainless steel vacuum line fitted with a Teflon FEP[poly(tetrafluoroethylene)] 
reaction vessel (Chemplast) or a fused silica reaction vessel. 

Reaction of Benzene with 0 2 AsF 6 . In a typical reaction, benzene (0.403 g, 
5.16 mmol) was co-condensed at 77 Κ with sulfuryl chloride fluoride (8 mL) into a 
Teflon FEP reaction vessel containing 0 2 AsF 6 (0.912 g, 4.13 mmol, prepared as in 
reference 8). On warming to 195 K, a green solution was obtained from which oxygen 
evolved steadily for a period of 15 min as the color faded. When the solvent and 
volatile products were removed at room temperature, a dark-brown solid (0.893 g) 
remained. The product was washed with liquid anhydrous hydrogen fluoride to 
remove (C6H5)2AsF2AsF6, which was formed by the reaction of benzene with AsF 5 

present in the reaction mixture as a result of the thermal decomposition of 0 2 AsF 6 . 
The resulting brown powder (0.182 g) was diamagnetic and had a room-temperature 
conductivity (pressed pellet) in excess of 1.0 Χ 10~2 Ω 1 c m - 1 . The analysis was the 
following: [(C6H4)„AsF6, η = 4.05, based on the C/As ratio] C , H , As; F : calculated, 
21.05; found, 22.07. The IR spectrum (Figure 1) of the powder contains absorptions 
due to oxidized poly(p-phenylene) (9) and the hexafluoroarsenate(V) ion. 

Reaction of Benzene with CeFeAsFe. CeFeAsFe was prepared in situ by re
acting 0 2 A s F 6 (0.473 g, 2.14 mmol) with an excess of C 6 F 6 in S0 2C1F prior to the 
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10. RICHARDSON ET AL. Comparison of PAH Cation Salts 171 

1600 1400 1200 1000 800 600 400 

Figure 1. IR spectrum of oxidized poly(p-phenylene). 

addition of benzene (0.323 g, 4.14 mmol). The reaction was complete in 1 h at 195 
K. The product (0.546 g, 0.134 g after washing with HF) was identical to that produced 
from 0 2 AsF 6 . Elemental analyses of samples from four preparations gave values for 
η ranging from 1.8 to 4.4. The C/H ratio varied from 3.6 to 4.4 in eight analyzed 
samples. 

The Reaction of Naphthalene with Excess AsF 5 . Naphthalene (0.20 g, 1.6 
mmol) was dissolved in hexafluorobenzene (5 mL) in an evacuated Teflon reactor. 
AsF 5 was admitted to the vessel at room temperature until a total pressure of 1 atm 
was attained. Copious amounts of a fluffy purple solid precipitated. The analysis was 
the following: C, 59.78; H , 2.81; and C/H ratio, 1.77. The solid was amorphous to 
X-rays. 

In another experiment, a small amount of AsF 5 was added slowly to a solution 
of naphthalene in CH 2 C1 2 (mol ratio of AsF 5 to C i 0 H 8 was ca. 1:6). Above the surface 
of the solution, where an excess of AsF 5 was present, the purple solid just described 
was formed. In the solution, however, a much darker, nearly black solid precipitated. 
Over a period of 1-2 h following removal of the solvent, both products became gray. 
No X-ray pattern could be obtained from these solids. 

Oxidation of Coronene with 0 2 AsF 6 . 0 2 AsF 6 (0.342 g, 1.55 mmol) was placed 
in a Teflon FEP reaction vessel. A disk of Teflon filter paper was inserted above the 
solid, and coronene (0.464 g, 1.55 mmol) was placed on the filter. Sufficient S02C1F 
was condensed into the vessel to cover the coronene. At 195 K, the reaction pro
ceeded slowly; it reached completion in 1 h. The vessel was allowed to warm to 
room temperature, and volatile products were removed under vacuum after 1 h. 
The product was a green, free-flowing powder. The analysis was the following: 
[(C24Hi2)o.97AsF6] C , H . The IR spectrum of this solid (Figure 2) contains, in addition 
to bands similar to those in neutral coronene, characteristic absorptions at approx
imately 700 and 400 c m - 1 due to hexafluoroarsenate(V). The magnetic susceptibility 
was found to follow the Curie-Weiss law down to 12 K; the effective Weiss constant 
(̂ B,ef) = 0.36 and magnetic moment θ = -1.8 °. 

Oxidation of Coronene with Excess C 6 F 6 AsF 6 . C 6 F 6 A s F 6 was prepared in situ 
from 0 2 AsF 6 (1.0 g, 4.5 mmol) in S02C1F. The reaction vessel was held at 77 Κ in 
a dry nitrogen-filled glovebag while coronene (0.15 g, 0.50 mmol) was added. The 
mixture was warmed to 195 K, and the reaction was allowed to proceed for 90 min. 
The product, obtained after removal of volatile compounds at room-temperature, 
was a dark-green friable powder. The analysis was the following: [(CMHi^o.siAsFe] 
C, H . The IR spectrum of this solid (Figure 2c) is similar to the more coronene-rich 
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172 POLYNUCLEAR AROMATIC COMPOUNDS 

1600 WOO 1200 1000 800 600 400 

Figure 2. IR spectra of coronene and coronene salts, a: coronene; b: 
(CMHuUAsF6, η = 0.97; and c: (CMH12)nAsF6, η = 0.51 

material described earlier, but the absorptions due to AsF 6 are relatively more 
intense. The magnetic susceptibility exhibits Curie-Weiss behavior down to 6 K; 
μΒ, eff = 0.83 and θ = -5 .9° . 

Oxidation of Coronene with AsF 5 . Coronene reacted rapidly to give green and 
blue-green free-flowing powders upon exposure to gaseous AsF 5 in a variety of 
solvents and at varying AsF 5 partial pressures. Solvents used included sulfuryl chlo
ride fluoride, hexafluorobenzene, dichloromethane, trichlorofluoromethane, and 
l,l,l-trichloro-2,2,2-trifluoroethane. Arsenic trifluoride was detected as a reaction 
product by IR spectroscopy. The color of the solid thus produced seems to be a 
qualitative measure of the extent of oxidation; the more highly oxidized materials 
were bluer than the coronene-rich solids. Product compositions were determined 
by gravimetry on the basis of the assumption that arsenic is present only as AsF 6 " 
and that coronene is present as neutral molecules or electron-oxidized cations. Ob
served mole ratios of coronene to hexafluoroarsenate varied widely (4.0-0.25); the 
smaller values were associated with the higher concentrations of AsF 5 . Debye-
Scherrer photographs of the polycrystalline powders (see box) show that the products 
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10. RIGHARDSON ET AL. Comparison of PAH Cation Salts 173 

X —ray Powder Diffraction Data (d-spacings) for Coronene Salts: 
M J , A s F 6 

η = 0.51 
10.92w, 9.52m5 8.63vw, 7.57ms, 6.96s, 6.53s, 6.10w, 5.64w, 5.28s, 
4.93m, 4.70m, 4.51vs, 4.44m, 3.98s, 3.52m, 3.33vs, 3.19w, 3.07vw, 
2.78m 

η = 0.89 
12.42mw, 10.89w, 8.54m, 7.09vs, 6.49m, 6.08m, 5.43s, 5.14m, 4.79w, 
4.58vvs, 4.36m, 4.17vw, 4.03m, 3.71vw, 3.54mw, 3.45mw, 3.35vs, 
3.21s, 3.01w, 2.87w, 2.15w, 1.65w 

η = 1.88 
14.37w, 10.86ms, 7.54vs, 7.04m, 6.54vs, 5.31vs, 4.94vs, 4.67w, 4.35s, 
4.19s, 4.02s, 3.72w, 3.61w, 3.50w, 3.32vvs, 3.16w, 2.33w, 1.66vw 

η = 4.00 
10.78w, 9.49s, 7.58vs, 6.47vs, 5.97vw, 5.25s, 5.11mw, 4.91w, 4.72w, 
4.35s, 3.95s, 3.51s, 3.43m, 3.31vs, 3.20w, 3.16w, 3.06m, 2.77w, 
2.66vw, 2.33m, 2.05vw, 1.96vw, 1.90w, 1.65vw, 1.47w 

NOTE: W denotes weak, s denote strong, m denotes medium, ν denotes 
very. 

differ significantly over the composition range and that neutral coronene, if present, 
is incorporated into the structures and is not coexisting as a separate phase. 

Results and Discussion 

Chemical syntheses of radical-cation salts by electron oxidation of neutral 
aromatic precursors require powerful oxidizing agents and stabilizing anions 
with high ionization energies (I) (e.g., A s F 6 " , ReF 6 ~, SbF 6 ~, and S b 2 F n " ) 
(5). The stable salt of an aromatic cation of sufficient oxidizing strength can 
be employed as a synthetic reagent in the electron oxidation of other aromatic 
compounds with lower ionization energies. Thus, hexafluorobenzenehexa-
fluoroarsenate(V), C 6 F 6 A s F 6 , provides a convenient one-electron oxidizing 
agent somewhat less energetic than the dioxygenyl salt from which it is most 
easily prepared (10) [I(02) = 281 kcal/mol, and I (C 6 F 6 ) = 230 kcal/mol]: 

0 2 A s F 6 + C 6 F 6 - » 0 2 + C 6 F 6 A s F 6 (1) 
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174 POLYNUCLEAR AROMATIC COMPOUNDS 

The reduction product is the relatively inert and volatile hexafluorobenzene 
molecule. Moreover, C 6 F 6 A s F 6 decomposes at room temperature to volatile 
products (5): 

2 C 6 F 6 A s F 6 - » C 6 F 6 + 1 ,4 -C 6 F 8 + 2AsF 5 (2) 

This occurrence means that an oxidation can be carried out with an excess 
of C 6 F 6 A s F 6 . The remaining oxidant is then allowed to decompose in situ 
at room temperature, and the volatile side products are removed under 
vacuum. This technique has been applied in the quantitative preparation of 
octafluoronaphthalenehexafluoroarsenate [I(C 1 0 F 8 ) = 204 kcal/mol]: 

C 6 F 6 A s F 6 + C 1 0 F 8 - » C 6 F 6 + C 1 0 F 8 A s F 6 (3) 

In the two fluoroaromatic cation salts, the cations appear to be well-separated 
from one another by the anions. In C 6 F 6 A s F 6 , each ion is surrounded by 
eight nearest neighbors of opposite charge in a distorted CsCl-type lattice. 
In the case of C 1 0 F 8 A s F 6 , although details of the structure are not yet known, 
the symmetry and unit-cell dimensions seem to preclude an arrangement 
involving coplanar stacks of cations. 

Octafluoronaphthalenehexafluoroarsenate is exceptionally stable (de
composition occurs at 395 K), and in light of the report (6) of conductivity 
in ( C 1 0 H 8 ) 2 P F 6 , we sought to prepare the fluoro analogue of this "synthetic 
metal". However, despite repeated attempts using a variety of approaches, 
we did not obtain such a material. Metallic behavior in partially charged 
organic stacks derives from bonding interactions that occur as a consequence 
of overlapping of the highest occupied molecular orbitals (HOMOs) and 
singly occupied molecular orbitals (SOMOs) of the stacked ring systems. 
This overlapping requires that the planar aromatic species be closer together 
than their van der Waals thickness of about 3.3 A, as has been observed in 
( C 1 0 H 8 ) 2 P F 6 . Such a close juxtaposition of octafluoronaphthalene molecules, 
however, would also bring the electron-rich F ligands close together. This 
interaction is probably sufficiently strongly repulsive to offset the weak bond
ing interaction between the electron-oxidized and neutral aromatic rings. 
Attempts to prepare a bis(hexafluorobenzene)+ salt were also unsuccessful. 

A s F 5 is able to electron oxidize: 

3AsF 5 + 2e~ 2 A s F 6 " + A s F 3 (4) 

However, its oxidizing power is weaker than that of C 6 F 6
 + . In the case of 

benzene, A s F 5 and C 6 H 6 react quantitatively in H F or S0 2 C1F (10) to give 
the colorless crystalline solid ( C 6 H 5 ) 2 A s F 2

+ A s F 6 ~ : 

2 C 6 H 6 + 2 A s F 5 ^ ( C 6 H 5 ) 2 A s F 2 A s F 6 + 2 H F (5) 
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10. RICHARDSON ET AL. Comparison of PAH Cation Salts 175 

With 0 2
+ or C 6 F €

 + , however, benzene reacts to give poly(p-phenylene) 
derivatives. Although polymerization is never observed in the A s F 5 reaction, 
some of the diphenylarsonium salt is always formed in the 0 2

 + and C 6 F 6
 + 

reactions because of the presence in the reaction mixture of A s F 5 formed in 
the decomposition of the oxidizing agents. This finding suggests that the first 
step toward polymerization is electron oxidation of C 6 H 6 [ i (C 6 H 6 ) = 212 
kcal/mol] to C 6 H 6

 + , and that A s F 5 is not able to achieve this oxidation: 

C 6 H 6 + C 6 F 6
+ (or 0 2

+ ) C 6 H 6
+ + C 6 F 6 (or 0 2 ) (6) 

Subsequent abstraction of H + by the anion may also occur: 

C 6 H 6
+ + A s F 6 " - » C 6 H 5 - + H F + A s F 5 (7) 

Such interpretations are consistent with the conclusions of other investigators 
as to the cationic nature of intermediates in the preparation of poly(p-phen-
ylene) (11-12). As the number of fused or linked rings in a series of poly
nuclear aromatic molecules increases, the ionization energies of the neutral 
molecules decrease [i(biphenyl) = 183 kcal/mol, I(terphenyl) = 181 kcal/ 
mol, /(naphthalene) = 187 kcal/mol, i(anthracene) = 171 kcal/mol, 
J(naphthacene) = 161 kcal/mol]. 

The polymer that results when benzene is reacted with the powerful 
oxidizers 0 2

+ and C 6 F 6
+ is readily oxidized by A s F 5 (13,14). (AsF 5 , although 

not capable of initiating the polymerization of benzene, can polymerize the 
more easily oxidized phenylene oligomers, including biphenyl). 

Although the aromatic compounds undergo hydrogen elimination read
ily upon oxidation [benzene (15) and naphthalene (16) can be polymerized 
eleetrochemieally; binaphthyl is formed in the thermal decomposition of 
bis(naphthalene)hexafluorophosphate], the analogous elimination of F + in 
the fluoroaromatic compounds is not energetically feasible. 

For large, planar, fused-ring systems, the tendency toward coplanar 
stacking gives rise to behavior similar to that observed for graphite inter
calation compounds. Coronene is rapidly oxidized by 0 2 A s F 6 , C 6 F 6 A s F 6 , 
or A s F 5 : 

n C 2 4 H 1 2 + 0 2 A s F 6 ^ ( C 2 4 H 1 2 n ) + A s F 6 - + 0 2 (8) 

nCuHl2 + C 6 F 6 A s F 6 - ^ ( C 2 4 H 1 2 n ) + A s F 6 - + C 6 F 6 (9) 

2raC 2 4 H 1 2 + 3 A s F 5 ^ 2 ( C 2 4 H 1 2 n ) + A s F 6 - + A s F 3 (10) 

The extent of oxidation and thus the observed stoichiometry vary widely 
in the materials prepared by the oxidation of coronene. The X-ray diffraction 
patterns of these solids are characteristic of the particular stoichiometrics; 
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176 POLYNUCLEAR AROMATIC COMPOUNDS 

however, they have common features. The most striking common feature is 
the presence in each pattern of a strong reflection with a d spacing of about 
3.3 A, which is the thickness of a coronene molecule. This condition suggests 
the possibility that these materials are layered and that the anions occupy 
positions within and not between the layers. 

H + elimination cannot be ruled out in the syntheses of the coronene 
derivatives just described, or for any other aromatic system. Although the 
materials reported here appear to be homogeneous and nonpolymeric, con
taining arsenic only as A s F 6 ~ , the magnetic susceptibility data are not easily 
explained in terms of purely ionic formulations. The observed electrical 
conductivity may, therefore, be due either to stacking of the cations or to 
linking through H F elimination at the edges of the planar ring systems, or 
to a combination of the two. Thus, the structures adopted by these materials 
are strongly influenced by the extent of oxidation and the sizes and number 
of anionic species present. 
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Radical-Cation Salts of Arenes 
A New Family of Organic Metals 

V. Enkelmann 

Max-Planck-Institut für Polymerforschung, Welder-Weg 11, D-6500 Mainz, 
Federal Republic of Germany 

Stable radical-cation salts of a variety of simple arenes can be pre
pared by anodic oxidation in the presence of suitable counterions, 
for example, ClO4- , BF4- , PF6- , AsF6- , and SbF6-. These highly 
conducting crystals of the composition Ar 2 - y .+X- (where Ar2-y .+ is a 
radical cation of 2-Y aromatic hydrocarbons and X- is an anion), 
which are deposited on the anode during the electrocrystallization 
as shiny black needles, can be considered as a new family of organic 
metals built up from simple, easily obtainable building blocks. The 
packing found between the aromatic rings in the radical-cation salts 
can be regarded as a model for interchain interactions in conducting 
polymers, for example, doped polyacetylene and poly(p-phenylene). 

Electrocrystallization 

Stable radical-cation salts of many aromatic hydrocarbons (Ar) can be pre
pared by anodic oxidation of a solution in C H 2 C 1 2 , tetrahydrofuran (THF), 
chlorobenzene, or C H 2 C 1 C H C 1 2 in the presence of a suitable supporting 
electrolyte, for example, ( N B u 4 ) + X - , where N B u 4 is tetra-n-butylammo-
nium and X- is ClO4- , BF4- , P F 6 - , AsF 6 - , or SbF 6- (1-5). As shown in 
Figure 1, crystals form directly on the anode, which can be various shapes, 
sizes, and materials (e.g., Pt, A u , N i , C u , Ge, or graphite). The electro
chemical processes that lead to crystal growth can be split into three inde
pendent main reactions (3, 6): 

Ar -> Ar.+ +e- (1) 

0065-2393/88/0217-0177$06.75/0 
© 1988 American Chemical Society 
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178 POLYNUCLEAR AROMATIC COMPOUNDS 

A r " + + Ar ± 5 A r 2 " (2) 

A r 2 ' + + X " - » A r 2 X (3) 

The key reaction of these three is the dimerization (reaction 2) in which the 
short-lived intermediate monomer radical cation is stabilized. The equilib
rium constant (Kx) of this reaction determines not only the stability of the 
reactive intermediates but also the kinetics of crystal growth and the com
position of the crystals. 

Fluoranthene (FA) is one example in which K x is very high. In this case, 
under all experimental conditions tested so far, crystals of the ideal com
position A r 2 X are always obtained. This situation is not the case with pyrene 
(Py), perylene, and many other arenes. Depending on the solvent, tem
perature, counterion, applied voltage, and current density, a variety of dif
ferent complexes are formed. A number of well-characterized radical-cation 
salts are listed in Table I as well as some details of the experimental con
ditions. Inspection of this table shows that if the composition deviates from 
A r 2 X , the arene-to-counterion ratio is always <2:1. In some cases, for ex
ample, P y 7 P y 4 X 4 ( C H 2 C l 2 ) 4 , additional rings that are not part of the con-

Figure 1. Crystals of the radical-cation salt of 2,6-dimethylnaphthalene 
(DMN), DMN3(SbF6)2(CH2Cl2), on the anode during electrocrystalli

zation. 
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11. E N K E L M A N N Radical'Cation Salts of Arenes 179 

ductive stack but fill empty space between the counterions are incorporated 
into the structure. In the example just given, four pyrene rings that carry 
no charge are oriented approximately perpendicularly to the stack (cf. Fig
ure 7). The assumption can be made that these additional rings do not take 
part in the complex formation; thus, in terms of the discussion regarding 
the equilibrium (reaction 2), the arene-to-counterion ratio is 7:4. This con
dition implies that in these systems, a certain fraction of monomer radical 
cations was incorporated into the structure before the radical cations were 
able to dimerize. Studies (7, 8) have shown that perylene and pyrene, for 
which this effect is most pronounced, are cases in which K x is small. In some 
other cases, the solvent or neutral arenes are found in the structure and 
thus lead to very complex stoichiometries and crystal structures. 

The stability of radical-cation salts varies from rapid decomposition in 
air (e.g., naphthalene salts) to stability for several months under ambient 
conditions (e.g., perylene and decacyclene salts). The stability correlates 
with the oxidation potential: As a rule of thumb, salts of extendend aromatic 
systems are more stable than those of smaller ones, and salts of the ideal 
2:1 composition are more stable than those of other compositions. 

Structural Principles of Radical-Cation Salts 

Structure and Phase Transitions of Fluoranthene Salts. As 
mentioned earlier, the electrocrystallization of fluoranthene is characterized 
by a rapid and complete dimerization to the dimer radical cation F A 2 * + ; 
thus, under all experimental conditions tested so far, only crystals of the 
ideal composition F A 2 X are formed (3, 4). By using these relatively simple 
structures, common structural principles and phase transitions that are typ
ical for all radical-cation salts can be investigated. 

A l l radical-cation salts crystallize in columnar structures. The aromatic 
rings are packed in stacks that are arranged in a pseudohexagonal or pseu-
dotetragonal fashion, which allows for channels in which the counterions are 
located. In more complex cases, other molecules, such as solvent molecules, 
are also located in the channels. Anions of different sizes can be incorporated 
in these channels without causing much change in the packing; thus, in many 
cases, salts containing different anions are isostructural. 

The crystal structure of F A 2 A s F 6 is shown in two projections in Figure 
2. The planes of the rings are oriented perpendicularly to the stacking axis, 
and the rings are packed with very short interplanar spacings of 3.2-3.3 A. 
Among the most fascinating features of the radical-cation salts are the unusual 
overlap patterns that result from this packing. In F A 2 X , the rings are alter
nately rotated by 180°. Because the rings are oriented perpendicularly to 
the stacking direction, some interatomic distances range between 3.2 and 
3.3 A; these distances are substantially smaller than the van der Waals radius 
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11. E N K E L M A N N Radical-Cation Salts of Arenes 183 

of 3.6 Â. The angle of rotation (ψ) between neighboring rings is typical for 
each arene. For example, naphthalene forms columns with ψ = 90°; in 
pyrene radical-cation salts, ψ = 0, 60, and 90°. The number of short inter-
planar atom contacts is optimized by the choice of ψ. 

Because of crystal symmetry in F A 2 X , all rings are identical; that is, 
the radical-cation charge is delocalized along the stack. In this direction, the 
highest conductivity is observed. 

In most radical-cation salts, structural phase transitions near 200 Κ are 
observed. Investigation of these transitions demonstrates the large effect of 
the geometry of the molecular overlap on the electrical and magnetic prop
erties. The structural changes during the phase transition in F A 2 X have been 
worked out in detail (4). Projections of the crystal structures of F A 2 A s F 6 at 
300 and 120 Κ are shown in Figure 3. In the high-temperature phase (space 
group A2/m), the fluoranthene rings are located on mirror planes. At the 
phase transition, the space group changes to P2l/c; thus, the constraint on 
the molecular orientation vanishes, and both stacks and counterions are free 
to rotate from the high-temperature orientation. The phase transition can 
be monitored in X-ray diffraction experiments by the appearance of reflec
tions that are symmetry forbidden in the high-temperature phase. The ap
pearance of these reflections is well-correlated with a change from metallic 
to semiconducting behavior and anomalies in the magnetic properties. How
ever, at the phase transition temeprature, a distortion perpendicular to the 
stack is observed; this dimerization is not in the stacking direction, as is the 
case for phase transitions of many other organic metals (Peierls transition). 
Even at room temperature, a small dimerization in the stacking direction is 
observed and is virtually retained in the whole temperature range without 
any anomaly (Figure 4). Hence, this small dimerization cannot be the reason 
for the metal-insulator transition. 

In addition to the rotation of stacks and anions, a small distortion of the 
molecular overlap occurs during the transition. As seen in Figure 5, the 
mirror plane causes the overlap in the high-temperature phase to be strictly 
symmetrical. At the transition, this constraint vanishes, and a small distortion 
(~ 0.05 A) perpendicular to the stacking axis is observed. Apparently, this 
distortion is responsible for the metal-insulator transition. 

Polymorphism in Pyrene Radical-Cation Salts. In contrast with 
fluoranthene, a variety of different pyrene salts can be grown by only minor 
changes in the conditions of the electrocrystallization (cf. Table I). This 
situation offers the possibility to study the influence of the interstack inter
actions without changing the building elements. If pyrene is electrocrystal-
lized in C H 2 C 1 2 in the presence of P F 6 " A s F 6 " , isostructural shiny black 
needles of the composition P y 7 P y 4 X 4 ( C H 2 C l 2 ) 4 are obtained. When SbF 6~ 
anions are used, salts of different compositions and structures can be isolated. 
Py7Py4(SbF 6) 4(CH 2Cl 2) 4 is not isostructural with the AsF 6 ~ and PF 6 ~ salts 
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186 POLYNUCLEAR AROMATIC COMPOUNDS 

and Py 1 2 (SbF 6 ) 7 . If a solvent such as C H C 1 2 C H 2 C 1 is used, which is too large 
to be incorporated into the structure, crystals of the ideal composition 
P y 2 A s F 6 and tetragonal Py 1 9 (AsF 6 ) 1 0 can be obtained. I have not been able 
to reproduce the work of Chiang et al. (I), who reported the preparation of 
P y 2 C l 0 4 . In addition, the density given does not correspond to the density 
calculated from the lattice parameters; thus, the composition is probably 
Py2Cl04-1/2THF. Pertinent crystallographic data for the pyrene salts are 
given in Table II. 

Rotation photographs taken along the stacking axes of three pyrene 
radical-cation salts are shown in Figure 6. Apart from the different lengths 
of the stacking axes, these photographs show as a common feature intense 
layer lines with a spacing of 3.35 Â. This value corresponds to the average 
interplanar spacings. In Py 1 2 (SbF 6 ) 7 , two sets of intense layer lines are found 
for which the indexes are multiples of 6 and 7. Apart from small satellites, 
the other reflections are almost completely missing. This crystal structure 
can be described as being built up by two sublattices of the cations and 
anions, which are commensurate only after 12 periods of the cations and 
seven periods of the anions. Py 1 9 (AsF 6 ) 1 0 gives similar, even more complex 
scattering diagrams, which are not shown in Figure 6. These, to a first 
approximation, look like a modulated structure of P y 2 A s F 6 with weak satellite 
reflections on the 1st, 9th, 11th, 19th, and 21st layer lines near the intense 
ones. 

The crystal structure of P y 7 P y 4 ( A s F 6 ) 4 ( C H 2 C l 2 ) 4 has been solved. Pro-
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-7 0 7 
! I I 

-U -12 -7-6 0 6 7 12 U 
- 3 - 2 - 1 0 1 2 3 

I I I I 1 I I 

3.35 Λ 3.35 Â 3.35 Λ 

Figure 6. Rotation photographs for Py7Py4(AsF6)U(CH2Cl2)U (left), Pyi2(SbF6)7 
(middle), and Py2AsF6 (right). 

jections along and perpendicular to the stacking direction are shown in 
Figure 7. They reveal a variation of the structural principle just discussed. 
Here, the stack consists of seven rings that are oriented along the (111) body 
diagonal of the triclinic unit cell given in Table II. The stacking direction 
corresponds to the needle axis (the a axis of the body-centered isostructural 
cell is given for the P F 6 " salt). As in F A 2 X , the stacks are packed parallel 
to each other in a pseudohexagonal way. However, as a variation to the 
structural principle, they are separated not only by the anions but also by 
additional pyrene rings that are not part of the stack and by solvent mole
cules. One of the pyrene rings (Pyl) is located on a symmetry center and is 
disordered; that is, two orientations are statistically occupied. 

Again, the molecular overlap pattern is one of the most interesting 
features of the pyrene salts. In Py 7 Py 4 X 4 (CH 2Cl2)4, two different relative 
orientations with ψ = 60° (type 1) and ψ = 0° (type 2) are observed (Figure 
8). The stacking distances, which range from 3.26 to 3.51 Â, are well-cor
related with the overlap type. Type 1 (e.g., Py2-Py3 and Py3-Py4) is con
nected with small distances. The distance for molecules with type-2 overlap 
(e.g. ,Py4-Py4' ;3.51A) compares well with the distance found for the dimers 
in the pyrene crystal structure (3.53 A); these dimers are packed in a similar 
way. Finally, the contact between disordered P y l , P y l ' , and Py2 can be 
considered a mixture of both types and consequently has almost exactly the 
average spacing of the two extremes. 

Because of the large unit cells and the limited stabilities of some pyrene 
salts, analyses of more complex phases and phase transitions are time-con
suming and complicated tasks and are still in progress. However, knowledge 
of the space groups allows the conclusion of at least one more overlap with 
ψ = 90°. Py 1 2 (SbF 6 ) 7 crystallizes in the same space group (A2/m) as F A 2 X 
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190 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 8. Molecular overlaps in Py7Py4(AsF6)4(CH2Cl2)4. A: disordered Pyl-
Pyl\ B: Pyl-Py2, C: Pyl'-Py2, D: Py2-Py3, E: Py3-Py4, and F: Py4-Py4'. 
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11. E N K E L M A N N Radical-Cation Salts of Arenes 191 

with similar b and c lattice parameters. For pyrene rings located on mirror 
planes, only overlaps with ψ = 0° and ψ = 90° are possible. However, the 
translation between the rings and the order in which contacts of type 2 and 
3 wil l occur in the stack cannot be predicted. 

A projection of P y 2 A s F 6 is shown in Figure 9. It consists of two inde
pendent stacks with different setting angles but identical overlap (type 1). 
Because the crystal exhibits polysynthetic twinning, a full crystal structural 
analysis has not been undertaken. Preliminary data indicate that in a phase 
transition, both stacks become identical; that is, the structure is face-centered 
in the low-temperature phase. This conclusion is supported by electron spin 
resonance (ESR) data. 

Radical-Cation Salt of 2,6-Dimethylnaphthalene. Because of 
their columnar structures, the radical-cation salts discussed so far can be 
described as one-dimensional systems. The rapid spin exchange and high 
carrier mobility are oriented in the stacking direction. Anisotropics larger 
than 100 have been reported for F A 2 X (15). The salt of 2,6-dimethylnaph-
thalene (DMN), D M N 3 ( S b F 6 ) 2 ( C H 2 C l 2 ) , is the first example in which the 
structural principle presented earlier is modified in such a way that a two-

Figure 9. Crystal structure of FyzAsFe-
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192 POLYNUCLEAR AROMATIC COMPOUNDS 

dimensional system is formed. A projection of the crystal structure is shown 
in Figure 10. 

In contrast with all other salts for which the stacks are parallel, in this 
case two stacks are oriented perpendicularly to each other along the two 
diagonals of the ah plane of the tetragonal unit cell. Parallel columns are 
packed in layers so that the stacking direction alternates along the c axis. 
The stack consists of six rings, two of which are located on symmetry centers 
(i.e., D M N 1 and D M N 1 ' ) . SbF 6 " ions and solvent molecules are placed 
between the stacks so that the counterions compensate for charges in both 
stacks. The interplanar spacings are not equal. A periodic change occurs 
from extremely short spacings [3.06 (3) Â between D M N 2 and D M N 2 ' ] to 
normal spacings [3.32 (2) Â between D M N 1 and D M N 2 ] . Both overlaps 
connected with these are virtually identical, and ψ ~ = 90° (Figure 11). 
Preliminary experiments showed that DMN 3(SbF 6)2(CH 2Cl2 behaves like a 
two- or even three-dimensional conductor. The specific conductivity (σ ~ 
10"1 Ω" 1 c m 1 ) is equal in all three crystallographic directions. This finding 
is somewhat surprising because it implies an effective charge transfer also 
in the c direction. Preliminary measurements of the ESR line width revealed 
a marked exchange narrowing of the line when the magnetic field was ori
ented along a or b, that is, along the diagonal between the two stacks. This 
result can be interpreted to indicate a strong interaction between the D M Ν 

Figure 10. Crystal structure of DMNj(SbFeMCH&U). 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

11



11. E N K E L M A N N Radical-Cation Salts of Arenes 193 

Figure 11. Molecular overlap in DMN3(SbF6)2(CH2Cl2). A; DMN1-DMN2, 
and B: DMN2-DMN2'. 

rings along the stacks and also an effective charge transfer perpendicular to 
the stacks in the c direction (9, 16). 

Radical-Cation Salts as Organic Metals. Structural investigations 
of a variety of organic complexes exhibiting high, metallike conductivities 
(organic metals) have established certain common structural principles. 
Among the most important are the following (17-19): (1) crystallization of 
planar, easily polarizable molecules in segregated stacks; (2) uniform inter-
planar spacings within the stacks; and (3) mixed valence states, that is, only 
partial oxidation or reduction of the stack forming molecules. A l l these prin
ciples are fulfilled by the structures determined for the radical-cation salts 
of arenes. 

Specific conductivities of more than 1000 Ω" 1 cm" 1 have been reported 
for some systems (5). In Figure 12, the temperature dependence of 
F A 2 ( P F 6 ) 0 7 6 (AsF 6 ) 0 24 is shown. In the high-temperature region, a quasi-
metallic conductivity is observed. The onset of the semiconducting behavior 
is found at the phase-transition temperature. 

The discovery of stable, quasi-metallic, radical-cation salts has stimu
lated many studies. A few studies concerning the metallic nature wil l be 
briefly discussed here. Most of the results were obtained with F A 2 X because 
of its simple, well-documented structure and phase transition and its rela
tively high stability. 

Crystals of F A 2 X give an extremely narrow ESR line in the metallic 
region; Δ Η ρ ρ (line width) ~ 10 milligauss, which is the smallest line width 
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Figure 12. Temperature dependence of the specific conductivity in 
FA2(PF6)o.74(AsF6)o.26' Key: ·, Δ: two different samples. 

ever detected in the solid state (15, 20, 21). This line is independent of the 
orientation of the magnetic field and is also independent of the Larmor 
frequency within a wide range (15 M H z - 9 . 4 GHz). Above the phase tran
sition, the ESR intensity is essentially independent of temperature. Similar 
results are obtained with all other radical-cation salts in their metallic high-
temperature states. 

1 9 F and * H magnetic resonance experiments done in the same frequency 
range as the ESR experiments showed that the F atoms in the counterions 
are relaxed mainly by reorientational jumps of the octahedrons, whereas the 
protons on the rings are relaxed predominantly by highly mobile paramag
netic species. The Korringa relation, (T 1 H T) _ 1 — constant, is fulfilled above 
the phase transition (22); thus, the assumption that F A 2 X is a one-dimensional 
metal is vindicated by these experiments (T 1 H is relaxation time and Τ is 
temperature). Because of their narrow ESR lines, samples of F A 2 X are very 
useful as magnetic field probes. Because the signal is strong, small samples 
are sufficient to give a large signal; therefore, small and very inhomogeneous 
magnetic fields can be probed (15). 

The metallic nature of radical-cation salts can also be shown by reflection 
spectroscopy. If the direction of polarization is directed parallel to the stack
ing direction, a steep plasma edge with a pronounced minimum is observed 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

11



11. E N K E L M A N N Radical-Cation Salts of Arenes 195 

(23). This observation is characteristic of the optical absorption of free car
riers. In Figure 13, the reflectance spectra of some radical-cation salts are 
shown in comparison with those of two well-known one-dimensional metals 
that represent two extremes: one one-dimensional inorganic metal, 
K 2 P t ( C N ) 4 B r 0 3 - 3 . 2 H 2 O (KCP), and the charge-transfer complex T T F 
T C N Q (TTF is tetrathiafulvalene, and T C N Q is tetracyanochinodimethane). 
The radical-cation salts fill the broad gap between the spectral positions of 
the plasma edge of these two extremes. The reflectance spectra shown are 
the spectra of free carriers, and an excellent fit of the experimental data can 
be made with this assumption (Drude model). The fit yields the optical value 
for the electrical conductivity, a(opt), and the width of the conduction band, 
t. Because of the strong interactions between the rings, radical-cation salts 
represent a transition between the usually narrow-band organic conductors 
[TTF T C N Q : t = 0.4 electronvolts (eV)] to the inorganic conductors. For 
F A 2 X , 8(opt) = 1900 Ω - 1 c m - 1 and t = 2.3 eV were calculated from the 
fit of the reflectance spectrum. 

100 

0.2 0.5 1 ; 
tiU) / eV 

2 5 

Figure 13. Reflectance spectra of radical-cation salts in comparison with the 
one-dimensional conductors KCP and TTF TCNQ. A: FA2(PF6)o.74(AsF6)o,26> 

B: Pyi2(SbF6)7, and C: Pe(PF6)L1(CH2Cl2)o,8 (where Pe is perylene). 
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196 POLYNUCLEAR AROMATIC COMPOUNDS 

Radical -Cat ion Salts as Models for Conducting Poly
mers. Polymers that have an extended ir-electron system in their back
bones, for example, polyacetylene (PA) and poly(p-phenylene) (PPP), can be 
transformed by oxidation or reduction in the solid state (doping) to derivatives 
that exhibit metallike conductivity (24, 25). These materials are usually in
soluble and infusible and exhibit a very complicated morphology that cannot 
be changed by subsequent treatment. The lack of knowledge about the 
structure and state of order is the cause of the current controversy about 
the conduction mechanism in doped polymers. 

The interactions found between the aromatic rings in the radical-cation 
salts can be regarded as models for interchain interactions in conducting 
polymers. The concept that uses the structural principles found in the model 
compounds to construct models for the conducting polymer derivatives is 
illustrated in Figure 14. The radical cations created on the polymer backbone 
in the oxidation are thought to stabilize themselves by forming complexes 
with neutral chain segments in their vicinity according to reaction 2. The 
stack-forming elements are part of the main polymer chain. Consequently, 
the derived structural models can be characterized as intercalation structures 
in which layers of polymer chains and counterions alternate. Many of the 

Of )• 

50•Φ 
S(>0 

• 
ο . Polymer 

Segment 

Figure 14. Analogy of the packing in radical-cation salts (left) and in conducting 
polymer salts (right). 
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11. E N K E L M A N N Radical-Cation Salts of Arenes 197 

structural properties of conducting polymers have been successfully ex
plained by using this concept. Radical-cation salts of oligomers of PPP, for 
example, terphenyl and quaterphenyl (QP) and their substituted analogues, 
have been prepared in order to use the packing found in the oligomers as 
a model for doped PPP (8, 10). 

The crystal structure of the radical-cation salt of QP, QP 3 QP(SbF 6 ) 3 , is 
shown in two projections in Figure 15. The structure consists of stacks of 
QP molecules that are separated by layers of SbF 6~ ions. A l l Q P units are 
nearly aligned in one direction; thus, the packing found here could seemingly 
be a reasonable model for the polymer salt. The projection perpendicular 
to the stack reveals that an additional (neutral) Q P molecule is packed in 
the anion layer to fill empty space. In contrast with all other salts, each Q P 
molecule carries one positive charge. In terms of the structural principles 
of organic conductors given earlier, this salt should be an insulator. The 
relatively high conductivity observed could be explained by a hybrid of the 
valence bond forms shown in Chart I. This situation could be interpreted 
like the polymer chain; that is, more than one radical-cation site is created 
on one extended molecule. 

The motif in the smaller dashed cell shown in Figure 15 was used to 
construct a model for the PPP salt. Both the unit cell dimensions and the 
composition (C 6 H 4 ) 8 (SbF 6 ) 3 were used without further adjustment and re
produced the experimental doping level (40% per phenyl ring) and the X-
ray and neutron scattering (10). 

In a similar way, the packing found in the radical-cation salts could be 
used to solve the crystal stucture of the SbF 6 " salt of PA, [(CH)(SbF 6) 0 <o 6] x 

(26). A projection of this structure along the chain direction is shown in 
Figure 16. A l l details of the quite complicated structure wil l not be discussed 
here. The structure is incommensurate; that is, it can be described by the 
two sublattices also shown in Figure 16. Two types of polymer chains are 
found: Type 2 is located in rows of counterions filling the empty space, and 
type 1 (shown in black) is closely packed in a plane between these rows. 
The interplanar spacing (3.44 Â) allows charge transport not only along the 
polymer chain but also perpendicular to it by interchain charge transfer. 
This condition is important because the conjugation length in PA is limited 

Chart I 
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Figure 15. Crystal structure of QP3QP(SbF6)3- A: Projection in the stacking 
direction, and B: projection perpendicular to the stacks. 
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11. E N K E L M A N N Radical-Cation Salts of Arenes 199 

Figure 16. Crystal structure of the conducting salt of FA, [(CH)(SbF6)o.o6]x-

by a number of defects and is not sufficient to explain the macroscopically 
large conductivity. The conduction perpendicular to the polymer chain is 
assumed to be the same type as that found in the radical-cation salts of 
arenes. 
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Evidence for the Types 
of Polynuclear Aromatic Systems 
in Nonvolatile Fractions of Petroleum 

James G. Speight 

Western Research Institute, University Station, Laramie, WY 82071 

The occurrence of aromatic systems in petroleum is well-established, 
and systems having one to three rings have been identified as con
stituents of the volatile fractions of petroleum. Previously, a concom
itant increase in ring number with decrease in volatility in the higher 
molecular weight nonvolatile fractions of petroleum was assumed, 
largely on the basis of spectroscopic evidence. However, evidence 
produced by pyrolysis-gas chromatography-mass spectrometry and 
by UV spectroscopy does not support the concept of large polynuclear 
aromatic systems. The experimental data produced herein are more 
indicative of polynuclear aromatic systems having one to six rings. 
Such a concept is consistent with the physical and chemical behavior 
of petroleum asphaltenes. 

T H E O C C U R R E N C E O F M O N O N U C L E A R A N D P O L Y N U C L E A R aromatic sys
tems in nature is well documented (1-3). However, petroleum is one source 
of aromatic systems that is often ignored (4-7). Aromatic systems occur 
throughout the various boiling fractions in petroleum, and the evolution of 
analytical techniques such as gas chromatography (GC) and mass spectro
metry (MS) has been a major asset in bringing about the identification of 
the volatile aromatic species. Many mononuclear, dinuclear, and even tri-
nuclear aromatic systems have been identified in the volatile fractions of 
petroleum (7). 

The large-ring polynuclear aromatic systems that occur in petroleum 
have been much more difficult to identify because they occur in the non-

0065-2393/88/0217-0201$06.00/0 
© 1988 American Chemical Society 
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202 POLYNUCLEAR AROMATIC COMPOUNDS 

volatile fractions (e.g., resins and asphaltenes; Scheme I), particularly in the 
asphaltene fraction. In addition, these polynuclear aromatic systems are 
complex molecules that fall into molecular weight and boiling ranges for 
which very little is known about model compounds (Figure 1). 

Researchers have attempted to identify asphaltene fractions in terms of 

Scheme I. Convenient separation of petroleum into four major fractions. 
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12. SPEIGHT Systems in Nonvolatile Fractions of Petroleum 203 

Figure 1. Boiling point versus carbon number for the constituents of petroleum. 
The constituents of petroleum fall into molecular weight and boiling ranges 

for which the knowledge of model compounds is limited. 

an "average structure", which has largely been derived by means of spec
troscopic techniques (8, 9) and has involved the concept of a large central 
polynuclear aromatic system (structure 1). However, such a polynuclear 
aromatic system is not consistent with either the natural product history of 
petroleum or the behavioral characteristics of the asphaltene fraction. 

A more realistic aspect of petroleum composition is based on the dis
tribution of molecular types in petroleum and shows that petroleum is a 
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204 POLYNUCLEAR AROMATIC COMPOUNDS 

Structure 1. Average-structure representation of asphaltene. Asphaltenes are 
often represented by average structures composed of large polynuclear aro
matic systems (38). 

continuum of molecular types (Figure 2, ref. 10). This concept has been 
taken one step further and has been applied to petroleum asphaltenes (Figure 
3; ref. 11). The concept promotes the rationale that petroleum asphaltenes 
are a solubility class and, as such, are complex mixtures in which variations 
of molecular weight and polarity (i.e., functionality due to the nonhydro-
carbon molecules that contain nitrogen, oxygen, and sulfur) play a major 
role in the behavioral characteristics of the fraction. 

The concept that molecular weight and polarity play a role in deter
mining the composition of an asphaltene fraction is very realistic but does 
not present any indication of the nature of the polynuclear aromatic systems 
in the asphaltene fraction of petroleum. Thus, the purpose of this chapter 
is to present new data that provide indications of the ring-size distribution 
in petroleum asphaltenes. The evidence is accumulated by asphaltene frac
tionation and subsequent examination of the fractions by high-performance 
liquid chromatography (HPLC) using a U V detector. 

Experimental Details 

Asphaltene Separation. Asphaltenes were isolated from bitumen (Athabasca) 
by using an excess of n-pentane (40 mL of n-C 5 Hi 2 per gram of bitumen) and following 
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12. SPEIGHT Systems in Nonvolatile Fractions of Petroleum 205 

Figure 2. Representation of petroleum as a map of the various molecular types. 
(Reproduced with permission from reference 10. Copyright 1978.) 

a recommended procedure (12) to ensure complete separation of the asphaltenes 
without the occlusion of nonasphaltene material. 

Asphaltene Fractionation. Asphaltenes were separated into bases, acids, and 
neutral components by using a procedure described elsewhere (13). Following this 
initial separation, the basic fraction was then rechromatographed on a basic resin to 
produce a "true" basic fraction (nonadsorbed) and an amphoteric fraction (adsorbed). 
This procedure (Scheme II) allows asphaltenes to be separated into amphoteric 
species, bases, acids and neutral components. This type of separation was found to 
be a general feature of other asphaltenes separated from different bitumens, heavy 
oils, and conventional petroleum. 

Asphaltene Subfractionation. Asphaltene subfractionation was achieved by us
ing an adsorption method; the individual asphaltene fractions were preadsorbed onto 
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206 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 3. Representation of asphaltenes on the basis of size and polarity. 
(Reproduced with permission from reference 11. Copyright 1981.) 

a column of silica gel and removed by sequential elution with benzene-heptane 
mixtures, benzene, benzene-methanol and chloroform-isopropyl alcohol (Scheme 
II). Elution of each fraction was terminated when the eluate was colorless, and the 
asphaltene fractions were recovered by solvent removal (rotary evaporation) and dried 
(100 °C/10 mmllg) to constant weight. Total recovery of subfractions by this method 
was nearly quantitative (>99%). 

Spectroscopic Techniques. UV-visible spectra were obtained with a double-
beam UV-visible spectrophotometer (Beckmann). The asphaltenes were examined 
as solutions in chloroform (0.005-0.1 g per mL) with chloroform in the compensating 
beam. IR spectra were recorded either as potassium bromide pellets (0.1 g of as
phaltene per gram of potassium bromide) or as solutions in chloroform (0.1 g/mL). 

1 3 C magnetic resonance spectra were determined with a Fourier transform spec
trometer (Varian XL-100-15), with deuterochloroform as the solvent. 

Physical Properties. Elemental analyses were determined by the Alfred Bern
hardt Microanalytical Laboratories. Molecular weights were determined with a vapor 
pressure osmometer (Mechrolab) with pyridine as the solvent. 

Pyrolysis-gas chromatography-mass spectrometry (PY/GC/MS) of the asphal
tenes was achieved in the manner described elsewhere (14). The amount of the 
asphaltene fraction volatilized was determined by weighing the pyrolysis tubes after 
a sequence of experiments. 
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(a) Fractionation 
Asphaltenes 

Ion-Exchange Resins 

"Bases" 

Basic Resin 

Acids Neutral Polars 
(35.3%) (21.3%) 

Amphoterics 
(18.2%) 

Bases 
(24.2%) 

(b) Subfractionation 

Amphoter î es Ac ids Neutra1 
p o l a r s 

Ami (2.8%) 
Am2 (3.1%) 
Am3 (2.5%) 
Am4 (2.1%) 
Am5 (3.5*) Am6 (4.1*) 

chromatography 

I 
Bl (4.0*) 

B2 (3.5*) 
B3 (3.8*) 
B4 (3.0*) 
B5 (4.5*) 
B6 (5.3*) 

on s i 1 ica gel 

ι 
A c l (6 .0* 
Ac2 ( 6 . 3 * 
Ac3 (4.8* 
Ac4 (4.1* 
Ac5 (8.7* 
Ac6 (6.4* 

Npl ( 3 . 9 * 
Np2 ( 4 . 1 * 
Np3 ( 4 . 5 * 
Np4 ( 4 . 9 * 
Np5 (2.1* 
Np6 (1.8* 

Scheme II. Fractionation of asphaltenes (a) and subfractionation of asphaltenes 
on the basis of functionality (b). 

HPLC was performed with a liquid chromatograph (Waters Associates Series 
6000) equipped with UV and refractive-index detectors. Asphaltene fractions were 
examined by using a 25- X 0.5-cm column packed with silica gel and maintained at 
25 °C by an external thermostatically controlled water bath. Asphaltenes and standard 
polynuclear aromatic compounds were passed through the column with chloroform-
isopropyl alcohol blends (90:10). 

Discussion 

Polynuclear Aromatic Systems in Asphaltenes. The asphaltene 
fraction of petroleum is defined as the fraction that is insoluble in a low-
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208 POLYNUCLEAR AROMATIC COMPOUNDS 

boiling liquid paraffin such as n-pentane or n-heptane (12). Asphaltenes are 
detrimental to refinery processes and are responsible for catalyst deactivation 
and coke deposition (25). To understand the reasons for this behavior and 
to assist in refinery process optimization, the molecular nature of petroleum 
asphaltenes has been investigated (8, 9). However, determining the actual 
structures of the constituents of the asphaltene fraction has proven to be 
difficult. Nevertheless, the various investigations have brought to light some 
significant facts about polynuclear aromatic systems in asphaltene structure; 
findings indicate that asphaltenes consist of polynuclear aromatic nuclei that 
carry alkyl and alicyclic systems with heteroelements (e.g., nitrogen, oxygen, 
and sulfur) scattered throughout in various (including heterocyclic) locations 
(8, 9, 16, 17). 

The application of thermal techniques to study the nature of the volatile 
thermal fragments from petroleum asphaltenes has produced some inter
esting data relating to the polynuclear aromatic systems (18-22). These ther
mal techniques have produced strong evidence for the presence of small 
polynuclear aromatic systems (one to four rings) (14), and application of the 
techniques to the various functional fractions has confirmed the general, but 
unequal, distribution of these systems throughout asphaltenes. 

Each asphaltene fraction produced the same type of polynuclear aro
matic system (Table I) in the volatile matter, but the distribution was not 

Table I. Various Aromatic Molecular Types Identified as Constituents of the 
Volatile Products from the Thermal Decomposition of Asphaltene Fractions 

Homologous Series Molecular Types η 

Alkylbenzenes 

Alkylnaphthalenes 

Alkylbenzothiophenes 

Alkyldibenzothiophenes 

Alkylphenanthrenes 

Alkylchrysenes 
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12. SPEIGHT Systems in Nonvolatile Fractions of Petroleum 209 

constant (Table II). The hydrocarbon distribution also was computed and 
indicated an overall preponderance of single-ring (cycloparaffin and alkyl-
benzene) species as well as the domination of saturated material over aro
matic material. The preponderance of the low-molecular-weight material in 
the volatile products is to be anticipated on the basis that more complex 
systems remain as nonvolatile material and, in fact, are converted to coke. 
The PY/GC/MS program does not accommodate nitrogen and oxygen spe
cies. However, this matter is resolved, in part, by the concentration of 
nitrogen and oxygen in the nonvolatile material (coke) and the overall low 
proportions of these heteroatoms originally present in the asphaltenes. 

The major drawback to the application of a PY/GC/MS technique to 
study polynuclear aromatic systems in petroleum asphaltenes is the amount 
of material that remains as a nonvolatile residue (Table II). The nonvolatile 
residue has been postulated (20) to be the result of a highly condensed 
polynuclear aromatic system being present in the asphaltene (Scheme III). 

Asphaltene Coke Volatile 
Precursor Products 

Scheme III. Formation of coke precursor and volatile products from asphal
tene. Coke formation has been postulated to involve large polynuclear aromatic 
systems. (Reproduced with permission from reference 20. Copyright 1980.) 

Table II. Distribution of Aromatic and Nonaromatic Species Throughout 
Petroleum Asphaltene Fraction Determined by P Y - G C - M S 

Volatile Compounds 
H/C Atomic Molecular Aromatic Nonaromatic Residue 

Fraction Ratio Weighta (wt %) (wt %) (wt %) 

Amphoteric 1.04 2350 51 49 63 
compounds 

Bases 1.06 2250 48 52 60 
Acids 1.23 1910 40 60 43 
Neutral polar 1.29 1420 33 65 38 

compounds 

N O T E : Data are for Athabasca asphaltenes. 
"Values were determined by vapor pressure osmometry in pyridine at 65, 75, and 85 °C and 
were extrapolated to room temperature. 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

12



210 POLYNUCLEAR AROMATIC COMPOUNDS 

Aside from speculation about the polynuclear aromatic systems in the res
idue, the majority of the nitrogen (>90%), oxygen (>50%) and sulfur (>60%) 
in the natural asphaltene remains in the coke (14,18). Therefore, an alternate 
method of investigation was sought to determine the nature of polynuclear 
aromatic systems in petroleum asphaltenes. 

Of all of the methods applied to determining the types of polynuclear 
aromatic systems in petroleum asphaltenes (8, 9, 16), one with considerable 
potential, but given the least attention, is U V spectroscopy (23-28). Typi
cally, the U V spectrum of a petroleum asphaltene shows two major regions 
with very little fine structure, and interpretation of such a spectrum can 
only be made in general terms (29-31). The technique can add valuable 
information about the degree of condensation of polynuclear aromatic ring 
systems with the help of H P L C (27, 28, 32, 33). 

When a high-performance liquid chromatograph is equipped with an 
U V detector, a benefit becomes evident. Because polynuclear aromatic hy
drocarbons have different absorptivities at a given wavelength, the detector 
can be tuned for maximum selectivity for specific compounds, especially 
when the compounds have different ring numbers. Thus, an H P L C inves
tigation of a mixture of standard polynuclear aromatic systems with the U V 
detector at fixed wavelengths from 240 to 360 nm confirmed the applicability 
of the technique (34) to determine the presence of ring-size distribution by 
using the different selectivities of the polynuclear aromatic systems. The 
one- and two-ring polynuclear aromatic systems were more prominent in 
the chromatogram at 240 nm but were not at all evident in the chromatogram 
at wavelengths >300 nm. The converse was true for the systems containing 
three to six rings. This situation was confirmed in the present work by 
examination of a standard solution of polynuclear aromatic systems (one to 
seven rings); systems containing one to three rings gave prominent U V 
detector signals at wavelengths <300 nm but gave no signals at >300 nm. 
On the other hand, systems containing four to seven rings gave signals at 
wavelengths >300 nm but gave no signals at 365 nm. 

Each of the asphaltene (Athabasca) functional fractions produced a com
plex multicomponent chromatograph (Figure 4) but the subfractions pro
duced a less complex and much narrower chromatograph that approximated 
a single peak. The subfraction peaks proved much easier to monitor with 
the U V detector (Table III). These data provide strong indications of the 
ring-size distribution of the polynuclear aromatic systems in petroleum as
phaltenes. For example, amphoteric species and basic nitrogen species con
tain polynuclear aromatic systems having two to six rings per system. On 
the other hand, the acidic subfractions (phenolic-carboxylic functions) and 
the neutral polar subfractions (amides-imino functions) contain few if any 
polynuclear aromatic systems having more than three rings per system. 

No case provided any strong or conclusive evidence for polynuclear 
aromatic ring systems containing more than six condensed rings. In all cases, 
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12. SPEIGHT Systems in Nonvolatile Fractions of Petroleum 211 

1. Amphoterics 2. Bases 

3. Acids 4. Neutral Polars 

Detector Response Detector Response 

Time Time 

Figure 4. HPLC chromatograms of asphaltene fractions. HPLC emphasizes 
the complexity of the functional fractions. 

the evidence favored the preponderance of the smaller systems (one to four 
rings). 

The method is subject to the limitation of the sensitivity of polynuclear 
aromatic systems. Furthermore, some of the asphaltene material (<2% 
w/w) was irreversibly adsorbed on the adsorbent. In this case, the missing 
material is presumably highly polar and any deviation from the ring-size 
distribution outlined in the foregoing discussion is not believed to be sig
nificant enough to influence the general conclusions about the nature of the 
polynuclear aromatic systems in petroleum asphaltenes. 

Implications for Asphaltene Structure. These observations re
quire some readjustment to the previous postulates of the asphaltene struc
ture. Previously conceived hypotheses that state that the polynuclear 
aromatic system is large (>10 rings) are considered to be unlikely in spite 
of their frequent and recent occurrence in the literature. The thermolysis 
products are indicative of a much more open structure than previously rec
ognized. The failure to detect (during the chromatographic examination) any 
strong evidence for the existence of large multiring polynuclear aromatic 
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212 POLYNUCLEAR AROMATIC COMPOUNDS 

Table III. Relative Intensities of the Subfraction Peaks at Different Wavelengths 

Subfractiona 254 280 300 320 340 

Amphoteric Fraction 
Ami + + + + -Am2 + + + - -Am3 + + + + -Am4 + + + + + 
Am5 + + + - -Am6 + + + + -

Basic Fraction 
B l + + + + -B2 + + + - -B3 + + + - -B4 + + + - -B5 + + + + + 
B6 + + + -

Acidic Fraction 
A c l + - -Ac2 + - -Ac3 + - -Ac4 + _ _ 
Ac5 + - -Ac6 + - -

Neutral Polar Fraction 
N p l + - -Np2 + - -Np3 + - -Np4 + - -Np5 + - -Np6 + - -
N O T E : Numbers in column headings are the detector wavelengths used and are given in 
nanometers; + denotes an increase relative to 240 nm, and - denotes a decrease relative to 
240 nm; a blank means that no bands were evident. At 365 nm, no bands were evident except 
for subfractions Am4, Am5, Am6, B5, and B6, for which decreases relative to 240 nm were 
observed. 
"Am denotes amphoteric, Β denotes basic, Ac denotes acidic, and Np denotes neutral polar; 
the numbers 1-6 are the subfraction numbers. 

systems in the asphaltene fractions is evidence against structures invoking 
this concept. 

The manner in which these moieties occur within the asphaltene fraction 
must, for the present, remain largely speculative. The asphaltenes are a 
solubility class (12, 35) and, as such, may be an accumulation of thousands 
of (similar/dissimilar) structural entities. Hence, caution is advised against 
combining a range of identified products into one (albeit hypothetical) struc
ture. For example, it would be presumptuous (if not ludicrous) to suggest 
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12. SPEIGHT Systems in Nonvolatih Fractions of Petroleum 213 

that, on the basis of the present findings, petroleum asphaltenes are poly
meric analogues of alkylbenzenes, -naphthalenes, -phenanthrenes, -benzo-
thiophenes, and -dibenzothiophenes. 

In regard to the heteroatom types in the asphaltenes, certain heteroatom 
types appear to be associated with certain polynuclear aromatic ring systems 
(Table III), although attempts have been made (8, 9) to include such func
tionality into average structures. In addition, the concept of large polynuclear 
aromatic systems (> 10 rings) in petroleum asphaltenes is not consistent with 
the natural product origins of petroleum. The presence of such systems would 
require conditions of temperature and pressure for their formation that are 
more extreme than those currently recognized as being responsible for pe
troleum maturation (4-7). 

In terms of carbon-residue formation (Table II), heat-resistant polymers 
containing aromatic and heterocyclic units such as polyquinolines and po-
lyquinoxalines have a strong tendency to form large condensed systems 
during pyrolysis and wil l finally carbonize (36). Formulas that include the 
occurrence of smaller polynuclear aromatic hydrocarbon systems in asphal
tenes are consistent with such behavior when the majority of the nitrogen, 
oxygen, and sulfur species accumulate in the nonvolatile residue. 

One other aspect of this chapter is the implication that high molecular 
weight and low polarity may not be synonymous (Table II) as defined by the 
relationship of molecular weight to polarity (11, 16). This concept (Figure 
3) may need modification by a change in slope of the diagonal C 5 or C 7 line 
because most of the more polar species (e.g., basic nitrogen species, phenolic 
species, and amphoteric species) appear to occur in the higher molecular 
weight fractions of petroleum asphaltenes, whereas the less polar species 
(e.g., carbazole species and amides) appear to occur in the lower molecular 
weight fractions of petroleum asphaltenes.* Nevertheless, the basic concept 
is sound. 

The danger in all of these studies is in attempting to link together 
fragmented molecules produced by thermal processes into a structure that 
is believed to be real. Functionality and polynuclear aromatic ring systems 
are real, but the combination of these parameters into one or even several 
structures can be misleading. 

Finally, preliminary data from the investigation of the resin fraction 
support the concept of such systems throughout the nonvolatile portion of 
petroleum. The data were strongly indicative of polynuclear aromatic systems 
similar to those found in the asphaltenes. Presumably, the major difference 
is in the extent to which these systems are combined to form distinct mo
lecular species. 

*This observation is based on the molecular weights of the various fractions in pyridine (Table 
II), which is a solvent that promotes dissociation of associated species (37). 
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214 POLYNUCLEAR AROMATIC COMPOUNDS 

Summary 

Polynuclear aromatic systems occur throughout the boiling range of petro
leum. Those of special interest are the systems that occur in the nonvolatile 
asphaltene fraction. Previous postulates invoked the concept of large poly
nuclear aromatic systems (10 or more rings) as the mainstay of structural 
types in petroleum asphaltenes. Evidence provided here favors the presence 
of polynuclear aromatic systems having a maximum of six aromatic rings. 
Indeed, the evidence favors the preponderance of smaller (one to four) ring 
systems in the asphaltene fraction. However, the manner in which the poly
nuclear aromatic systems occur within the asphaltene fraction must, for the 
present, remain largely speculative. Caution is advised against combining a 
range of identified products into one (albeit hypothetical) structure. 
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Coal Aromaticity and 
Average Molecular Structure 

N. Berkowitz 

Department of Mining, Metallurgical and Petroleum Engineering, University of 
Alberta, Edmonton T6G 2G6, Canada 

Although the basic chemical features of coal can be qualitatively and 
in some instances semiquantitatively specified, "average-structure" 
models that purportedly reflect statistically preferred molecular 
structures of coal offer little that advances an understanding of coal. 
In part, this is due to a continuing paucity of relevant or reliable 
data and to the procedures used to formulate the constructs. But 
meaningful representations of molecular structure are currently also 
precluded by indications that the assumption that underlies average
-structure models, namely, that there exists a more or less unique, 
systematic, rank-dependent, molecular chemistry of coal, is not sus
tained by the current evidence. Several examples, all drawn from the 
open literature, are presented to support the view that the chemistry 
of a coal is heavily influenced by its source materials and early form
ative history and that coals of similar rank may therefore be chem
ically much more diverse than is usually supposed. 

S I N C E P U B L I C A T I O N O F T H E N O W - C L A S S I C S T O P E S - W H E E L E R M O N O G R A P H 
on coal constitution in 1918 (1), the diffuse coal band that delineates itself 
in C versus H plots (2) or equivalent diagrams (3) has come to be regarded 
as implying a genetic rather than merely generic relationship among coals 
of different rank; and this has prompted the view that there exists a system
atic, rank-dependent, molecular chemistry of coal which, if more completely 
understood, would allow the chemical properties and behavior of coal in 
specified reaction regimes to be predicted from simple rank indicators. Con
temporary basic coal research is therefore heavily concentrated on structural 
elucidation of a (hypothesized) characteristic "average coal macromolecule" 

0065-2393/88/0217-0217$06.00/0 
© 1988 American Chemical Society 
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218 POLYNUCLEAR AROMATIC COMPOUNDS 

and, in particular, centered on coal aromaticity, that is, on the fraction of 
carbon (C a r/C) contained in aromatic entities and on the nature of the linkages 
between such entities. 

This focus makes it pertinent to inquire whether the assumptions from 
which such work proceeds are sustained by the experimental evidence at 
hand and to observe that there appears to be a much greater diversity of 
coal chemistries than is now generally envisaged. 

Sources of Structural Information 

Credible, if perhaps not always entirely consistent, information respecting 
the essential features of coal structure comes from numerous, quite diverse 
sources. Atomic H/C ratios and heats of combustion indicate that all coals 
are for the greater part composed of aromatic entities and that metamorphic 
development operates directionally to increase the aromaticity of coal (4). 
X-ray diffraction data (5, 6), as well as the nature of the products of low-
temperature pyrolysis (7-11) and liquefaction (12-14), allow the inference 
that the aromatic units are relatively small (averaging only two or three 
condensed rings until the anthracite stage is reached). And IR spectral anal
ysis (15), oxidation with H N 0 3 or K M n 0 4 (16, 17), and functional group 
analyses (18-22) have indicated that the aromatic units are linked by hy-
droaromatic or short aliphatic bridge structures as well as variously substi
tuted around their peripheries. 

This picture has been broadly validated, and in some respects refined, 
by other work in which coal was "depolymerized" by acid-catalyzed trans-
alkylation [as by interaction of coal with phenol and B F 3 (23-27)] or by 
similar, less clearly defined, phenolation reactions (28-31), or selectively 
degraded by "specific" oxidants, such as dichromates (32-34), hypohalites 
(35-38), or peroxy-acids (39-43). But these studies have also revealed some 
previously unsuspected features. Buffer-controlled oxidation with N a 2 C r 2 0 7 

(34) and K M n 0 4 (44) have indicated an occasionally significant presence of 
straight-chain (up to C 2 1 ) and branched-chain (up to C 8 ) aliphatic compounds 
in coal. Oxidation with performic acid (41-43) has yielded substituted com
pounds that are clearly related to the microbial or chemical degradation 
products of lignin or flavonoids. And when applied to supposedly very similar 
coals, virtually identical "depolymerization" or oxidation procedures often 
furnished distinctly different product slates (45). 

However, for reasons that lie as much in the diversity of source materials 
and formative histories of coal as in its physical complexity and heterogeneity, 
few if any investigative tools wil l , when applied to coal, yield unequivocal 
qualitative, let alone quantitative, results. Most chemical procedures can 
and have been challenged on the grounds that they operate on coal in a 
much more complex and of much less certain manner than had been sup
posed when they were first used, and more definitive information about coal 
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13. BERKOWITZ Coal Aromaticity i? Average Molecular Structure 219 

structure has therefore been sought by recourse to spectroscopic methods 
of analysis, which began becoming available to coal chemists in the late 
1940s. 

Some of the X-ray diffraction measurements and IR spectral analyses 
referred to in the preceding paragraph are early examples that demonstrated 
the value of such approaches to coal structure. But through progressive 
technical refinement becoming much more powerful than these methods 
and therefore, since the early 1970s, commanding much greater attention 
than they as a route to structural data, is high-resolution N M R spectroscopy. 
As now applied to coal and coal derivatives, this technique typically combines 
cross-polarization with magic angle spinning (CP/MAS) with dipolar de
coupling and can in favorable circumstances provide very good estimates of 
CJC and H J H from X H and 1 3 C N M R spectra (46-53). 

Fourier transform IR (FTIR) spectroscopy (54), which offers major ben
efits over conventional IR spectroscopy from greater sensitivity, spectral 
resolution, and substantially better signal-to-noise ratios, seems capable of 
furnishing equally good estimates of C a r / C and H ^ / H (55). In this case, one 
measures H ^ , derives C^ from the stoichiometric relationship H^/C^ = 
1.8, and calculates C ^ by difference. However, applied to coal (as distinct 
from certain coal derivatives), FTIR spectroscopy has been mainly used to 
obtain better data for substituent functions (56, 57); and what are currently 
deemed to be the most authoritative data on coal aromaticity have all been 
recorded by l 3 C N M R spectroscopy. 

It is possible that variants of this technique may eventually prove to be 
the best and, aside from FTIR spectroscopy, the only means for measuring 
carbon aromaticities without simultaneously inducing unknown or uncertain 
chemical changes in the the coal substance. But as matters stand, the ex
perimental limits of the technique remain to be defined (58). It has, for 
example, been suggested that current procedures sample only a fraction of 
all C atoms in coal (possibly no more than 50%) and that what is sampled 
may not be representative of the total (59, 60). If only for these reasons, 
results from N M R spectroscopy must therefore still be viewed with great 
caution. 

However, a need for caution in also demonstrated by the wide data 
scatter that characterizes even the best available data sets. A n illustration is 
provided by a recent compilation of CJC values (61) reproduced in Figures 
1 and 2 as functions of carbon contents and atomic H/C ratios, respectively. 
In this instance, variations that assign aromaticities ranging between 0.55 
and 0.8 to a coal with, for example, 85% C, are perhaps not entirely un
expected. The data used in this compilation were not all recorded by the 
same N M R technique; and there are also some uncertainties respecting the 
origins and previous histories of the samples. (Neavel (62) has emphasized 
that little care tends to be exercised in ensuring proper sampling and pres
ervation of coals studied in the laboratory.) However, pronounced anomalies, 
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v° 0.7h 

Figure 1. Variation of fa ( = CarIC) with carbon contents. (Reproduced with 
permission from ref 61. Copyright 1986.) 
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Figure 2. Variation offa with atomic H/C ratios. (Reproduced with permission 
from ref. 61. Copyright 1986.) 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

13



13. BERKOWITZ Coal Aromaticity ir Average Molecular Structure 221 

that is, "atypically" high or low aromaticities, are often also seen in individual 
data sets that correlate C^/C with coal rank, and such sets usually show 
only well-defined trends even when the anomalies are discounted (52, 63). 
Since there is, as well, no clearly discernible relationship between C^/C 
and H ^ / H (48, 49) or between C a r / C and atomic H/C ratios (63), one might 
infer that the technical deficiencies of current N M R methods make estimates 
of C^/C fundamentally unreliable or, alternatively, that there is a wide 
inherent variation of aromaticity among seemingly similar coals. 

Because other means of exploring coal structure at best yield semi
quantitative data, both of these inferences bear importantly on the signifi
cance of structural models that purport to reflect the molecular structure of 
coal. 

Average-Structure Modeh 

Historically preceded by studies of model compounds deemed to reflect one 
or more important coal properties (64-69), constructs designed to represent 
characteristic molecular configurations in coal began to be formulated in the 
early 1960s, and although usually tested for compliance with best extant 
information (and therefore presumably benefitting from the more discrim
inating experimental tools that have come to hand in later years) undergone 
relatively little change since then. Some examples (70-74) are shown in 
structures 1-4. 

Because the models were developed from almost identical data bases, 
they are often similar, and differences between them tend to reflect equally 
possible choices rather than disagreements over substantive facts. The basic 
structural units are usually naphthalene-, phenanthrene-, or fluorene-like 
configurations that are associated with cycloparaffinic and hydroaromatic 
moieties, peripherally substituted by - O H , - C H 3 , or - Ο - , and irregularly 
linked together by ether-O or - C H 2 - bridges. Nitrogen- and sulfur-bearing 
heterocycles (which pyrolysis and oxidation have shown to exist in coal) are 
accommodated by arbitrarily replacing a C atom in a six-membered (or, less 
often, five-membered) ring by Ν or S. In some models (cf. structure 3), 
provision is made for occasional C 3 linkages between aromatic or hydroar
omatic clusters. And metamorphic development of coal is, as exemplified 
by structure 4, depicted by modestly enlarging the aromatic core entities at 
the expense of nonaromatic units and eliminating some peripheral substi-
tuents. 

Of the most recent of these constructs (15, 74-77)], structure 5 is par
ticularly interesting. It is intended to represent a typical "monomeric" frag
ment of the macromolecule of a vitrinite-rich bituminous coal with 83-84% 
carbon, and is the first to embody a recognition that hypothesized structural 
elements must be reconciled with their known or suspected antecedents in 
living plants as well as with observations on coal itself. Structure 5 therefore 
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222 POLYNUCLEAR AROMATIC COMPOUNDS 

Structure 1. Hypothetical coal molecule containing —82% carbon. The lower 
diagram, in which shaded areas represent alicyclic moieties, shows the spatial 
configuration of a simplified form of the molecule. (Adapted from references 

70 and 71.) 

reflects the fact that: 

• Celluloses, hemicelluloses, and glucosides of plant matter are 
always more or less rapidly degraded to sugars, which can then 
rearrange to polyhydric phenols by replacing the oxygen in 
their cyclic structures with a carbon atom and then lose water, 
as in C 6 H 1 2 0 - [3H 2 0] C 6 H 3 ( O H ) 3 . 
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13. BERKOWITZ Coal Aromaticity ir Average Molecular Structure 223 

Structure 2. Proposed molecular structure of bituminous coal (Adapted from 
reference 72.) 

Structure 3. Proposed molecular structure of bituminous coal containing 82-
83% carbon. A star (it) indicates where polymerization might occur. (Adapted 

from reference 73.) 
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224 POLYNUCLEAR AROMATIC COMPOUNDS 

Structure 4. Proposed model structures for vitrains containing ~80% carbon 
(top) and ~90% carbon (bottom). A star (it) indicates where polymerization 

might occur. (Adapted from reference 74.) 

• Molecules of lignin and its primary breakdown products, which 
are the most important coal precursors, are now generally 
considered to be based on phenyl-propylene units, derivatives 
of which have been obtained from coal by oxidizing it with 
performic acid (41-43). 

Significantly, all structural models were and continue to be qualified 
by some important, albeit not always clearly enunciated, provisos. They are 
never thought to depict "real" coal molecules and are merely offered as 
"average" molecular configurations that, even though unlikely to exist as 
such, could serve to describe coal by displaying all of its essential chemical 
characteristics. They are almost invariably envisaged as representing vitrains 
or, more particularly, vitrinites, which are usually the most abundant and 
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13. BERKOWITZ Coal Aromaticity 6- Average Molecular Structure 225 

Structure 5. Proposed model structure of vitrinite-rich bituminous coal con
taining ~83-84Ψο carbon. A star (it) indicates where polymerization might 

occur. (Adapted from references 75 and 76.) 

homogeneous coal macérais (and therefore the only ones to have been studied 
in any detail). They were always, and for the most part still are, intended 
to illustrate the structure of relatively mature (bituminous) coal. And al
though frequently referred to as "molecular" models, lack of information 
about the size of the hypothesized macromolecules obliges one to see them 
only as typical "monomeric" components or unit cells of such molecules. 

Viewed as no more than convenient means for summarizing and visually 
displaying some general features of coal structure, models are undoubtedly 
helpful unless, of course, they contain demonstrable flaws. For example, 
structure 2 shows a configuration that cannot easily be reconciled with radial 
distribution curves from X-ray diffraction measurements (78), which indicate 
an absence of significant planarity beyond 0.6 nm from any one C atom. But 
because development and progressive refinement of such structural models 
are implicitly justified by the expectation that they may eventually allow 
prediction of chemical behavior under specified conditions, it is important 
to understand their shortcomings and explore whether what is hoped to be 
achieved by structural modeling is a realistic objective. 

A n obvious weakness of "average-structure" models, no matter how 
carefully formulated, arises from their being averaged and from the as
sumption that data from diverse sources, commonly relating to different coals 
and obtained by different means, can be directly combined for averaging 
purposes. In other words, the modeling depends on judgment (or personal 
preference) as to which data to use and on the assumption that coals of similar 
rank are characterized by a similar chemistry. The model shown in structure 
5 is a case in point. The carbon aromaticity (0.70) was taken as an average 
of four values that not only ranged from 0.65 to 0.76 but that had been 
determined by different methods for three different high-volatile bituminous 
coals and a phenol/BF 3-depolymerized product. Aliphatic structures were 
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226 POLYNUCLEAR AROMATIC COMPOUNDS 

assessed by a matrix procedure that juxtaposed a set of Η Μ values (equivalent 
to varying degrees of substitution) with different types of aliphatic sub-
stituents (such as single C atoms, C n chains, or hydroaromatic moieties) and 
then selected appropriate aliphatic structures by matching the numbers of 
aromatic and aliphatic moieties that could accept the same number of sub-
stituents. And ether linkages (79, 80) were incorporated on the assumption 
of one Ο atom per 100 C atoms. 

However, the inability of specifying the sizes, shapes, and spatial as
sociations of the hypothesized macromolecules also detracts from any value 
that current structural models may possess. The question of size can be 
skirted by simply representing the models as "structure elements" (76, 77) 
(or, very loosely, "monomers" or unit cells) that are assumed to be variously 
polymerized in the coal. But with respect to molecular shape, which depends 
to some extent on how the macromolecules are thought to be associated, 
the models reflect little more than the preferences of their originators. I l 
lustrations of this are the profound differences between structures 1 and 4 
on the one hand and structures 2 and 3 on the other, as well as the incor
poration in structure 1 of a triptycene moiety that endows the molecule with 
an extra spatial dimension. 

The importance of this exercise of preference lies in the fact that the 
models can and do affect how certain aspects of coal behavior are interpreted; 
and this, in turn, can directly or indirectly affect technical choices in various 
types of coal processing. For example, the currently dominant view, which 
derives from the supposition that metamorphic development of coal proceeds 
by progressive trifunctional polycondensation (81, 82), regards the coal ma
trix as composed of three-dimensionally cross-linked macromolecules; and 
results of studies on solvent imbibition and swelling of coal (83) are consid
ered to confirm such a structure, even though these results could be equally 
well interpreted on the assumption that the matrix is made up of asymmetric, 
physically entangled molecules (84-87). Experimental evidence for this al
ternative view of molecular association in coal [a view that leads to a marked 
preference for Given's model (70, 71) or Pitt's model (74) over those proposed 
by H i l l and Lyon (72), Wiser (73), or Shinn (15)] is arguably no less persuasive 
than evidence for a three-dimensionally cross-linked matrix. For example, 
although a cross-linked matrix would make coal solubilization dependent on 
thermal rupture of C - C bonds (at or near 400 °C) and on rapid stabilization 
of the resultant radicals by Η capping, extensive (>80%) solubilization of 
bituminous coals has been achieved at temperatures as low as 300 °C by 
reacting them with solvents such as anthracene, phenanthrene, or a-
naphthol (88-90), which are incapable of donating Η to the coal. It has also 
been shown (91) that the solubility imparted to coal by alkylation (92, 93) 
increases with the length of the alkyl chain, even though the longer and 
consequently bulkier chains allow fewer alkyl groups to be introduced into 
the coal and alkylation then disrupts fewer C - C bonds. 
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13. BERKOWITZ Coal Aromaticity 6- Average Molecular Structure 227 

In these circumstances, and noting the massive evidence from coal 
pyrolysis and oxidation that chemical behavior is governed by the specifics 
of molecular structure, averaged models can convey no more real information 
about coal than an equimolar mixture of, for example, benzene and cyclo-
hexane, can provide about the properties of 1,2,3,4-tetrahydronaphthalene 
(Tetralin). The models obliterate the chemical reactivities of the discrete 
molecular species that solvent extraction has shown to exist in coal and 
therefore cannot accommodate interactions (such as internal H dispropor-
tionation during coal liquefaction) among such species; and they offer no 
information whatsoever about the probable (or statistically preferred) struc
tures and chemical properties of exinites and inertinites, which are also likely 
to interact with vitrinites in some reaction regimes. (The very different 
H/C ratios of these maceral groups leave little doubt that their chemistries 
differ significantly from those of vitrinites.) 

The question becomes, then, whether further refinements of models 
and of the methods used to formulate them are likely to provide the pre
dictive configurations that a systematic rank-dependent molecular chemistry 
implies, or whether coals of similar rank and pétrographie compositions can 
be so differentiated by their source materials and formative histories so as 
to make them chemically quite disparate solids. 

Some Anomalous Rank Effects 

A n extreme case of early formative history determining the chemistry and 
physical properties of coal, well-known for over 100 years, presents itself in 
the differences between humic and sapropelic coals, that is, between coals 
that developed in partially aerobic and wholly anaerobic stagnant environ
ments, respectively. It is therefore quite unreasonable to assume that the 
components of humic coals, which developed from plant debris that decayed 
in environments as different as high moors and deltaic swamps, were sub
stantially unaffected by depositional influences and are therefore unified by 
a rank-dependent chemistry. 

In fact, although chemical research on coal has rarely focused serious 
attention on the possible effects of different depositional environments and 
has usually discounted a scatter of data in rank-based correlations as due to 
"normal variations" among similar coals, extant literature contains many 
instances of "anomalous" behavior that cannot be so easily dismissed. Some 
examples may serve to illustrate this: 

1. In graphical-statistical constitutional analysis (94), major structural 
parameters for coal are derived via a "reduced molar volume", Mc/d. In this 
term, Mc is a reduced molecular weight per C atom calculated from elemental 
compositions, by means of 

Mc = 12.01 + 1.008(H/C) + 16.00(O/C) + 14.008(N/C) + 
32.06(S/C) 
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228 POLYNUCLEAR AROMATIC COMPOUNDS 

where H / C , O/C, N/C, and S/C are atomic ratios, and d is the true density 
of the coal. However, plots of d versus the carbon contents of coals from 
different regions display some significant differences. For suites of western 
European (95) and Japanese coals (96), d falls with increasing rank from 
approximately 1.52 g/cm3 to a well-defined minimum at approximately 85% 
C where d = 1.26-1.28 g/cm3. However, for a series of U.S . coals (97), d 
passes through a shallow minimum near 80% C and among coals with less 
than 80% C, it assumes substantially lower values than are reported for their 
western European counterparts. Such relative displacement may indicate 
an as yet unspecifiable impact of regional geological history (98). 

2. Appropriately corrected for paramagnetic contributions, the diamag-
netic susceptibility (xd i a) of a coal can reflect its average chemical structure 
even more directly than the density. Although relatively few measurements 
of this parameter have been reported, x d i a it has in most cases been found 
to increase rapidly with rank up to about 80% C and among coals with more 
than 90% C, but to change only slowly between 80% and 90% C (99). Yet, 
for a suite of Japanese coals, x d i a increased linearly with carbon contents and 
thereby suggests that these coals followed a distinctly different maturation 
path than most other coals. 

3. In a study of Canadian Cretaceous bituminous coals from the Rocky 
Mountain region (100), these coals, unlike their Carboniferous counterparts, 
initially chemisorbed oxygen to generate carbonyl moieties rather than 
- O H . They also yielded much less CHCl 3 -soluble matter after rapid heating 
to and quenching from, approximately 400 °C, and because of their much 
higher inherent content of phenolic - O H , exhibited markedly lower Gieseler 
fluidities. 

4. Although granular micrinites and semifusinites of Carboniferous coals 
do not soften and swell when heated, and are therefore classified as un-
reactive pétrographie components, their equivalents in Cretaceous coals 
commonly display fairly pronounced plasticity (J01,102). Established stand
ard correlations that connect coke stability with the pétrographie composi
tions of Carboniferous coals (103) can consequently not be applied to 
Cretaceous coals without some modification (104). 

5. In a study of coal halogenation (105), exhaustive bromination of two 
coals (one containing 77.7% C and the other 81.7% C) by treatment with 
B r - C H C 1 3 at 0 °C, followed by hydrolysis of the brominated materials with 
10% aqueous N a O H , yielded very different reaction products. In one case, 
hydrolysis ended after four Br atoms per 100 C atoms were replaced with 
- O H , while in the other it continued as an oxidation process that appeared 
to introduce = C O moieties and ended only after it had substituted 10 Ο 
atoms for five Br atoms per 100 C atoms. 

6. In an investigation that sought to clarify the effects of coal rank on 
liquefaction yields (106), a computer cluster analysis of some 100 U.S. coals 
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in terms of 15 coal characteristics discriminated among three populations, 
but a useful predictive relationship between coal properties and percent 
conversion demanded a different set of properties for each population. Since 
two of the coal populations represented the U.S. Eastern (Appalachian) and 
Interior (Midwest) provinces, that is, Carboniferous coals with distinctly 
different time-temperature-pressure histories (207), while the third coal 
population was composed of Cretaceous coals from the Rocky Mountain 
region, it is difficult to avoid the conclusion that the liquefaction behavior 
of any particular coal is influenced by the nature of its source materials as 
well as by its geologic history. A similar conclusion was implicitly reached 
in another survey of coal liquefaction data in which grossly divergent rank 
variations of liquefaction yields were ascribed to different rank-reactivity 
relationships of coals from more or less widely separated geographic regions 

7. In a study of "short contact time" coal liquefaction (109), in which 
major product fractions were examined with respect to their structure as 
well as their composition, the (nominal) high-molecular-weight product frac
tions of two similar subbituminous coals were found to possess radically 
different formal structures (cf. structure 6): one showed C^. ~ 73% and H a r 

~ 60%, and the other showed C a r ~ 26% and H a r ~ 18%. Significantly, 
both fractions were deemed to closely resemble their respective precursor 
coals but to be slightly more aromatized than they. 

Structure 6. Proposed formal structures of high-molecular-weight fractions 
obtained by short-contact-time liquifaction of two subbituminous coals. A: 
precursor coal, western Kentucky subbituminous, C = 79.7%, H = 5.4% (dry 
ash free), MW -900, Car-73%, and Har -60%; and B: precursor coal, North 
Dakota subbituminous, C + 75.2%, H = 5.4% (dry ash free), MW -600, Car 

—26%, and Har —18%. (Adapted from reference 109.) 

Conclusions 

Observations such as those noted in the preceding section are too often 
simply disregarded or set aside as being "atypical". However, taken in con
junction with observations from oxidation, solvent extraction, pyrolysis, and 

(108). 

Β 
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230 POLYNUCLEAR AROMATIC COMPOUNDS 

the like, they point to a much greater chemical diversity of coals of similar 
rank than is currently assumed. The "average-structure" models so far pro
posed are therefore quite unlikely to offer more meaningful information about 
coal behavior than can be obtained from coal systematics (i.e., from empirical 
correlations that connect individual physical or chemical properties with 
rank and thereby allow a statistically probable behavioral pattern to be in
ferred from one or two analytical parameters.) 

The cumulative evidence now at hand forces the conclusion that mo
lecular structure and association in coal are strongly influenced, if not indeed 
largely determined, by the early formative history of the coal, that is, by 
the composition of its source materials and by the conditions that governed 
diagenetic change before burial. And it also suggests that subsequent met-
amorphic development, although progressively diminishing the distinctive 
chemical differences established by these factors, does not entirely obliterate 
them until the anthracite stage is reached. If so, chemical studies on coal 
directed to the formulation of predictive rank-based correlations wil l have 
to differentiate between pre- and post-Jurassic coals and to recognize the 
effects of the depositional environments in which they originated. 

The current situation is, in a sense, not unlike an earlier one in which 
chemists disregarded the petrographers who emphasized the heterogeneity 
of coal and treated it as if it were a substantially homogeneous substance. 
Much might be gained by recognizing that data relating to humic coals of 
similar rank are not effectively equivalent. And real progress in understand
ing the chemistry of coal might well prove to depend on reappraisal of existing 
data bases with a view to separating data in light of what is known about 
the origins of the coals to which they relate. For practical purposes, it may 
also be necessary to pay much more attention to the chemistries of macérais 
other than vitrinites, and to possible interactions among vitrinites, exinites, 
and inertinites at the elevated temperatures that characterize most coal-
processing regimes. 
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Preferred Annellated Structures 
of Polycyclic Aromatic Compounds 
in Coal-Derived Materials 

Masaharu Nishioka and Milton L . Lee 1 

Department of Chemistry, Brigham Young University, Provo, UT 84602 

The structures and relative abundances of polycyclic aromatic com
pounds (both hydrocarbons and heterocycles) in a solvent-refined 
coal liquid and in a coal tar were compiled and compared. These 
structures and relative abundances were determined by detailed anal
yses performed in our laboratory during the past 7 years. The purpose 
of this comparison was to determine (1) if preferred aromatic struc
tural features exist in the complex mixture of compounds present in 
a single coal-derived material and (2) to what extent these preferred 
structures are evident in different coal-derived materials produced 
from different feedstocks and under different conditions. Although 
different feedstocks and process conditions were associated with each 
of the two coal-derived products studied, remarkably similar struc
tural trends could be seen. If one disregards the structures of the 
compounds produced by mild autocatalytic hydrogenation in the sol
vent-refined coal-liquefaction process, the structures of the remaining 
polycyclic aromatic compounds in both samples are similar. These 
results suggest that the major compounds identified are either rep
resentative of similar aromatic moieties in the original coal feedstock 
or are a result of processing conditions involving complex reactions 
that lead to similar stable final products. Because many similar ar
omatic moieties are found in coal in comparison with coal-derived 
materials, many of the same complex reactions may occur during 
diagenesis. Such reactions may include cyclo-coupling dehydrogen-
ation. 

1To whom correspondence should be sent. 

0065-2393/88/0217-0235$06.00/0 
© 1988 American Chemical Society 
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236 POLYNUCLEAR AROMATIC COMPOUNDS 

ÔOAL-DERIVED MATERIALS such as coal liquids and coal tars are highly 
aromatic, and these materials contain polycyclic aromatic compounds (PACs) 
as major components. Although average descriptive parameters such as mo
lecular weight range, aromaticity, and abundances of functional groups are 
usually obtained to characterize such materials, detailed chemical analysis 
is also important for properly assessing health risks due to exposure to such 
materials and for understanding fundamental chemical reactions involved in 
upgrading technologies such as coal gasification and liquefaction (1, 2). In 
addition, detailed identification of constituents in coal-derived products 
could provide important information relevant to coal structure. 

Because coal-derived liquids and tars are usually complex mixtures of 
organic chemicals, the separation and identification of individual PACs in 
these samples have been best accomplished by using open-tubular-column 
(capillary-column) gas chromatography (GC) (3, 4). Selective detectors for 
nitrogen and sulfur, as well as mass spectrometry (MS), can be easily com
bined with G C . Especially when authentic standard reference compounds 
and selective stationary phases (5-10) are used, capillary-column G C is, by 
far, the easiest and most reliable technique available. 

During the past 7 years, we have developed and applied new meth
odologies using capillary-column G C for the separation and identification of 
PACs in coal-derived liquids. The primary samples that were used through
out these studies included a solvent-refined coal (SRC II) heavy distillate 
and a coal tar. Details of the isolation and identification of polynuclear ar
omatic hydrocarbons (PAHs) (11), sulfur heterocycles (12, 13), nitrogen het-
erocycles (14,15), amino- substituted PACs (16-18), and hydroxy-substituted 
PACs (14, 19, 20) in an SRC II heavy distillate have already been published 
(11, 13, 15, 18, 21). 

In the study reported here, the abundances and structural character
istics of the numerous PACs identified in the SRC II heavy distillate and 
the coal tar were compiled and compared. The purpose of this comparison 
was to determine (1) if preferred aromatic structural features exist in the 
complex mixture of compounds present in a single coal-derived material and 
(2) to what extent these preferred structures are evident in different coal-
derived materials produced from different feedstocks and under different 
conditions. Explanations for differences in the compositions and relative 
abundances of PACs in these materials are proposed. 

Experimental Details 

The solvent-refined coal heavy distillate (SRC II H D , bp 260-450 °C) that was 
analyzed and used in this study was collected during the processing of a West Virginia 
coal from the Pittsburgh seam. Data from the analysis of a solvent-refined coal vacuum 
residue (SRC II VR) from the same process was also used. A coal tar was obtained 
from the National Bureau of Standards. This tar was a medium crude coke-oven tar 
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14. NISHIOKA & L E E Annellated Structures in Coal-Derived Materials 237 

from an unknown coal feedstock. The samples were approximately 2 years old and 
were stored in a freezer at -10 °C. Elemental analyses of the SRC II H D and the 
coal tar are given in the following table (values are weight percents): 

Element SRC II HD Coal Tar 

C 89.5 89.4 
H 7.0 4.9 
Ν 1.6 1.2 
S trace 0.8 

Most of the compounds reported in this chapter were positively identified by com
parison with standard reference compounds by using capillary GC and G C - M S . 
Standard compounds were obtained commercially or synthesized in one of our lab
oratories. The detailed identification procedures and results are reported elsewhere 
(11-21). The abbreviations for various PACs used in this chapter are given in the 
following list according to the format defined by Bartle et al. (21). 

Abbreviations of Compound Classes Discussed in This Chapter 

PAC Polycyclic aromatic compound 
PAH Polycyclic aromatic hydrocarbon 
PAS H Polycyclic aromatic sulfur heterocycle 
PAO H Polycyclic aromatic oxygen heterocycle 
N-PAC Nitrogen-containing polycyclic aromatic compound (both 

heterocyclic and nonheterocyclic compounds) 
2°-PANH Secondary-nitrogen polycyclic aromatic nitrogen heterocycles 

(nitrogen in a five-membered ring) 
APAH Amino-substituted polycyclic aromatic hydrocarbons 
3°-PANH Tertiary-nitrogen polycyclic aromatic nitrogen heterocycles 

(nitrogen in a six-membered ring) 
HPAH Hydroxy-substituted polycyclic aromatic hydrocarbons 
APASH Amino-substituted polycyclic aromatic sulfur heterocycles 
PANS H Polycyclic aromatic nitrogen sulfur heterocycles 
H PAS H Hydroxy-substituted polycyclic aromatic sulfur heterocycles 
HPANH Hydroxy-substituted polycyclic aromatic nitrogen heterocycles 

Results and Discussion 

Quantitative comparisons of the PACs in the SRC II H D and in the coal tar 
are given in Table I. The PACs containing two heteroatoms, such as amino-
substituted polycyclic aromatic sulfur heterocycles (APASHs), polycyclic ar
omatic nitrogen-sulfur heterocycles (PANSHs), hydroxy-substituted poly
cyclic aromatic sulfur heterocycles (HPASHs), and hydroxy-substituted 
polycyclic aromatic nitrogen heterocycles (HPANHs), were present at 1-10 
parts per million (ppm) in these samples. In comparison, the corresponding 
PACs containing a single heteroatom, such as the polycyclic aromatic sulfur 
heterocycles (PASHs), nitrogen-containing polycyclic aromatic compounds 
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238 POLYNUCLEAR AROMATIC COMPOUNDS 

Table I. Quantitative Comparisons of Selected PACs in an SRC II Coal Liquid 
and in a Coal Tar 

Compound 

Concentration11 

Structure SRC II Coal Coal Tar 
liquid1 

Phenanthrene 

Anthracene 

Pyrene 

Benzo[c]phenanthrene 

Triphenylene 

Benz[a]anthracene 

Chrysene 

Naphthacene 

Benzo[a]pyrene 

Benzo[#]pyrene 

Fluorene 

PAHs 

GOT 

69 

co9 

occo 

95,000 53,000 

,̂500 

2,000 

3,600 

Cyclopenta-Containing PAHs 

4H-Cyclopenta[tfe/]phenanthrene 

12,000 

61,000 31,000 

1,700 

2,000 

8,000 

8,600 

9,700 

6,100 

13,000 13,000 

6,300 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

14



14. NISHIOKA & L E E Annellated Structures in Coal-Derived Materiah 239 

Table I.—Continued 

Concentration0 

Compound Structure SRC II Coal Coal Tar 
liquidh 

Fluoranthene 

Benzo[a]fluorene 

Benzo[Z?]fluorene 

Benzo[c]fluorene 

Benzo[g/ii]fluoranthene 

Benz[a]aceanthrylene 

Benz[e]aeephenanthrylene 

Benzo[/]fluoranthene 

Benzo[fc]fluoranthene 

Dibenzothiophene 

Naphtho[2,3-fc]thiophene 

Phenanthro[4,5-bcd] thiophene 

Benzo[l?]naphtho[2,1-d] thiophene 

Continued on next page. 
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240 POLYNUCLEAR AROMATIC COMPOUNDS 

Table I.—Continued 

Concentration0 

Compound Structure SRC II Coal Coal Tar 
liquidb 

Benzo[&]naphtho[2,3-d]thiophene 

Benzo[Z? ]naphtho[ 1,2-d] thiophene 

Phenanthro[2,3-fc]thiophene ClQC^ 

Phenanthro[3,2-fo]thiophene O^X^j — d 

Benzo[2,3]phenanthro[4,5-Z?cii]thiophene Ç^-^Ç^ 25 

Chryseno[4,5-bcd] thiophene 

Triphenyleno[4,5-focd] thiophene 

Carbazole 

4H-Benzo[efe/]earbazole 

llff-Benzo[a]carbazole 

5H-Benzo[Z?]carbazole 

7H-Benzo[c]carbazole 

N-PACs 

55 

7,400 

790 

220 

700 

15 

10 

51 

53 

85 

4,400 

710 

1,200 

700 

860 
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14. NISHIOKA & L E E Annellated Structures in Coal-Derived Materials 241 

Table I.—Continued 

Compound 

Concentration0 

Structure SRC II Coal Coal Tar 
liquid1 

1- Azadibenzothiophene 

2- Azadibenzothiophene 

3- Azadibenzothiophene 

4- Azadibenzothiophene 

1- Methylphenanthrene 

2- Methylphenanthrene 

3- Methylphenanthrene 

4- Methylphenanthrene 

4-Methyldibenzothiophene 

3-Methyldibenzothiophene 

2- M e thyldibenzothiophene 

1-Methyldibenzothiophene 

1- M ethlyearbazole 

op 
Op 
QP" 

Methylated PACs 

\ h 3 

Oft 

0.05 

4,200 

C H s 4 

1.7 

1,100 

30,000 2,500 

18,000 1,800 

140 

150 

0.5 1 

1,700 190 

Continued on next page. 
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242 POLYNUCLEAR AROMATIC COMPOUNDS 

Table I.—Continued 

Compound 

Concentration0 

Structure SRC Π Coal Coal Tar 
liquidb 

2- M e thly carbazole 

3- M ethlycarbazole 

4- M ethlycarbazole 

2- Aminobiphenyl 

3- Aminobiphenyl 

4- Aminobiphenyl 

Aminophenylnaphthalenes 

1- Aminodibenzo thiophene 

2- Aminodibenzothiophene 

3- Aminodibenzothiophene 

4- Aminodibenzothiophene 

1-Hydroxynaphthalene 

°*3 

1,700 

3,500 

1,000 

Amino PACs 

<X3 

Hydroxy PACs 

o5 

70 

50 

( X H 1 5 0 

0.32 

0.11 

Q^P—» 2.5 

0.33 

220 

160 

120 

80 
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14. NISHIOKA & L E E Annellated Structures in Coal-Derived Materials 243 

Table I.—Continued 

Concentration0 

Compound Structure SRC II Coal Coal Tar 
liquidb 

2- Hy droxynaphthalene 

2-Hydroxybiphenyl 

3-Hydroxybiphenyl 

4-Hydroxybiphenyl 

Naphthylphenols 

1-Hydroxydibenzo thiophene 

2-Hydroxydibenzothiophene 

3-Hydroxydibenzothiophene 

4-Hydroxydibenzothiophene 

3-(3- Hydroxypheny l)thiophene 

7-(4-Hydroxyphenyl)benzothiophene 

1-Hydroxyisoquinoline 

Hydroxyphenylpyridines 

Continued on next page. 
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244 POLYNUCLEAR AROMATIC COMPOUNDS 

Table I.—Continued 

Compound 

Concentration" 

Structure SRC II Coal Coal Tar 
liquidb 

1- Hydroxy carbazole 

2- Hy droxycarbazole 

3- Hydroxycarbazole 

4- Hydroxycarbazole 

0.63 

€ ^ P ~ ° " 0.51 

OH 

0.89 

0.76 

"Approximate concentrations are given in micrograms per gram of original material. 
^Concentrations of PASHs were determined for the SRC II VR, whereas concentra
tions of all others were determined for the SRC II H D . 
cCompound was not detected at a concentration > 100 μg/g. 
^Compound was not detected at a concentration > 1 μg/g. 
eCompound was not detected at a concentration > 0.01 μg/g. 
Concentration of compound was not quantified because of coelution with other 
compounds or because several isomers were listed together. 
gCompound was not detected at a concentration > 0.1 μg/g. 

(N-PACs) , and hydroxy-substituted polycyclic aromatic hydrocarbons 
(HPAHs) were present at 0.1-5%. In the following sections, compounds 
found in the two sample types are compared, and their origins are discussed. 
Because many details are not known concerning (1) the sources and com
positions of the coal feedstocks and (2) the conditions and complexities of 
chemical reactions during processing, only general observations and expla
nations can be made. A number of exceptions to the general trends are 
expected in light of the complexities involved; nevertheless, noteworthy 
trends do exist and can be explained in a reasonable fashion. 

Mild Autocatalytic Hydrogénation. The most significant differ
ence between the compounds identified in the coal liquid and in the coal 
tar is the pronounced presence of hydrogenated compounds, tetrahydro-
phenanthrene, tetrahydrodibenzothiophene, and tetrahydrobenzoquinoline 
in the coal liquid (14). Recently, a large number of hydroaromatic compounds 
in the SRC II H D were identified (23, 24). Although the SRC II process is 
not considered to be a hydrogénation coal-liquefaction process, mild auto-
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14. NISHIOKA & L E E Annellated Structures in Coal-Derived Materials 245 

catalytic hydrogénation does take place. The 9- and 10- positions of anthra
cene are markedly reactive toward hydrogénation in comparison with other 
PAHs such as benzene, naphthalene, and phenanthrene. Similar results were 
reported in the correlation between the reaction constants for bromination, 
and reactivity values of selected PAHs (25). The abundance of anthracene 
relative to phenanthrene was low in the SRC II H D in comparison to that 
in the coal tar. This result seems to be due to the high reactivity of anthracene 
towards hydrogénation. Similar arguments can be applied to acridine; the 
abundance of acridine relative to the benzoquinolines and benzoisoquino-
lines in the SRC II H D was quite low (21). 

Cyclopenta-containing compounds were relatively less abundant in the 
SRC II H D than in the coal tar, whereas biphenyl, phenylnaphthalene, and 
their alkylated isomers were found in significant concentrations in the SRC 
II H D (II). The cyclopenta-containing compounds such as fluorene and 
benzofluorene are thought to be hydrogenated as shown in Schemes I and 
II. The SRC II coal liquid lacked naphtho[2,3-b]thiophene and its benzo 
analogues. These compounds, with fusion on only one side of the thiophene 
ring, can be hydrodesulfurized more easily than thiophenic compounds with 
aromatic rings fused on both sides, as shown in Scheme III (26). Although 
the SRC II process is generally considered to be a noncatalytic thermal 
process in comparison with a thermal catalytic process, for example, the 
Exxon Donor Solvent process (27), it is assumed to be somewhat autocatalytic 
as discussed earlier, but only mild hydrogénation occurs. The hydrogénation 
reaction is important for understanding the structural characteristics of the 
SRC II materials. 

The effects of autocatalytic hydrogénation are demonstrated by the rel
ative abundances of PACs containing functional groups, for example, H P A H s 
and amino-substituted polycyclic aromatic hydrocarbons (APAHs) in the SRC 
II coal liquid and coal tar. The suggested reactions for H P A H s and HPASHs 
in the SRC II H D are shown in Schemes IV-VI I . The condensed H P A H s 
such as the hydroxyphenanthrenes, hydroxypyrenes. and hydroxychrysenes 
were predominant in the coal tar, whereas the hydrogenated compounds 
such as the hydroxybiphenyls, naphthylphenols, hydroxyphenylthiophenes, 
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246 POLYNUCLEAR AROMATIC COMPOUNDS 

Scheme IV 

Scheme V 

Scheme VI 

Scheme VII 

and hydroxyphenyl, benzothiophenes were major components in the SRC 
II H D . Similarly, the hydroxyphenylpyridines were one of the major com
pound types in the SRC II H D (Scheme VIII). The H P A H fraction of the 
SRC II H D (8.8%) was a larger percentage of the original sample than the 
H P A H fraction of the coal tar (2.8%). The different abundances of two- and 
three-ring APAHs and APASHs in the two samples can also be explained by 
hydrogénation (Schemes IX-XII) . 

Scheme VIII 

Scheme IX 

Scheme X 

Scheme XI 

Scheme XII 

Recently, quantitation of PACs in samples produced under different 
SRC conditions was reported (28). The concentrations of carbazole, which 
is thought to be the compound from which the aminobiphenyls were formed 
is as follows: 4500 ppm (SRC I process solvent), 2200 ppm (SRC II fuel-oil 
blend, which corresponds to the total process solvent fraction), and 31 ppm 
(high-hydrogen SRC II fuel-oil blend). The process bottoms were not re-
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cycled in the SRC I process. These similar trends were also observed for 
fluorene and dibenzofuran. Although the compositions of the feedstocks were 
not known, the variation in concentration suggests the possibility of hydro
génation of earbazole, fluorene, and dibenzofuran. The most abundant ami-
nobiphenyl isomer in the SRC II H D was 2-aminobiphenyl (15). This result 
also supports the suggested hydrogénation reaction. The 2-aminobiphenyl 
isomer may be a useful indicator of the concentration of A P A H s . Similarly, 
2-hydroxybiphenyl and 2-methylbiphenyl could be indicators of hydrogén
ation. 2-Hydroxybiphenyl, which was the most abundant hydroxybiphenyl 
isomer, was most highly concentrated in an SRC II middle distillate (180-
392 °C) as shown by White and L i (29). 

The foregoing discussion indicates that the aminophenylpyridine and 
aminophenylquinoline isomers would be produced by hydrogénation of het
erocycles containing two nitrogen heteroatoms (Schemes XIII and XIV). 
These compounds were concentrated in the third fraction during adsorption 
chromatography on silicic acid. The major components were tentatively iden
tified by using G C - M S as aminophenylpyridines, aminophenylquinolines, 
and their alkylated products (30). 

Comparative Trends in Preferred PAC Structures. If the struc
tures of the compounds produced by autocatalytic hydrogénation in the SRC 
II process as just described are disregarded, the structures of the remaining 
compounds in the coal liquid and coal tar are remarkably similar. 
Major alternate PAHs are phenanthrene, pyrene, chrysene, benz[a]anthra-
cene, benzo[a]pyrene, benzo[e]pyrene, benzo[g/ii]perylene, dibenzo-
[cfef,mno]chrysene, and coronene. Two major factors contributing to 
the existence of these major PAHs are (1) the structural composition of the 
coal feedstock, which is composed of crosslinked macromolecules (31-33) of 
biological origin, and (2) the stabilities of the aromatic components produced 
during processing, for which an important factor is the resonance energies 
for the conjugated systems. 

The phenanthrene and chrysene structures could be derived from cyclic 
terpenoids such as abietic acid, sterols, and hopanes (34). Although tri-
phenylene, which has the highest resonance energy among the four-ring 
catacondensed PAHs (35), was not present in the SRC II H D at a significant 
level, this compound was found in the coal tar which is a higher temperature 
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248 POLYNUCLEAR AROMATIC COMPOUNDS 

product than the SRC II H D . The order of Huckel ττ-electron energies for 
the benzofluoranthene isomers is benz[a]aceanthrylene < benzo
le] fluoranthene < benzo [/]fluoranthene < benz[e]acephenanthrylene (35). 
The abundances of benz[a]aceanthrylene and benz[e]acephenanthrylene in 
the coal tar were the lowest and highest, respectively. 

Although the abundances of the benzofluoranthene isomers are con
sistent with their resonance energies, other factors must be considered when 
comparing other isomer pairs. For example, in comparing benzo[a]pyrene 
with benzo[e]pyrene, benzo [a]pyrene is the less resonance-stable isomer but 
is the one that can be formed most easily from the biologically derived 
chrysene or benz[a]anthracene. In this case, benzo[a]pyrene is the most 
abundant isomer of the two in the coal tar. No universal rules can explain 
all observations; only general trends can be indicated. 

Structural correlations between the PASHs and PAHs found in petro
leum, coal tar, and pitch have been noted by Karcher et al. (36) and Burchill 
et al. (37). They found that the sulfur-containing materials contained thio
phene derivatives analogous to the PAHs; the materials differed only in the 
replacement of one aromatic ring in the PAHs by a thiophene ring. We (13) 
recently reported that the structures and relative abundances of the major 
PAS H containing three- to- six rings in the SRC II V R and in the coal tar 
were analogous to those of the major PAHs in the same samples. By replacing 
one of the aromatic rings in the most abundant PAHs with a thiophene ring, 
the most abundant PAS H could be generally derived. Similarly, this cor
relation holds for cyclopenta-containing PAHs and secondary-nitrogen po
lycyclic aromatic nitrogen heterocycles (2°C-PANH), as shown in Chart I. 
The most abundant cata-condensed four-ring PAHs in both samples studied 
here was chrysene. Benzo[a]fluorene benzo[fe]naphtho[2,l-d]thiophene, 
phenanthro[3,2-fo]thiophene, and llii-benzo[a]earbazole, which have anal
ogous structures to chrysene, were the most abundant among their respec
tive isomers. Isomers such as benzo[£>]fluorene, which also corresponds to 
a n o t h e r a b u n d a n t c a t a - c o n d e n s e d f o u r - r i n g P A H , n a m e l y , 
benz[a]anthracene, were also major compounds. Benzo [a]pyrene was more 
abundant than benzo[e]pyrene in the coal tar. The PASHs corresponding to 
benzo[a]pyrene were benzo[2,3]phenanthro[4,5-fec(i]thiophene and chry-
seno[4,5-fccd]thiophene, whereas the only P A S H corresponding to 
benzo[e]pyrene was triphenyleno[4,5-fec(i]thiophene. The structures and rel
ative abundances of the major PACs containing a single heteroatom are 
analogous to those of the major PAHs, as shown in Chart I. 

Likewise, the major PACs containing two heteroatoms in both samples 
could be structurally derived from the major PACs containing a single het
eroatom. Dibenzothiophene, phenanthro[4,5-fecd]thiophene, and the ben-
zonaphthothiophenes were the major three- and four-ring PASHs in both 
samples; the benzoquinolines, azapyrenes, and benzophenanthridines were 
the major three- and four-ring N-PACs. Similarly, azadibenzothiophenes 
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14. NISHIOKA & L E E Annellated Structures in Coal-Derived Materials 249 

Chart I. Structural similarities of the major PACs identified in the SRC II coal 
liquids and in the coal tar. 

and azabenzonaphthothiophenes were found in both samples. Azabenzo-
t h i o p h e n e s , a m i n o d i b e n z o t h i o p h e n e s , and a z a p h e n a n t h r o [ 4 , 5 -
focd]thiophenes were identified in one or the other of the samples at low 
concentrations. Similar compounds were found for the hydroxy-sulfur-con-
taining PACs and hydroxy-nitrogen-containing PACs; that is, the structures 
of the major PACs containing a single heteroatom reflect those of major 
parent PAHs, and the structures of the major PACs containing two heter-
oatoms reflect those of the major PACs containing a single heteroatom. 

Several correlations were also found for positions of substitution on the 
aromatic molecules, β methyl-substituted isomers, such as 2- and 3-meth-
ylphenanthrene, were more abundant than α-substituted isomers, such as 
1- and 4-methylphenanthrene. This trend was observed for the methylna-
phthalenes, methylphenanthrenes, and methylchrysenes (II). However, the 
relative abundances of positions of substitution were not consistent for the 
methyldibenzothiophenes and methylcarbazoles when compared with the 
methylphenanthrenes; different factors are involved in their production. The 
methyl-substituted PACs are probably highly related to the alkyl linkages 
in the original coal structure. For the hydroxy- and amino-substituted PACs, 
hydrogénation in the SRC II process is an important factor. 

Cyclo-Coupling Dehydrogenation during Liquefaction and 
Coalification. The correlations of compound structures described in the 
foregoing discussion suggest the possibility of similar reactions occurring 
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250 POLYNUCLEAR AROMATIC COMPOUNDS 

during diagenesis or coal upgrading. One important reaction is believed to 
be coupling dehydrogenation of aromatic moieties by heating. Model con
densation reactions expected for the coupling of two aromatic moieties are 
shown in Schemes X V - X X I L The reactions in Schemes X V - X V I I were 
extensively studied under heating with no catalyst by Badger (38). The PAHs, 
benz[a]anthracene and benzo[a]fluoranthene, can be produced according to 

Scheme XV 

Scheme XVI 

Scheme XVII 

Scheme XVIII 

Scheme XIX 

Scheme XX 

Scheme XXI 

Scheme XXII 
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14. NISHIOKA & L E E Annellated Structures in Coal-Derived Materials 251 

Schemes X I X and X X . Secondary cyclo-coupling dehydrogenations are ap
parently important for the production of highly pericondensed compounds 
such as dibenzo[def,rano]ehrysene, coronene, and triphenyleno[4,5-
fecd]thiophene (39, 40). For heteroatom-containing compounds, Schemes 
X X I and XXII are possible examples. Recently, many polycyclic aromatic 
oxygen heterocycles (PAOHs) were produced by self-coupling of hydroxy 
compounds by McMil len et al. (41). These types of coupling or condensation 
reactions may be possible for molecules such as aromatic triterpanes (Scheme 
XXIII) by bond breakage and ring formation of aromatic moieties linked 
together with alkyl or heteroatom bridges (Scheme XIV), and cyclization of 
aromatic moieties in a macromolecular network (Scheme XXV). Further 
investigation into such reactions in coal may prove to be invaluable in future 
studies of coal structure. 

Scheme XXIII 

Scheme XXIV 

Scheme XXV 
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Selective Methylation 
of Hydroaromatic C-H Sites in Coal 
The Importance of Fluorene-Like 
Structural Units in Bituminous Coals 

R. Rife Chambers, Jr., Edward W. Hagaman, and Madge C. Woody 

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, T N 37831 

An O-methylated low-volatile bituminous coal, PSOC 1197, was 
treated repetitively with a series of carbanion bases and then 
quenched with 13,14C double-labeled methyl iodide. The extent of meth
ylation depended upon the identity of the base and increased in the 
order 9-phenylfluorenyllithium << fluorenyllithium ~ trityllithium. 
A significant number of methyl groups (0.7 per 100 coal carbons) 
was introduced by using fluorenyllithium and trityllithium, but the 
coal was relatively unreactive toward methylation when 9-phenylflu
orenyllithium was the base. Additional methyl groups could be in
troduced after repetitive treatments. This result and the cross-po
larization/magic angle spinning 13C NMR spectra of the coal deriv
atives obtained by using fluorenyllithium as base indicate the reaction 
of acidic -CH2- and -C(H)R- sites. On the basis of these results, 
PSOC 1197 could contain a significant number (0.7-1.9 per 100 coal 
carbons) of fluorene-like structural units. 

D E F I N I T I V E E V I D E N C E F O R T H E BASIC C A R B O N F R A M E W O R K of coal re
mains quite limited despite numerous investigations into coal structure. 
Many views of the chemical composition of coal have evolved from analyses 
of coal degradation products such as those obtained from oxidation, reduc
tion, and high-temperature pyrolysis (1). Although these methods are useful 
for detecting compositional variations among coals of different ranks and 
history, attempting to relate the final products back to an original coal pre-

0065-2393/88/0217-0255$06.00/0 
© 1988 American Chemical Society 
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256 POLYNUCLEAR AROMATIC COMPOUNDS 

cursor for a given sample is virtually impossible because of the severity of 
the reaction conditions. 

For some time, we have been interested in designing selective chemical 
modification reactions for coal with a particular emphasis upon characterizing 
the carbon skeleton of coal (2). The strategy for the approach starts with the 
working hypothesis that coal can be viewed as a three-dimensional macro-
molecule in which aromatic and hydroaromatic clusters are cross-linked to 
one another by various functional groups such as methylene units and poly-
methylene chains. In addition, the aromatic and hydroaromatic clusters, at 
least in bituminous coals, are assumed to be derived from polynuclear ar
omatic compounds (3, 4). 

We recognized that the ionization constants, or Ka values, of the benzylic 
C - H groups in hydroaromatic compounds can vary by many orders of mag
nitude and that they are a sensitive indicator of structural detail. This ob
servation suggested that these differences in acidity could be exploited as a 
means for selectively forming carbanions. The resulting carbanions can then 
serve as the focal point for preparing the coal derivatives. Furthermore, a 
knowledge of coal response to a series of base solutions of varying, but known, 
base strength is believed to be useful in assigning a structure to the reactive 
functional groups containing acidic C - H sites. For these reasons, we in
vestigated the reaction of a bituminous coal with a series of carbanionic 
indicator base solutions followed by quenching with 1 3 1 4 C double-labeled 
methyl iodide. The results from our studies of an O-methylated low volatile 
bituminous coal, PSOC 1197, indicate a significant number of acidic C - H 
sites with pKa values comparable to that of fluorene. This important obser
vation parallels our previous results with a high-volatile bituminous coal, 
Illinois No. 6 (2). The combined results from these two studies on coals of 
differing rank and history help to reinforce our previous position about coal 
structure, namely, that fluorene-like structural units could be an important 
class of polynuclear hydroaromatic clusters in bituminous coal. 

Experimental Details 

Materials. The preparation, purification, and analyses of 9-phenylflu-
orene, fluorene, triphenylmethane, [9-14C]fluorene, triphenyl[14C]methane and 
[ 1 3 1 4 C ] H 3 I have been described previously (2). Tetrabutylammonium hydroxide 
(Fluka, 1.5 M), n -Bu 4 NOH, was titrated against standard HC1 prior to use. n-
Butyllithium (n-BuLi, Aldrich, 1.6 M) was standardized periodically against di-
phenylacetic acid according to published procedures (5). Tetrahydrofuran (THF) 
was freshly distilled from L i A l H 4 by using triphenylmethane as an indicator. 

[ I 3 1 4 C 2 ]DIMETHYL SULFATE. The following preparation is representative of 
the general methodology. To cold (-80 °C) [14C]methanol (124 mmol, 719.3 ± 
2.2 MBq/mol) (MBq = Mega Becquenel) (2) was carefully added freshly distilled 
C1S0 3 H (bp 73-75 °C at 4.0 kPa, 123 mmol). After the addition period, the cold 
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15. CHAMBERS ET AL. Methylation of Hydroaromatic C-H Sites 257 

bath was removed, and the reaction mixture was stirred for 1 h. The mixture 
was then warmed to 85-90 °C and maintained in this temperature range for 
3 h. The crude product was isolated by vacuum distillation (bp 88-105 °C at 
3.7 kPa) and then treated with anhydrous K 2 C 0 3 . A second distillation from 
BaO gave 31 mmol of [ 1 4C 2]dimethyl sulfate (bp 76-83 °C at 2.6 kPa, 50% yield) 
with a specific activity of 1446 ± 3 MBq/moL This product was combined with 
commercially available [ 1 3C 2]dimethyl sulfate (Merck, 99 atom % 1 3C) to give 
the desired isotopic enrichments. The 1 3 C assay was determined from the 1H 
N M R spectrum of the product, and the 1 4 C radioassay was measured by com
bustion analysis. 

COAL SAMPLE. The PSOC 1197 coal used in this study was a low-volatile 
bituminous coal from the Lower Kittanning seam in eastern Pennsylvania and 
was obtained through the Pennsylvania State Coal Sample Bank program. The 
coal was ground to particle size <150 μιη and then was stored under argon. 
Elemental analysis (Galbraith Labs) gave the following composition (values are 
weight percentages); C, 79.31 ± 0.09; H , 4.22 ± 0.06; N , 1.42 ± 0.02; S, 
1.09 ± 0.03; 0, 3.61 ± 0.26 (by difference); ash, 10.36 ± 0.06. This analysis 
corresponds to the following empirical formula: C 1 0 0 H 6 4 N 1 5 S 0 5 O 3 . 

O-Methylation and Base Hydrolysis Procedures. 

pH 12 O-METHYLATION. A slurry of PSOC 1197 coal (0.500 g) in 1.5 mL of 
T H F was neutralized with n-Bu 4 NOH (1.54 M , 5.39 mmol). The mixture was 
stirred for 16 h under argon, after which H 2 0 (5.0 mL) was added. The p H of 
the sample was monitored with a double-junction, combination glass electrode 
(Cole-Parmer K-5998-20). The p H was adjusted to 12 by adding 0.690 M HC1. 
After allowing 1 h for the p H to stabilize, [ 1 3 1 4 C 2 ] dimethyl sulfate (3.16 mmol, 
754.1 ± 1 . 1 MBq/mol, 51.8 atom % 1 3C) was introduced, and the p H was 
maintained at 12 for 2 h by the addition of dilute n -Bu 4 NOH. After reducing 
the p H to 7.3 (0.1 N HC1), a second portion of [ 1 3 1 4C 2]dimethyl sulfate (3.16 
mmol) was added, and the ρ Η was held constant at 7 for 2 h by adding dilute 
n-Bu 4 NOH. Then, the sample was filtered, washed with 4 L of hot H 2 0 , and 
dried under vacuum (110 °C, 6.6 Pa) overnight. The coal was assayed for its 1 4 C 
content by combustion analysis. The number of introduced [ 1 4 C 2 ] H 3 groups was 
calculated by using the combustion results and the elemental analysis of the coal 
derivative. 

pH 7 O-METHYLATION. The procedure is analogous to that outlined for the 
p H 12 O-alkylation with the following exceptions: The p H was initially lowered 
to 7, and only one portion of [ 1 3 1 4C]dimethyl sulfate (3.16 mmol/0.5 g coal) was 
introduced during the alkylation step. 

BASE HYDROLYSIS. To a slurry of 0 [ 1 3 1 4 C ] H 3 coal (0.25 g) in 9.7 mL of T H F 
was introduced n-Bu 4 NOH (1.54 M , 2.45 mmol), and the resultant mixture was 
stirred under argon for 68 h. The sample was then transferred to a beaker, H 2 0 
(10 mL) was added, and the p H was adjusted to 2 (1 N HC1). The T H F was 
removed under vacuum, after which the product was placed on a funnel and 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

15



258 POLYNUCLEAR AROMATIC COMPOUNDS 

washed with hot H 2 0 (2 L). After vacuum drying (110 °C, 6.6 Pa) overnight, 
the coal was analyzed for the number of remaining [ 1 4 C ] H 3 groups in the manner 
described earlier. The number of base-labile [ 1 4 C ] H 3 groups was taken as the 
difference between the original number of methyl groups introduced and those 
remaining after hydrolysis. 

C-Methylation Procedure. The experimental details for the C-methylation 
of O-methyl coal have been published elsewhere (2) and are essentially those 
employed here with the following modifications. First, the O-methyl PSOC 1197 
coal was obtained from unlabeled dimethyl sulfate using the conditions outlined 
earlier for the p H 12 O-methylation. Second, the O-methyl coal was not extracted 
with T H F prior to C-methylation because only a small fraction (ca. 1%) of the 
sample is soluble in hot THF. Third, benzene, not diethyl ether, was used as 
the organic extraction solvent for all samples prepared with 9-phenylfluorenyl-
lithium as base because 9-phenylfluorene and its byproducts have limited diethyl 
ether solubility. 

1 3 C N M R Measurements. The instrumentation and complete experimen
tal details are given in reference 19. 

Results and Discussion 

O-Methylation of PSOC 1197. A key step in the characterization 
of the acidic, hydroaromatic C - H sites in coal is the initial conversion of the 
indigenous phenols and carboxylic acids to their methyl ether and methyl 
ester analogues, respectively. The success of this derivatization reaction can 
be evaluated on the basis of two important criteria. First, the reaction should 
quantitatively convert all of these structural units to their methylated de
rivatives. The failure to achieve this objective means that methylation wil l 
likely occur at both carbon and oxygen sites during the subsequent base-
promoted alkylation reactions designed to probe the acidic C - H groups. 
Second, the acidic C - H sites should remain intact under the O-methylation 
conditions. The results from the O-methylation reaction are also important 
because the identity and number of O-methyl functional groups can influence 
the outcome of the subsequent carbon alkylation chemistry. For example, 
an abundance of methyl esters in the O-methylated coal could lead to cov-
alent attachment of large amounts of base reagent, which can interfere with 
the interpretation of the experimental results. 

Various approaches for the O-methylation of coals have appeared. These 
include reaction with diazomethane (7) and, more recently, base-promoted 
methylation in which coal is first neutralized with an aqueous tetrahydrofuran 
(THF) base solution followed by reaction with methyl iodide (8-10) or methyl 
p-toluenesulfonate (11). Instead, we opted to O-methylate PSOC 1197 with 
1 3 1 4 C double-labeled dimethyl sulfate at various p H values. This approach 
was taken to evaluate the distribution of acidic O H sites and to determine 
an acceptable set of O-methylation conditions. Briefly, the coal was neu-
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15. CHAMBERS ET AL. Methylation of Hydroaromatic C-H Sites 259 

tralized for 16 h with a solution of n - B u 4 N O H in aqueous T H F . After lowering 
the p H to 12 or 7, the resulting coal anions were methylated at constant p H 
with [ 1 3 1 4 ( C ] H 3 ) 2 S 0 4 (equation 1). A full description is given in the Exper
imental Details section. 

« d - O H Λ : " ο ; c o a l - 0 [ ^ C ] H 3 (D 

The 1 4 C label provides a sensitive analytical method for determining the 
extent of reaction and detecting subtle differences in the response of coal, 
and the sites of methylation can be established from the solid-state 1 3 C N M R 
spectra of the 1 3 C-enriched coal derivatives. To further characterize the types 
of reactive sites, the methylated coals were subjected to base hydrolysis with 
n - B u 4 N O H in aqueous T H F (12). The number of base-labile methyl groups 
was taken as a measure of the maximum number of methyl esters formed 
during the alkylation. The results from this study are presented in Table I. 

Several important observations emerge from the 1 4 C combustion data. 
First, the methylation reaction is found to be highly p H dependent, the 
total number of introduced methyl groups increasing with p H . Raising the 
solution p H from 7 to 12 results in a net increase of 0.028 ± 0.009 methyls 
per 100 coal carbons, a value that is statistically significant. The dependency 
of this reaction on the p H indicates that methylation of PSOC 1197 requires 
the removal of acidic protons. Second, the base hydrolysis results indicate 
that a small but significant number of base-labile methyl groups, 0.028 ± 
0.003 groups per 100 coal carbons, are introduced at either p H value. How
ever, all of these base-labile methyls can be introduced at p H values ^7. 
Thus, these reactive methyls apparently are attached to those acidic sites 
that form the most stable anions. From the base hydrolysis data, the max
imum number of methyl esters in O-methylated PSOC 1197 can be set at 
0.028 ± 0.003 groups per 100 coal carbons. 

The p H dependency of this methylation reaction and the existence of 
base-labile methyl groups in the coal derivatives implicate the ionization 
and methylation of acidic - O H sites. However, the 1 4 C results alone do not 
preclude the reaction of other sites of comparable acidity. To determine if 
this factor is important, the p H 12 PSOC 1197 derivative was analyzed by 

Table I. O-Methylation of PSOC 1197 Using n-Bu 4 NOH 
and [ 1 3 ' 1 4(C]H 3) 2S0 4 

pH Total Base Labile 

12 0.096 ± 0.007 0.029 ± 0.003 a 

7 0.068 ± 0.002 0.028 ± 0.003a 

N O T E : Values are the number of [ 1 4 C ] H 3 groups per 100 coal carbons. 
Data for ( [ 1 3 1 4 C ] H 3 ) 2 S 0 4 are the following: 754.1 ± 1.1 MBq/mol 1 4 C , 
and 51.8 ± 1.0 atom % 1 3 C . 
a Value is based on a single determination. The reported precisions 
are the maximum errors. 
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260 POLYNUCLEAR AROMATIC COMPOUNDS 

cross-polarization/magic angle spinning (CP/MAS) 1 3 C N M R (13-15). The 
analysis was facilitated by measuring the difference spectrum, that is, p H 
12 - 0 [ 1 3 1 4 C ] H 3 coal minus parent coal. The subtraction criterion is the 
nulling of the aromatic carbon envelopes. This analytical approach assumes 
that the hybridization state (sp3 or sp2) of the coal carbons remains constant 
during the chemical reactions. It also assumes that tetrabutylammonium 
salts and T H F are not retained by the coal, and thus the area change in the 
sp3 envelope is due to the added methyl groups. In the difference spectrum, 
methyl groups are observed in two distinct spectral regions, those with δ 
>50 parts per million (ppm) (where δ denotes parts per million downfield 
from tetramethylsilane) and those with δ <50 ppm, in a measured ratio of 
60:40. 

Recent results from our laboratory (6) indicate that the 1 3 C N M R re
sponse of methyl groups in chemically modified coals depends upon their 
local environment. Specifically, methyl groups on oxygen may be detected 
with a higher sensitivity than those attached to carbon atoms. In Illinois No. 
6, for example, the sensitivity ratio for O-methyls to C-methyls is 1.4:1.0. 
Here, we wil l make the simplifying assumption that the 1 3 C N M R response 
factors for the methyl groups in this O-methylated PSOC 1197 coal derivative 
are site-independent. The resonance band at 54.6 ppm (line width at half 
height (vy2) 200 = H z , 8 ppm), which accounts for 0.06 methyl group per 
100 coal carbons, is consistent with the formation of a variety of - O C H 3 

functional groups. The 55-ppm resonance in the solution (9, 12) and solid-
state (8, 14) 1 3 C spectra of other O-methylated coals has frequently been 
assigned to nonhindered, aromatic methyl ethers that derive from meth
ylation of phenols. However, the large chemical shift dispersion observed 
here does not preclude some contribution from other types of - O C H 3 func
tional groups such as methyl esters [δ(ΟΗ3) = 49-52 ppm (8)]. 

The resonance envelope with δ <50 ppm can be explained in terms of 
methyl groups attached to nitrogen, sulfur, and carbon atoms. From the 1 3 C 
N M R integration and the 1 4 C values for the p H 12 sample (Table I), the 
maximum number of C-methyl groups formed under these conditions is 0.04 
group per 100 coal carbons. For purposes of comparison, if the methyl 
groups in O-methyl PSOC 1197 do adopt the O/C discrimination ratio found 
for methylated Illinois No. 6, then the calculated maximum for C-methyls 
increases to 0.05 group per 100 coal carbons. In either case, the extent of 
C-methylation under these conditions is nominal and wil l have a negligible 
impact on the subsequent base-promoted C-methylation studies. 

A word of caution is perhaps in order. Although C-methylation is nom
inal under these alternative O-methylation conditions when PSOC 1197 is 
the parent coal, a similar result may not be obtained for other coals that 
have a vastly different chemical composition. Thus, a wider range of coals 
must be studied before we can evaluate this reaction with regard to the 
criteria defined earlier. 
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15. CHAMBERS ET AL. Methylation of Hydroaromatic C-H Sites 261 

C-Methylation of p H 12 O C H 3 P S O C 1197. We (2, 6) and others 
(16, 17) have demonstrated that coals wil l invariably retain 1 4C-labeled re
agents or their byproducts to varying degrees under a variety of reaction 
conditions, even after an exhaustive extraction with aqueous and organic 
solvents. The mechanism(s) responsible for this phenomenon are poorly 
understood. This phenomenon could result, for example, from specific coal-
reagent interactions such as the hydrogen bonding of amines to the phenolic 
- O H groups, the reaction of the reagent with functional groups on the coal 
thus leading to covalent attachment, or physical adsorption. The important 
conclusion to emerge from these studies is that trace levels of organic re
agents are likely to remain in the insoluble coal fraction even though the 
extracts test free of dissolved reagents. 

For this reason, control experiments were initially run to measure the 
extent to which [ 1 4C]fluorene and [ 1 4C]triphenylmethane become incorpo
rated into O C H 3 PSOC 1197. The p H 12 O-methylated coal, which was 
prepared by using natural abundance ( C H 3 ) 2 S 0 4 , was treated with 
[9- 1 4C]fluorenyllithium or [ 1 4C]trityllithium under conditions similar to those 
employed for the C-methylation study (68 h, 0 °C, T H F solvent), and the 
reaction was quenched with water. From combustion analysis, the amounts 
of fluorene- and triphenylmethane-derived products that remain after the 
standard diethyl ether extraction are 0.23 ± 0.02 and 0.21 ± 0.02 groups 
per 100 coal carbons, respectively. Subsequent washing of the two samples 
with T H F , a good swelling solvent for coal, failed to completely liberate the 
insoluble coal fraction of these reagents (0.17 ± 0.02 and 0.19 ± 0.02 groups 
per 100 coal carbons remain in the fluorene and triphenylmethane samples, 
respectively). Similarly, when the reaction with [9- 1 4C]fluorenyllithium is 
quenched with methyl iodide instead of water, an average value of 0.18 ± 
0.02 group per 100 coal carbons (three determinations) is measured for the 
retained fluorene. 

A l l these results indicate a strong coal-reagent interaction, and thus 
suggest covalent attachment of the carbanion bases to the coal due to base-
labile functional groups. Comparison of these results to the previous func
tional group analysis of O C H 3 PSOC 1197 shows that the amounts of reagent 
incorporation far exceed the maximum number of methyl esters (0.028 ± 
0.004 group per 100 coal carbons). Consequently, nucleophilic addition of 
the base to the carbonyl groups of methyl esters cannot account entirely for 
these observations. 

Because reagent incorporation could effect the results and conclusions 
of the C-methylation study, further examination of this phenomenon was 
warranted. Further study was achieved by a 1 4 C analysis of samples subjected 
to repetitive treatments. In the first set of experiments, a coal sample ob
tained from the reaction of O-methyl PSOC 1197 with [9- 1 4C]-
fluorenyllithium and methyl iodide was treated two additional times with 
[9- 1 4C]fluorenyllithium having the same isotopic enrichment, and the re-
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262 POLYNUCLEAR AROMATIC COMPOUNDS 

actions were quenched with methyl iodide. Under these serial conditions, 
the reagent incorporation increases from a value of 0.15 ± 0.02 groups per 
100 coal carbons to values of 0.32 ± 0.03 and 0.66 = 0.07 groups per 100 
coal carbons (single determinations) after the second and third treatments, 
respectively. Thus, the results obtained from a single treatment must be 
regarded as minimum values. 

In a second set of experiments, the coal product from the initial 
[ 1 4C]fluorenyllithium and methyl iodide treatment was reacted with unla
beled fluorenyllithium and methyl iodide. Under this set of serial treatment 
conditions, run at two different isotopic enrichments, as much as 40% (w/ 
w) of the isotopic label can be removed. The fate of the 1 4 C label was 
established when the reaction byproducts, fluorene and 9-methylfluorene, 
were recovered and detected at the expected isotopic enrichment level. This 
important observation demonstrates that the incorporated reagent can be 
removed from the coal by chemical exchange and thus suggests a reversible 
reaction. 

To examine the distribution of acidic C - H sites in PSOC 1197, derived 
in part from polynuclear hydroaromatic compounds, the p H 12 O-methyl 
coal was treated for 68 h at 0 °C, in separate experiments, with an excess 
of the conjugate bases of 9-phenylfluorene (pKa 18.5), fluorene (pK f l 22), and 
triphenylmethane (pKa 31) as their lithium salts (BLi); T H F was used as the 
solvent: 

O C H 3 O C H 3 

C O A L - C ^ a - H * ^ > C O A L - C s p 3 ~ * C H 3 (2) 

In equation 2, * C represents 1 3 1 4 C . After 68 h, the reaction mixtures were 
quenched with [ 1 3 1 4 C ] H 3 I , and the coal derivatives were isolated by a series 
of diethyl ether (or benzene) and water extractions. The coal samples were 
then assayed for their 1 4 C contents as before, and appropriate corrections 
were made for the amounts of reagent incorporation. The isolated derivatives 
were treated sequentially with base and [ 1 3 , 1 4 C ] H 3 I a total of three times. 

The results from the 1 4 C measurements and the p K 0 values for the 
conjugate acids (18) of the three bases are shown in Table II. The data reveal 
two important trends. First, the reactivity of O C H 3 PSOC 1197 toward these 
base solutions, as measured by the numbers of introduced methyl groups, 
follows the order 9-phenylfluorenyllithium < < fluorenyllithium ~ tritylli
thium. In other words, most of the alkylation chemistry can be accomplished 
by using fluorenyllithium as the base. 1 3 C C P / M A S analysis of samples 
prepared with [9- 1 3C]fluorenyllithium has demonstrated (19) that all forms 
of methylated fluorene reagent, artifacts derived from reagent incorporation, 
make only a minor contribution (<10%) to the total number of acidic sites 
measured with fluorenyllithium as base. These results suggest that the acidic 
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Table H . C-Methylation of O C H 3 PSOC 1197 Using B L i 
and [ l 3 ' 1 4C]H 3I 

Base, BLi; No. of[14C]H3 

Treatment No. per 100 Coal C a 

9-Phenylfluorenyllithium (18.5) 
1 0.024 ± 0.002 
2 0.042 ± 0.004 
3 0.061 ± 0.006 

Fluorenyllithium (22) 
1 0.71 ± 0.07 
2 1.6 0.2 
3 1.9 ± 0.2 

Trityllithium (31) 
1 0.71 ± 0.07 
2 1.2 ± 0.1 
3 1.7 ± 0.2 

N O T E : Data for [ 1 3 1 4 C ] H 3 I are the following: 392.2 ± 2.2 MBq/mol 
1 4 C , and 54.6 ± 1.0 atom % 1 3 C . The compounds given in the table 
are the bases corresponding to BLi; pK a values of BH are given in 
parentheses and are taken from reference 18. 
a All values are single determinations. The reported precisions are the 
maximum errors. 

C - H sites in PSOC 1197 have a narrow range of acidities; we conclude that 
the pKa values for these sites are comparable to that of fluorene (pKa 22). 

More specifically, we can bracket the pK f l values of these sites in the 
approximate range 19 < pK f l < 22 because this coal is virtually unreactive 
toward 9-phenylfluorenyllithium (pK f l 18.5). Of particular interest, the 1 4 C 
data for fluorenyllithium and trityllithium are identical within experimental 
error. This finding establishes that only a low concentration of acidic C - H 
sites with 22 < pKa < 31 are present in this coal. 

A brief comparison of this data set with the results obtained for Illinois 
No. 6 is informative (2). For O-methyl Illinois No. 6, a high-volatile bitu
minous coal, values of 0.63 ± 0.03, 1.7 ± 0.1, and 2.6 ± 0 . 1 methyl groups 
per 100 coal carbons were measured after three serial alkylations using 9-
phenylfluorenyllithium, fluorenyllithium, and trityllithium, respectively. A l 
though the two data sets for these bituminous coals demonstrate a similar 
preference for fluorenyllithium as base, and thus a significant number of 
C - H sites with 19 < pK f l < 22, they differ in that Illinois No. 6 contains 
important quantities of acidic C - H groups with ρΚ α ^ 19 and 22 < pKa ^ 
31. Because the class of structures with 22 < pKa < 31 includes 9,10-
dihydroanthracene and its analogues, we conclude that this type of six-
membered hydroaromatic structure is absent, or at least below the detection 
limit, in PSOC 1197. 

The second trend revealed by the data in Table II is that, invariably, 
multiple treatments are required to achieve exhaustive alkylation with any 
of the bases, even though the coal is exposed to large excesses of base and 
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264 POLYNUCLEAR AROMATIC COMPOUNDS 

methylating agent in any given treatment. In fact, the data suggest that a 
minimum of three treatments is necessary before exhaustive alkylation can 
be achieved. This requirement for multiple treatments establishes that either 
neutralization, methylation, or both are incomplete after the first and second 
treatments. Because none of the samples was treated further, the number 
of methyls introduced after the third treatment must be regarded as the 
minimum number that can be added under these conditions. 

Changes in the physical and/or chemical properties of coals after chem
ical modification can be conveniently monitored by determining the weight 
percent of the sample that is extractable by organic solvents. In general, 
large increases in extractability have been taken as an indication of a lower 
cross-link density in the coal product. This situation can occur through the 
rupture of covalent or noncovalent cross-links originally present in the parent 
coal. Covalent cross-links refer to those conventional covalent attachments 
such as C - C and C - O bonds, and noncovalent cross-links refer to those 
other binding forces such as hydrogen bonding and dipole-dipole interac
tions (20). 

To determine if major physical or chemical changes accompany these 
base-promoted reactions, several of the - O C H 3 PSOC 1197 coal derivatives, 
obtained by reaction with trityllithium, were exhaustively extracted with 
pyridine in a Soxhlet apparatus. The results, shown in Table III, do indicate 
that changes occur in pyridine extractability after the O-methyl coal is treated 
with trityllithium followed by protonation with water or serial alkylation with 
methyl iodide. The observed increases, from 2% (w/w) for the O-methyl 
coal to 28% (w/w) after the third serial alkylation, suggest a reduction in the 
cross-link density of the coal as a result of chemical modification. However, 
we cannot at present attribute this effect to a unique chemical event for at 
least two reasons. First, a significant extractability increase occurs even when 
the reaction with trityllithium is quenched with a protic source (H 2 0) . This 
finding indicates that C-methylation alone is not a prerequisite for an increase 
in extractability. Second, the previous results from the 1 4 C base incorporation 

Table IH. Exhaustive Pyridine Extraction of PSOC 1197 Derivatives 

Coal Derivative % Extractable (daf) a 

Parent 2 
pH 12 O C H 3 2 
pH 12 OCH3--PI13C- - H 2 0 9b 

pH 12 OCH3--Ph 3 C" - C H 3 I (first treatment) 12 
pH 12 OCH3--Ph 3 C" - C H 3 I (second treatment) 19 
pH 12 OCH3--PI13C- - C H 3 I (third treatment) 28 
a The precision of the values is believed to be no better than +1%, absolute; daf denotes dry 
ash free. 
b Of this value, no more than 0.23% is extracted triphenylmethane as determined by GC 
analysis. 
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15. CHAMBERS ET AL. Methylation of Hydroaromatic C-H Sites 265 

studies require a second chemical process to occur under these conditions 
in addition to the alkylation of carbanions. 

Although further study wil l be necessary before we can evaluate the 
relative importance of all the chemical events on the observed extractabil-
ities, the cleavage of covalent cross-links probably is not a major chemical 
event under these base conditions. In contrast, as Stock and Mallya (21) 
noted, the cleavage of covalent cross-links may be important when PSOC 
1197 is subjected to base-promoted alkylation using sodium amide as base. 

The 1 4 C data probe the number of introduced methyl groups and mon
itor subtle differences in the coal response toward systematic variations in 
the reaction conditions; however, the data do not identify all of the sites of 
alkylation. To obtain more definitive structural information on the sites of 
alkylation, the CP/MAS 1 3 C N M R spectra of the three samples derived from 
repetitive methylation with fluorenyllithium and [ 1 3 1 4 C ] H 3 I were measured. 
Three difference spectra were obtained: 1 minus blank, 2 minus blank, and 
3 minus blank, where the numbers refer to the treatment number, and the 
blank is the sample obtained from reaction of the O-methyl coal with flu
orenyllithium followed by a water quench. As before, the nulling of the 
aromatic carbon envelopes is the subtraction criterion. 

The use of the blank serves to correct for the contributions that the 
retained fluorene makes to the spectra. This correction is most ideal when 
the total amount of fluorene is identical in the two samples and when meth
ylated fluorene reagent makes only a minor contribution to the total spectral 
characteristics of the methylated sample. This situation is most closely ap
proximated for the samples labeled blank and 1. This same condition does 
not hold for those samples labeled 2 and 3 because fluorene retention exceeds 
that of the blank sample. However, this perturbation wil l not affect the 
primary conclusions derived from the spectroscopic data. 

The quality of the 1 3 C N M R spectra and the resulting difference spectra 
are illustrated in Figure 1, which shows the blank 1 3 C N M R spectrum, the 
spectrum obtained after the third serial alkylation with [ 1 3 1 4 C ] H 3 I , and the 
corresponding difference spectrum. The three difference spectra allow us to 
focus on the chemical environments of the introduced methyl groups. Each 
spectral difference is dominated by absorptions with δ <50 ppm, a result 
that suggests alkylation of carbon sites. On the other hand, the spectral 
characteristics change upon repetitive treatment; this finding indicates a 
change in the local environments of the introduced methyl groups as a 
function of the treatment number. Specifically, the first, second, and third 
difference spectra each contain a broad resonance envelope whose peak 
maximum occurs at 18.8 ppm (vV2 = 420 H z , 17 ppm), 25.1 ppm (vV2 = 380 
Hz, 15 ppm), and 25.7 ppm (vV2 = 360 H z , 14 ppm), respectively. The wide 
distribution of chemical shifts observed for the introduced methyls, as meas
ured by the large line widths at half height, indicates a variety of methyl-
group environments. This condition occurs because of alkylation at a variety 
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Λ 

VI 
I I I I L_ 

200 ppm 0 

Figure 1. 13C CP/MAS NMR spectra of the coal product derived from treating 
OCH3 PSOC 1197 with fluorenyllithium. A, third serial treatment, 54.6% 

[13C]H3I quench; B, H2Ô quench; and C, difference spectrum, A minus B. 

of acidic - C H 2 - and - C ( H ) R - sites where the R group is indigenous to the 
coal. 

The relative contributions of these two structural types cannot be ac
curately evaluated from these single difference spectra. As repetitive treat
ments are carried out, a 7-ppm downfield shift in the resonance maximum 
occurs; this shift is also accompanied by a gradual decrease in the peak width 
from 420 to 360 H z . This downfield shift in the peak maximum and decrease 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

15



15. CHAMBERS ET AL. Methylation of Hydroaromatic C-H Sites 267 

in the line width signal an accumulation of methyl-group environments with 
δ ca. 26 ppm. Although a full discussion is beyond the scope of this chapter, 
we have independent evidence (19) based on the 1 3 C N M R analysis of samples 
in which the isotopic enrichment of the methyl iodide is varied as a function 
of treatment number that this effect is due in part to the sequential conversion 
of a - C H 2 - site to a - C ( H ) C H 3 - site and then to a - C ( C H 3 ) 2 - site. The 
experimental observation reported here, namely, the change in methyl-
group environment as a function of treatment number, is apparently the first 
example demonstrating structural discrimination in the C-methyl region of 
a series of methylated coal derivatives as detected by solid-state 1 3 C N M R . 

Several structurally diverse model compounds, each containing benzylic 
C - H sites of varying acidity, were treated with these indicator base solutions, 
and the resulting carbanions were alkylated with methyl iodide (22). Those 
models that contained the - C H 2 - functional group readily yielded the mon-
omethyl derivative, - C ( H ) C H 3 - , as the major product, even though a large 
excess of base and methylating agent were present. Furthermore, the mon-
omethyl products underwent proton abstraction and methylation to produce 
- C ( C H 3 ) 2 - derivatives if they were treated in a separate experiment with 
base and methyl iodide. The results from the study suggested that exhaustive 
alkylation of coal under these conditions would necessitate multiple treat
ments. For this reason, the 1 4 C data in Table II, which demonstrate the 
requirement for repetitive treatments, can be cited as supporting evidence 
for the reaction of acidic - C H 2 - sites in this coal. 

Summary and Conclusions 

A l l of the experimental data indicate that the acidic C - H sites in O-methyl 
PSOC 1197 include methylene and methine structural types that are un-
reactive toward base-promoted methylation with 9-phenylfluorenyllithium 
but that are reactive when fluorenyllithium or trityllithium are the bases. 
In other words, the acidities for these sites are approximately represented 
by the range 19 < p K a < 22. Within the context of coal structure, this result 
is surprising because it implies an abundance of structural units with highly 
acidic C - H sites. Structural types such as fluorenes and others that form 
aromatic anions upon proton removal as well as structures that contain acidic 
C - H bonds adjacent to electron-withdrawing substituents (e.g., carbonyl 
groups) are implicated by our results. In a rigorous sense, our data do not 
allow us to attribute all of the chemistry to a unique structural type. How
ever, from the previous 1 4 C data for the initial methylation treatment, we 
can estimate that as much as 9% of the carbons in PSOC 1197 (0.71 X 13 
carbons = 9%) could be derived from fluorene. If this estimate is accurate, 
then these results suggest that future pictures of coal structure need to 
highlight the importance of five-membered cyclopentadiene rings, a struc
tural feature that is common to all fluorene derivatives. 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

15



268 POLYNUCLEAR AROMATIC COMPOUNDS 

Acknowledgment 

We thank the Office of Basic Energy Sciences, Division of Chemical Sciences, 
U.S. Department of Energy, for support of this research under Contract 
DE-ACO5-840R21400 with Martin Marietta Energy Systems, Inc. 

References 

1. Wender, I.; Heredy, L. A.; Neuworth, M . B.; Dryden, I. G. C. In Chemistry 
of Coal Utilization; Elliott, Μ. A.; Ed.; Wiley: New York, 1981; Chapter 8. 

2. Chambers, R. R.; Jr., Hagaman, E. W.; Woody, M . C.; Smith, Κ. E.; McKamey, 
D. R. Fuel 1985, 64, 1349-1354. 

3. Hayatsu, R.; Winans, R. E.; Scott, R. G.; Moore, L. P.; Studier, M . H. Fuel 
1978, 57, 541-548. 

4. Hayatsu, R.; Winans, R. E.; Scott, R. G.; Moore, L. P.; Studier, M . H . In 
Organic Chemistry of Coal; Larsen, J. W.; Ed.; ACS Symposium Series No. 71, 
American Chemical Society: Washington, DC, 1978; pp 108-125. 

5. Kofron, W. G.; Baclawski, L. M . J. Org. Chem. 1976, 42, 1879-1880. 
6. Hagaman, E. W.; Chambers, R. R., Jr.; Woody, M . C. Anal. Chem. 1986, 58, 

387-394. 
7. van Krevelen, D. W. In Coal; Elsevier: Amsterdam, 1961; Chapter 9. 
8. Liotta, R. ; Brons, G. J. Am. Chem. Soc. 1981, 103, 1735-1742. 
9. Liotta, R.; Rose, K.; Hippo, E. J. Org. Chem. 1981, 46, 277-283. 

10. Liotta, R. Fuel 1979, 58, 724-728. 
11. Ettinger, M.; Nardin, R.; Mahasay, S. Ray; Stock, L. M . J. Org. Chem. 1986, 

51, 2840-2842. 
12. Stock, L. M.; Willis, R. S. Prepr. Pap.—Am. Chem. Soc. Div. Fuel Chem. 1985, 

30(1), 21-28. 
13. Zilm, K. W.; Pugmire, R. J.; Larter, S. R.; Allan, J.; Grant, D. M . Fuel 1981, 

60, 717-722. 
14. Hagaman, E. W.; Woody, M . C. Fuel 1982, 61, 53-57. 
15. Wilson, Μ. A.; Pugmire, R. J.; Karas, J.; Alemany, L. B.; Woolfenden, W. R.; 

Grant, D. M.; Given, P. H. Anal. Chem. 1984, 56, 933-943. 
16. Larsen, J. W.; Urban, L. O. J. Org. Chem. 1979, 44, 3219-3222. 
17. Collins, C. J.; Hagaman, E. W.; Jones, R. M.; Raaen, V. F. Fuel 1981, 60, 359-

360. 
18. Bors, D. Α.; Kaufman, M . J.; Streitwieser, Α., Jr. J. Am. Chem. Soc. 1985, 107, 

6975-6982. 
19. Hagaman, E. W.; Chambers, R. R.; Jr.; Woody, M . C. Ener. Fuels 1987, 1, 

352-360. 
20. Mallya, N.; Stock, L. M. Fuel 1986, 65, 736-738. 
21. Mallya, N.; Stock, L. M. Prepr. Pap.—Am. Chem. Soc. Div. Fuel Chem. 1984, 

30(2), 291-297. 
22. Chambers, R. R., Jr.; Hagaman, E. W.; Woody, M . C. Fuel 1986, 65, 895-898. 

RECEIVED for review December 2, 1986. ACCEPTED March 30, 1987. 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

15



16 

Thermal Conversion of Polynuclear 

Aromatic Compounds to Carbon 

I. C. Lewis and L. S. Singer1 

Carbon Products Division, Parma Technical Center, Union Carbide 
Corporation, Cleveland, O H 44101 

The pyrolysis of polynuclear aromatic compounds and their mixtures 
produces carbonaceous pitchlike residues and ultimately carbon and 
graphite. Reaction studies on model aromatic hydrocarbons can be 
used to illustrate the chemical changes involved in this complex proc
ess. The reactions largely involve aromatic polymerizations accom
panied by bond cleavage and rearrangement. The tendency of large 
polynuclear aromatic compounds to associate into a liquid crystalline 
state plays a key role in their conversion to carbon. Studies using 
electron paramagnetic resonance—electron nuclear double resonance 
can clarify the nature of the stable free radicals that develop during 
carbonization. These aspects are reviewed to provide a clearer un
derstanding of the chemistry involved in the transformation of 
polynuclear aromatic compounds to carbon. 

P O L Y N U C L E A R A R O M A T I C C O M P O U N D S can be transformed thermally into 
carbonaceous residues and ultimately to carbon and graphite by a process 
called carbonization. The chemistry of carbonization is exceedingly complex 
and encompasses a wide variety of reaction types including bond cleavage, 
polymerization, molecular rearrangement, and hydrogen transfer. Even with 
a single aromatic hydrocarbon as a starting material, pyrolysis leads initially 
to a diversity of products. Detailed thermal reaction studies have been 
carried out on a number of polynuclear aromatic compounds (1-5). Various 
experimental as well as theoretical techniques have been used in attempting 
to clarify the nature of these reactions (6-8). The literature on the thermal 
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270 POLYNUCLEAR AROMATIC COMPOUNDS 

reactions of polynuclear aromatic mixtures as they occur naturally in petro
leum and coal-derived products is extensive. 

Scheme I is a generalized scheme for the transformation of a polynuclear 
aromatic hydrocarbon to carbon and graphite. Heat treatment at about 350-
500 °C leads to a complex reaction product mixture designated as pitch. 
Further reaction at temperatures near 500 °C results in an infusible poly
meric hydrocarbon mixture designated as coke. As the heat-treatment proc
ess continues, the remaining hydrogen is removed, and a two-dimensional 
carbon polymer is formed. Finally, at temperatures near 3000 °C, three-
dimensionally ordered graphite is produced. 

I AROMATIC HYDROCARBON | 

J( 300-500° C) 

PITCH 
(COMPLEX,FUSIBLE HYDROCARBON MIXTURE) 

(~500eC) 

COKE 
(INFUSIBLE POLYMERIC HYDROCARBON MIXTURE) 

(~1000eC) 

CARBON 

(TWO DIMENSIONAL CARBON POLYMER) 

(~3000°C) 

Scheme I. Transformation of a polynuclear aromatic hydrocarbon to carbon 
and graphite. 

Providing complete reaction mechanisms for any of these stages has not 
been possible. However, from detailed studies of the initial thermal reac
tions, general concepts pertaining to the thermal conversion of polynuclear 
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16. LEWIS & SINGER Thermal Conversion to Carbon 271 

aromatic compounds to carbon have been developed. These studies are 
reviewed in this chapter with the objective of clarifying the chemistry of the 
carbonization process. 

Interactions in Polynuclear Aromatic Mixtures (Nature of 
Pitch) 

Pitches are complex fusible aromatic mixtures generally obtained from the 
pyrolysis of coal- and petroleum-derived fractions. However, the pyrolysis 
of even a single aromatic hydrocarbon results in a product almost as complex 
as pitches derived from coal or petroleum. 

Pitches have some unique properties that are important for the sub
sequent transformation to carbon. Solid pitches behave as eutectic glasses. 
They exhibit glass transitions and melt to a low viscosity liquid over a broad 
temperature range. The results of a difierential scanning calorimetric (DSC) 
experiment for measuring the glass transition temperature of a naphthalene-
derived pitch are shown in Figure 1. Pitches exhibit another significant 
feature, namely, a tendency to form a liquid crystalline state. The devel
opment of a mesophase stage during conversion of pitches or aromatic hy
drocarbons to coke was first discovered by Brooks and Taylor (9). Depending 
on structure, mixtures of polynuclear aromatic compounds of a sufficiently 
large size form a nematic liquid crystalline phase. This phenomenon is i l 
lustrated in Figure 2, which contains polarized light photomicrographs of a 
petroleum pitch derived from decant oil as it is heat treated at 400 °C. This 
heat treatment results in volatilization of lower molecular weight components 
and polymerization of the more reactive species. The higher molecular 

0 50 100 150 200 

TEMPERATURE <°C) 

Figure 1. Determination of the glass transition temperature (Tg) by DSC. 
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272 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 2. Development of mesophase during heat treatment of petroleum pitch 
as observed by polarized light microscopy of polished sections at room tem
perature. A: 400°C, 2 h; B: 400°C, 6 h; C: 400°C, 12 h; D: 400°C, 20 h. 

(Reproduced with permission from reference 10. Copyright 1984.) 

weight aromatic components then tend to associate and precipitate out as 
anisotropic spherules from the lower molecular weight isotropic phase. As 
chemical reactions continue, the entire pitch is transformed to the mesophase 
state. Subsequent reaction leads to the formation of an anisotropic infusible 
solid coke. The chemical nature of mesophase pitch was recently reviewed 
(10). Mesophase pitches exhibit properties typical of nematic liquid crystals. 
However, mesophase pitches are somewhat unique in that they behave as 
supercooled glasses, and they exhibit nematic textures at room temperature 
in the solid state. 

Even prior to mesophase development, polynuclear aromatic com
pounds in pitch have a tendency for molecular association. This phenome
non, which results primarily from van der Waals interactions, has been 
observed from molecular weight (11) and electron paramagnetic resonance-
electron nuclear double resonance ( E P R - E N D O R ) experiments (12). 

Pyrolysis Studies of Polynuclear Aromatic Compounds 

Many studies of the pyrolysis of individual polynuclear aromatic compounds, 
particularly polynuclear aromatic hydrocarbons, have been published. The 
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16. LEWIS & SINGER Thermal Conversion to Carbon 273 

pyrolysis products depend on the reaction conditions, mainly temperature, 
but in every instance they are complex mixtures. At very high temperatures 
at which reactions occur in the vapor phase, extensive molecular fragmen
tation occurs, and the process is exceedingly complex. Low-temperature 
(400-500 °C) pyrolysis in the liquid phase is more straightforward and leads 
to products that are amenable to analysis. Most investigations, as well as 
most carbon industrial processes, have emphasized thermal conversion of 
aromatic compounds to carbon in the liquid state. Such studies with the 
model compounds anthracene and naphthalene can be used to illustrate the 
general chemistry of the carbonization of polynuclear aromatic compounds. 

Carboniza t ion of Anthracene . The pyrolysis of anthracene has 
been investigated extensively (13-17). The initial reaction is not well-under
stood, and various radical intermediates have been proposed. The ther
modynamics of anthracene dissociation has been discussed by Stein (8), and 
the formation of the anthryl radical by a disproportionation reaction such as 
Scheme II is expected to be very slow because of the instability of the σ 
radical (1). A mechanism involving the direct formation of the anthryl radical 
by hydrogen dissociation, although not favorable, might be possible. A re
action scheme based on the formation of the radical (2) from anthracene and 
dihydroanthracene has also been proposed (17). 

Η 

(!) (2) 

Scheme II. Formation of the anthryl radical by a disproportionation reaction. 

Anthracene dimers as well as dihydroanthracene have been identified 
as initial reaction products in all pyrolysis studies of anthracene. As shown 
in Chart I, 11 dimers from anthracene are possible. Because the 9-position 
is the most reactive, one might expect a predominance of the 9,9'-dimer. 
However the 2,9-dimer was reported as the major product in one study (18). 
Many of the other possible dimers were also obtained, depending on the 
reaction conditions employed. Both steric effects and reactivity factors must, 
therefore, be taken into account for considering the possible reaction prod
ucts in aromatic hydrocarbon pyrolysis. The results for anthracene show how 
the lack of a functional group and the nonspecificity for molecular recom
bination lead to complex product mixtures in aromatic pyrolysis. 

The main process occurring in the pyrolysis of polynuclear aromatic 
compounds involves polymerization. The carbonaceous residues that form 
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274 POLYNUCLEAR AROMATIC COMPOUNDS 

Chart I. Possible dimers of anthracene. (Reproduced with permission from 
reference 4. Copyright 1980 Pergamon Press.) 

on heat treatment of a polynuclear aromatic hydrocarbon or heterocycle are 
composed largely of oligomers of the starting material. This result is apparent 
from the gel permeation chromatographic (GPC) curve obtained for the 
residue from the pyrolysis of anthracene at 440 °C; this curve is shown in 
Figure 3. The G P C instrument was calibrated for molecular weight by using 
both model polynuclear aromatic hydrocarbons and separated pitch fractions 
(19). The chromatogram exhibits, in addition to a peak corresponding to 
unreacted anthracene, peaks corresponding to dimers, trimers, and tetra-
mers of the starting material. Additionally, the elution behavior demonstrates 
the presence of oligomers ranging in size up to decamers of anthracene. As 
stated earlier, 11 structures are possible at the dimer stage. As the degree 
of polymerization increases, the number of possible species becomes enor-
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16. LEWIS & SINGER Thermal Conversion to Carbon 275 

Figure 3. Molecular weight distribution of anthracene-derived pitch as meas
ured by GPC, with quinoline as the solvent. 

mous. The anthracene pyrolysis residue, therefore, exhibits all the charac
teristics of a pitch similar to those of very complex residues derived from 
petroleum or coal tar. 

One can separate and identify some of the pure components in the 
anthracene pitch by using chromatographic and spectroscopic techniques. 
Dimeric species such as the various dianthryls, dibenzoperylenes, bisan-
thene, benzonaphthofluoranthenes, and tetrahydrodianthranyls, as well as 
monomeric species such as dihydro- and tetrahydroanthracene, have been 
identified in this manner. The higher molecular weight oligomers are, how
ever, extremely difficult to separate and characterize. 

We have found it useful in our studies to use field-desorption mass 
spectrometry (FDMS) to determine the molecular constitution of pitch ma
terials. The mass spectrum for anthracene pitch is very complex and contains 
a large number of peaks in the measured mass range of 200-1350 M/Z (4). 
Many of the major peaks correspond to oligomers of anthracene. We have 
identified species containing up to eight combined anthracene units. Pro
posed structures for some of the main oligomeric components are presented 
in Chart II. Although polymerization is a key reaction in the liquid-phase 
pyrolysis of anthracene, the presence of many species, which are not oli
gomers of anthracene, demonstrates that ring degradation and rearrange
ment are also prevalent. Proposed structures for some of these products are 
shown in Chart III. 

With further heat treatment, the anthracene pitch is transformed to an 
infusible solid coke at about 500 °C and to a pregraphitic carbon at about 
1000 °C. At these stages, the carbonaceous residues behave as intractable 
and infusible solids and can only be described in terms of average structural 
parameters. The conversion of anthracene to carbon involves further poly
merization with continual loss of hydrogen. The rate of dehydrogenation can 
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DIMERS 

TRIMERS 

TETRAMERS 

(702) (706) 

Chart II. Proposed structures for some of the oligomeric molecular species 
identified by FDM S in anthracene-derived pitch. (Reproduced with permission 

from reference 4. Copyright 1980 Pergamon Press.) 

(516) 

Chart III. Proposed structures for rearrangement products identified by FDMS 
in anthracene-derived pitch. 
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16. LEWIS & SINGER Thermal Conversion to Carbon 277 

be followed by elemental analysis, as shown in Figure 4, which plots the 
hydrogen-to-carbon (H/C) ratio as a function of heat treatment temperature. 
The hydrogen is essentially gone at 1000 °C, and the material can be de
scribed as a disordered carbon. The polymerization sequence through the 
coke and carbon stages was also monitored with X-ray diffraction by Guet 
et al. (20). Their studies show that polymerization involves relatively small 
condensed ring units at the lower temperatures and the development of 
large condensed ring polymers at higher temperatures. A model for the 
average structures of anthracene-derived carbons at various stages of heat 
treatment is shown in Figure 5. 

Carbonization of Naphthalene. Naphthalene is considerably more 
stable than anthracene and requires extended heat treatment at 500 °C or 
higher to effect reaction. As with anthracene, the initial reaction product is 
a pitchlike residue with a large number of components. The molecular weight 
distribution of the pitch product obtained at about 500 °C as determined by 
G P C is shown in Figure 6. Discrete peaks corresponding to trimers, tetra-
mers, and pentamers can be observed. The chromatogram indicates that 
oligomers containing as many as 16 naphthalene units could be present. As 

0.70 

0.60 

0.50 

0.40 

H/C 

0.30 

0.20 

0.10 

4 0 0 5 0 0 600 700 8 0 0 900 1000 
Temperature °C 

Figure 4. Plots of HIC ratio for anthracene- and naphthalene-derived pitches 
as a function of heat treatment temperature. 
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278 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 5. Average structures proposed for anthracene-derived carbons from 
X-ray diffraction studies. (Adapted from reference 20.) 

Molecular Weight 

Figure 6. Molecular weight distributions of naphthalene-derived pitch and 
coke as measured by GPC. 
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16. LEWIS & SINGER Thermal Conversion to Carbon 279 

the pitch is heated for a prolonged time at 500 °C, it is first transformed to 
a mesophase state and then to an infusible coke. The molecular weight 
distribution for this coke as determined by G P C is also shown in Figure 6. 
The G P C experiments were performed by using quinoline as the solvent. 
The naphthalene coke was reductively ethylated to effect its dissolution in 
quinoline (19). At this stage, the extent of polymerization has advanced 
considerably so that the product contains polymers that can contain as many 
as 30 or more combined naphthalene units. 

The mass spectrum of naphthalene-derived pitch is shown in Figure 7. 
As with anthracene pitch, the spectrum is complex, but a detailed analysis 
shows the pitch to be largely composed of oligomeric species. Various species 
presumed to arise through bond cleavage and molecular rearrangement are 
also evident (21). Proposed structures for some major components are pre
sented in Chart IV. Further heat treatment of the naphthalene pitch to 

I 00r~ 

u > 600 
7 5 r -

700 800 900 

< 

501—· 

300 400 500 600 
m/e 

Figure 7. Mass spectrum obtained by FDMS for naphthalene-derived pitch. 
(Reproduced with permission from reference 21. Copyright 1984 Pergamon 

Press.) 
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280 POLYNUCLEAR AROMATIC COMPOUNDS 

Chart IV. Proposed structures for some of the molecular species identified by 
FDM S in naphthalene-derived pitch. 

higher temperatures results in continuing dehydrogenation and polymeri
zation to large condensed ring structures. The rate of dehydrogenation up 
to 1000 °C, as monitored by elemental analysis, is shown in Figure 4. Naph
thalene appears to dehydrogenate and polymerize at a faster rate than an
thracene. 

Role of Free Radicals in Carbonization of Polynuclear 
Aromatic Compounds 

The thermal conversion of polynuclear aromatic compounds to carbon can 
be considered a free-radical process because it involves a series of bond 
cleavage reactions. Many of the radical intermediates are expected to be 
unstable and cannot be detected by conventional spectroscopic techniques. 
However, the carbonaceous residues from pyrolysis do contain significant 
amounts of stable free radicals as apparent from Ε PR experiments. For 
example, Figure 8 shows the results of E P R measurements of the free-radical 
content for anthracene and naphthalene pitches after heating from 400 to 
700 °C. The concentration of stable free radicals increases with heat treat
ment temperature as the molecular size grows. The more highly condensed 
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9 

400 500 600 700 
Heat Treatment Temp. °C 

Figure 8. Spin concentrations (spins/gram) as a function of heat treatment 
temperature for anthracene- and naphthalene-derived pitches. Key: o, an

thracene-derived pitch; •, naphthalene-derived pitch. 

anthracene contains a higher concentration of free radicals at a given tem
perature than naphthalene does. The extensive literature on free-radical 
studies of carbonization was reviewed (22). This present discussion wil l be 
restricted to the nature of these stable radicals and their involvement in the 
pyrolysis of aromatic compounds. 

Odd-Alternate Polynuclear Aromatic Hydrocarbon Radi
cals. Substantial evidence supports the contention that the stable free 
radicals formed during the pyrolysis of polynuclear aromatic compounds are 
odd-alternate hydrocarbon radicals. As an example, the phenalenyl radical 
(5) is formed during pyrolysis of a number of organic compounds including 
acenaphthylene (3) and dihydronaphthalene (4) (24) (see Scheme III). The 
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282 POLYNUCLEAR AROMATIC COMPOUNDS 

(4) 

Scheme HI. Formation of the phenalenyl radical during pyrolysis of ace-
naphthylene and dihydronaphthalene. 

formation of phenalenyl from these compounds involves some unusual pol
ymerization and rearrangement processes. The phenalenyl radical is ex
tremely stable and has been observed from in situ pyrolysis of aromatic 
compounds at 400 °C (23). We have synthesized a number of additional odd-
alternate polynuclear aromatic radicals including 3H-benz[de]anthryl (6), 2H-
benzo[cd]pyrenyl (7), and 3H-benz[f,g]naphthacenyl (8) radicals. These rad
icals exhibit considerable stability at elevated temperatures because of the 
ease of derealization of the unpaired electron. They can readily be identified 
and characterized through the use of E P R and E N D O R techniques (25). As 
an example, F i g u r e 9 shows the E N D O R spectrum for the 2H-
benzo[cd]pyrenyl radical measured at 400 K. The proton hyperfine coupling 
constants can be determined directly from the E N D O R spectrum and used 
to determine the free-electron density and the relative reactivities at the 
various positions in the molecule. 

(6) (7) (8) 

Free-Radical Mechanisms of the Carbonization of Polynuclear 
Aromatic Compounds. The polymerization process that transforms pol
ynuclear aromatic compounds to carbon can occur in two distinct stages. 
As shown in the proposed sequence for naphthalene in Scheme IV, free-
radical intermediates can be involved in both stages. The first stage of pol
ymerization can occur through a reactive radical produced by hydrogen 
dissociation or by a disproportionation reaction (18). The naphthalene oli
gomers can then form stable odd-alternate radicals in the second-stage con
densation process through the loss of a single hydrogen atom. As shown in 
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ba 

Γ 

12 17 
RF FREQUENCY (MHz) 

22 27 

Figure 9. ENDOR spectrum of 2H-benzo[cd]pyrenyl radical measured at 400 
K. (Reproduced with permission from reference 25. Copyright 1985 Wiley.) 

Scheme IV, the loss of one Η atom from the naphthalene trimer leads to a 
molecule containing a 19-carbon conjugated system and a single sp3 carbon 
atom. The free radical is stabilized by delocalization of the unpaired electron 
over the 19-carbon atom network. Loss of an additional H atom results in a 
fully condensed aromatic hydrocarbon containing 20 carbon atoms. 

(I) (ID 

Scheme IV. Proposed mechanism for the formation of stable IT radicals during 
thermal polymerization of naphthalene. (Reproduced with permission from 

reference 7. Copyright 1981 Pergamon Press.) 
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284 POLYNUCLEAR AROMATIC COMPOUNDS 

Summary and Conclusions 

The thermal conversion of polynuclear aromatic compounds to carbon is 
primarily a polymerization process. For aromatic hydrocarbons, this process 
occurs through the loss of hydrogen or substituent alkyl groups. Similar 
polymerization sequences are involved in thermal reactions of other aromatic 
components of carbonaceous materials, such as polynuclear heterocycles (26). 
Polymerization leads to a mixture of oligomers, and the structure depends 
on the site of reaction. Other reactions including hydrogen transfer and 
molecular rearrangement are also prevalent and contribute to the complexity 
of the process. The transformation of these pitch mixtures to infusible coke 
usually occurs through a liquid crystalline state. This development of mes
ophase depends on the presence of large aromatic molecules in sufficient 
concentration. Development of the infusible coke stage involves further 
polymerization and dehydrogenative condensation through σ-radical and 
odd-alternate ττ-radical intermediates. With increasing heat treatment tem
peratures, the carbonaceous polymers undergo continued dehydrogenation 
and polymerization to form the carbon precursors of three dimensionally 
ordered graphite. 
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Quantum Chemical  Structure-Reactivity 

Relat ionships in Polycycl ic  Benzenoid 

Aromatic  Hydrocarbons 
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1Facultad de Quimica, Universidad de Guanajuato, Noria Alta, 
Guanajuato, GTO 36000, Mexico 
2Department of Chemistry, University of Texas at El Paso, El Paso, TX 79968-
0509 

Theoretical methods to predict chemical reactivity properties of 
polycyclic benzenoid aromatic hydrocarbons are reviewed. These 
methods include the usual molecular orbital (MO) quantum chemical 
calculations, as well as pencil-and-paper MO and valence-bond pro
cedures to derive indexes related to the rates of chemical reactions. 
Justification for the pencil-and-paper procedure termed the pertur-
bational molecular orbital:free-electron method (PMO:F) is pre
sented, and the modifications (PΜΟ:Fω) of this procedure necessary 
to handle the differing reactivity patterns with neutral and ionic 
intermediates are also given. Examples of correlations of experimental 
results are used to illustrate these modifications. 

T H E QUANTUM THEORETICAL CHARACTERIZATION of the molecular struc
ture of polycyclic benzenoid aromatic hydrocarbons (PAHs) and the rela
tionships of structure to the physical and chemical properties of PAHs are 
problems that have been of concern to theoreticians (and experimentalists) 
for more than 50 years. In general, quantum chemical procedures can be 
used successfully to correlate kinetic and thermodynamic data for PAHs. 
These procedures are usually restricted to the ττ systems of the PAHs and 
normally seem to yield very good results because (1) the IT system properties 
are described accurately by quantum mechanical calculations and (2) the 
energetics of a given type of reaction in a group of related PAHs is mainly 

0065-2393/88/0217-0287$06.00/0 
© 1988 American Chemical Society 
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288 POLYNUCLEAR AROMATIC COMPOUNDS 

determined by energy differences of the respective ττ systems. In fact, the 
PAHs have served as the testing systems for many of the approximations 
used in molecular orbital (MO) and valence-bond calculations (1-5). 

Quantum chemical pencil-and-paper procedures have proved to be 
quite useful in the P A H field (6-8). The methods that have been developed 
are widely applicable and easy to use, and they give good qualitative and 
quantitative results for correct physical reasons. We feel that reactivity in
dexes obtained from Huckel M O (HMO) calculations also lie in the non-
computer category. Actual H M O calculations are seldom necessary because 
of the comprehensive tabulations of eigenvalues, eigenvectors, and derived 
indexes for nearly all common ττ systems with fewer than 30 ρ orbitals (9). 
However, the correlative ability of H M O calculations is generally worse than 
results from self-consistent field-ττ (SCF-ττ) or all-valence-electron S C F 
methods. This situation is illustrated by the work of Streitwieser et al. (10), 
in which rates of protodetritiation of aromatic hydrocarbons are compared 
with several types of localization energy calculations. Correlation coefficients 
with the log of the rate constant are found to be 0.979, 0.970, and 0.893 for 
localization energies calculated by complete neglect of differential overlap 
(CNDO/2), SCF-ττ, and H M O methods, respectively; that is, very good 
correlations are found for C N D O / 2 and SCF-ττ calculations, and a poor 
correlation is found for the H M O results (8). 

The perturbational M O method of Longuet-Higgins (11) and Dewar 
(12), which was thoroughly reviewed by Dewar and Dougherty (6), has been 
the pencil-and-paper method of choice in numerous applications. More re
cently, a modified free-electron (MFE) M O approach (13-15) and a valence-
bond structure-resonance theory (VBSRT) (7, 16, 17) have been applied to 
several P A H structure and reactivity problems. A new perturbational variant 
of the free-electron M O method (PMO.F) has also been derived and reported 
(8, 18). Both P M O : F and VBSRT qualify as simple pencil-and-paper pro
cedures. When applied to a compilation of electrophilic substitution param
eters ( σ + ) (19-23), the correlation coefficients of calculated reactivity indexes 
with σ + for alternant hydrocarbons are 0.973 and 0.959, respectively (8). In 
this case, the performance of the P M O : F method rivals that of the best 
available S C F calculations for systems of this size, and that of VBSRT is 
sufficient for most purposes. 

The purpose of this chapter is to advocate the use of P M O : F as a general 
tool for the consideration of P A H structure-reactivity problems, particularly 
in the case of large and very large PAHs. Therefore, some effort is made to 
delineate justifications for this method to engender its use. However, we 
presume that the reader is familiar with the concepts and procedures of the 
H M O and P M O methods (3-6). Szentpâly has recently demonstated that 
charge and electron-repulsion effects can be included in P M O procedures 
(24) and the necessary procedures to include these effects are outlined in 
this chapter. References and brief listings of published applications are given 
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17. S Z E N T P Â L Y & H E R N D O N Structure-Reactivity Relationships 289 

where appropriate, and results from our alternate pencil-and-paper proce
dure, that is, VBSRT, are noted where they are available. Previously un
published results are discussed in somewhat more detail. 

Free-Electron and PMO:F Methods 

The free-electron M O (FEMO) model was introduced in papers by Kuhn 
(25) and Bayliss (26) and explicated in a series of papers by Piatt, Ruedenberg, 
Scherr, Ham, and Labhart principally during the 1950s. These papers have 
been collected in a book entitled Free-Electron Theory of Conjugated Mol
ecules (27), and many of the topics covered in the papers are further discussed 
in a review article by Piatt (28). Both works provide fascinating reading for 
students interested in theory and structure-reactivity relationships. Prob
lems in the P A H area that have recently been investigated with the F E M O 
method include studies of ionization energies (13, 14) and reactivities in 
electrophilic substitution (15). 

The basic differences between the F E M O and the H M O methods are 
(1) the F E M O method presumes the electron exists in a space (box) of 
continuous potential and (2) the F E M O method contains only one parameter, 
the neighboring distance D, rather than two parameters as in the H M O 
method. The meaning of the parameter D in terms of measurable quantities 
is defined more precisely than the integral parameters in the H M O method, 
and the F E M O model is closer to being an absolute theory with no adjustable 
parameters. When the existence of the free electron is restricted to the one-
dimensional carbon-bond skeleton of the molecule, one obtains the free-
electron network model. Depending upon the conditions imposed at the 
branch points of the C skeleton, a very close relationship between the F E M O 
and H M O methods and results can be demonstrated. 

In developing the P M O : F method, recalling and using this F E M O and 
H M O isomorphism is useful. The requirements for the isomorphism are the 
original Kuhn branching conditions (25), as well as the requirement that the 
end of the free-electron path be fixed one bond length beyond terminal 
atoms (26, 27). Under these conditions, odd-alternant PAHs possess a non-
bonding F E M O characterized by a de Broglie wavelength \ 0 = 4D, where 
D = 1.40 Â, the average aromatic C - C bond length. The branching con
ditions are equivalent to the introduction of three types of resonance integrals 
rather than the single exchange integral β of H M O theory: 

β η η = 7 (between a pair of nonjoints) (1) 

= (V2/3 )y (between a joint and a nonjoint) (2) 

βϋ = (2/3)7 (between a pair of joints) (3) 
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290 POLYNUCLEAR AROMATIC COMPOUNDS 

However, these are not additional parameters because the numerical mul
tipliers are a required consequence of the appropriate branching conditions 
for F E M O s . 

The P M O : F approach assumes that the structures of reactants and in
termediates are closely related and that the relationship can be treated 
through the use of a perturbation M O formalism. The explicit assumptions 
are as follows: 

1. Delocalized systems are described in terms of a F E M O model 
(25-28). 

2. The localized bond model is adopted for σ bonds and isolated 
ττ bonds (5, 6). 

3. In comparing two conjugated structures with slightly different 
ττ systems, the difference in energy is assumed to be that 
between the ττ electrons, and contributions by stretching or 
compression of σ bonds are absorbed in values of ττ energies 
(5, 6, 29). 

4. The difference in energy between two slightly different ττ sys
tems is obtained by first-order perturbation theory. 

Concerning the third assumption, Schaad and Hess (29) demonstrated that 
C - C bond energy is nearly linear with ττ bond order prs within the range 
from 0.3 to 0.9. This condition permits the absorption of σ compression in 
values of IT energy. The difference Δ£ in energy between two closely related 
systems R and R' can thus be written as follows: 

ΔΕ = Δ Ε σ + Δ Ε , (4) 

where Δ Ε σ is the difference in energy of the localized electrons in R and 
R', and Δ Ε π is the corresponding difference in ττ energy. Because the lo
calized bond model is used, Δ Ε σ can be found immediately from tables of 
standard bond-energies (5); the problem is therefore reduced to the calcu
lation of Δ Ε π . 

The P M O : F method is implemented by calculating the energy change 
required to excise a reactive site (S) of the reacting molecule out of the 
reactant ττ system to yield the odd P A H ττ system R. This calculation is 
actually done by estimating the energy for the reverse process, that is, the 
adjoining of the excised atom to re-form the original reactant ττ system, RS. 
The excised site and the remaining ττ system are both odd-alternant, ττ 
molecular systems. Both fragment systems therefore possess a nonbonding 
M O (Ν Β MO) level, and the change in ττ energy as these levels are combined 
can be calculated by first-order perturbation theory. 

When the two formally separate fragments, R and S, are combined to 
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17. SZENTPÂLY & H E R N D O N Structure-Reactivity Rehtionships 291 

form RS, the degeneracy of the nonbonding levels of R and S leads to a first-
order splitting of the degenerate levels. When two neutral ττ radicals are 
combined, the first-order change in energy is given by the following equa
tion: 

ΔΕ = 2Σ Ur) e 0 (*h = 2 ^ cF
0rcF

0£rs 

(rs) (rs) (5) 

where Ψ 0 (Γ ) and Q0(s) are the N B M O amplitudes on atom r of fragment R 
and atom s of fragment S, respectively; cF

0r and cF
0s are the corresponding 

F E - N B M O coefficients; 7 is a constant; and β„ is the resonance parameter 
across the bond linking atoms r and s. Summation goes over all bonds (rs) 
connecting the fragments R and S. In the H M O model, the amplitudes are 
identical to the coefficients, and β Γ 5 = β = constant. 

Unnormalized F E - N B M O amplitudes are found by a zero-sum rule 
identical to that of Longuet-Higgins (11) for Huckel coefficients. Conse
quently, the unnormalized F E M O amplitudes precisely coincide with the 
unnormalized Huckel coefficients. However, to obtain correct normalization, 
the contributions to the density have to be integrated along the three bonds 
converging to a joint, whereas only two bonds converge to a nonjoint. Thus, 
the different β values are somewhat compensated by the differences in the 
coefficients, as shown in the following equations: 

c\ = V3DÏ2MJ) (6) 

cFon = ν Ο ψ 0 ( η ) (7) 

Because of the different normalization, the compensation is not complete, 
and all F E - N B M O amplitudes and coefficients for systems containing active 
(starred) joints must differ from their Huckel counterparts. 

The F E - N B M O and H M O - N B M O coefficients of ττ radicals corre
sponding to a- and β-substitutions in naphthalene are derived in Chart I to 
serve as examples. In the case of α-substitution, the F E M O model offers 
two possibilities for treating the effective potential at a bridge head atom 
adjacent to a substitution site, that is, either as a joint or a nonjoint atom. 
In the first case, an appendage of the free-electron pathway is considered 
to be pointing toward the α-position. In this chapter, these types of atoms 
in P A H fragments are taken to be joint positions. 

The calculations of the first-order P M O and P M O : F energies are also 
given, and both methods predict that the α-position is more reactive (smaller 
localization energy) than the β-position, although only small differences in 
the numerical values of the localization energies are found. However, these 
small differences do prove to be significant in at least two important appli-
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unnormalized Huckel 
N B M O coefficients 
(zero-sum rule) 

Δ Ε (localization, PMO) 

unnormalized 
F E - N B M O coefficients 

Δ Ε (localization, P M O : F) 

2.058β 

Chart I. Derivation of FE-NBMO and HMO-NBMO coefficients of ττ radicals 
corresponding to a- and β-subsitutions in naphthalene. 

cations: (1) the correlations of σ + constants for electrophilic substitutions 
referred to earlier and (2) gas-phase proton affinity (PA) data (30, 31) which 
has recently become available. 

The results obtained by the four pencil-and-paper procedures are sum
marized in Table I. The P M O : F method shows the highest level of consist
ency when the nonalternant fluoranthene data is included and remains at 
the very good level for both applications. Partly, this situation is due to an 
additional modeling of the known reduced reactivity at α-positions adjacent 
to a five-membered ring (32, 33) by treating the atom at the bridge head of 
the small ring as a nonjoint position (8, 34). The poor correlation of the PA 
data obtained with the H M O method is probably due to the PA values 
encompassing a wider variety of structural types than what is normally con
sidered reasonable in H M O applications where the values of parameters are 
strongly dependent on structural type and application (3). Thus, the Hùckel 
method must be interdicted for the PA application, although the correlations 
of the σ + values are satisfactory. The significantly lower correlation coeffi
cient with σ + upon including fluoranthene values as calculated by VBSRT 
may be due to the problem of overcounting resonance structures in five-
membered-ring ττ systems (thereby overestimating π resonance energies), 
as discussed by Stein, and co-workers (35, 36) and by Herndon (37), or a 
separate parametrization of VBSRT for cationic species may be mandated in 
analogy to the results for PMO:Ρω presented later in this chapter. 
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294 POLYNUCLEAR AROMATIC COMPOUNDS 

FMOtFto Method 

PMO:Fo) stands for a paper-and-pencil procedure that allows one to differ
entiate between the energies of odd-alternate P A H radicals, anions, and 
cations (24, 38). The calculations are carried out within the free-electron 
perturbational M O framework. The effects of electronic charge are accounted 
for by a procedure that makes use of the formal principles of the ΗΜΟω 
technique, a method used in H M O calculations by Wheland and Mann (39), 
and by Streitwieser (40). The ΗΜΟω calculations require an iterative so
lution for H M O eigenvalues and eigenvectors, whereas the PMO:F<») pro
cedure requires only a single hand calculation (to be described later). 

The atoms of odd P A H radicals are electrically neutral. In these kinds 
of systems, simple P M O and P M O : F theories provide a reasonable descrip
tion of energy differences between the ground state of IT hydrocarbons and 
reactive intermediates (6, 11, 38). However, in the corresponding anions 
and cations, the different charges of the different atoms effectively lead to 
different electronegativities of the topologically distinct atoms. These differ
ences due to the charges in ionic species can be rather important in cor
relating and understanding the chemistry of such species. Breakdowns of 
the simple H M O and P M O approximations are documented in the work of 
Dewar and co-workers (6, 41, 42), and Streitwieser and co-workers (43, 44) 
on ionic reaction intermediates. The errors found in P M O and P M O : F 
treatments of P A H ions are on a tolerably low level in some cases (5, 6, 8, 
11); in others, they are more pronounced (24, 38). In the σ + correlations 
summarized in Table I, large errors are not present, although an improve
ment in the scatter of the calculated regression (8) would be welcome. 

In the ΗΜΟω method, the carbon-atom electronegativity is assumed 
to depend linearly on the net atom charge qr. A more attractive Coulombic 
parameter a r is attributed to a positively charged carbon atom, because of 
fewer electrons to screen the core. The proposed change in electronegativity 
is <û$qr; the parameter ω has an optimized value ω = 1.4. 

where a 0 and β are the usual Huckel Coulombic and resonance parameters, 
respectively (39,40). A n iterative procedure is required because the obtained 
charges are derived from the eigenvector coefficients of the H M O secular 
matrix, which in turn depend upon the a r calculated by equation 8. 

The energy of an odd P A H ionic ττ system therefore differs from that 
of the corresponding radical. To the first order, this extra energy (stabilizing 
or destabilizing) is given as follows: 

ar = a0 + ωβ<?Γ (8) 

£c.« = ωβ Σ (1 " Qr)qr = ω β ( ^ qr ~ Σ 9r2) 
(9) r r r 
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17. SZENTPÂLY & H E R N D O N Structure-Reactivity Relationships 295 

where ( l - q r ) = Qr is the total ττ charge on atom r. The notation E c ω refers 
to the related charge-dispersal energy E C (PPP) (45, 46) of the Pariser-Parr-
Pople model, which makes use of a similar kind of correction and whose 
principles can be used to justify the ΗΜΟω method. The net charges sum 
to +1 and -1 for cations and anions, respectively. For odd P A H ions, we 
obtain the following: 

q2 = cl = D2ty0
4(r) for r = η (10) 

φ = cl = ( 3 D / 2 ) V M for r=j (11) 

according to the P M O : F method. The combination of equations 9-11 allows 
the inclusion of a variable electronegativity and some electron interaction 
as first-order perturbations in the P M O : F method. The improved method 
is denoted P M O : F < U because it is the free-electron variant of the ΡΜΟ-ω 
method of reference 24. 

The discussion so far has treated only those reaction intermediates that 
can be formed from a parent unsubstituted P A H . We also wish to present 
the treatment for cases in which a delocalized ττ intermediate is formed from 
methyl-substituted derivatives. For example, in considering the formation 
of an arylmethyl cation, thermocyclic arguments (5, 6) have to be imple
mented to estimate the difference in Ε £ ω between the arylmethyl cation and 
the fragments before the union, that is, the neutral even P A H and the C H 2

 + 

ion. The localized positive charge of the C H 2
+ ion and the condition qr = 

0 in the neutral even P A H leads to the following: 

Ε ^(reference structure) = ωβ[(1 - 1) + (0 - 0)] = 0 (12) 

Thus, the PMO:F<o and ΡΜΟ-ω methods correlate the formation of an 
arylmethyl cation with the following: 

E £ . = ED + Eim = 2(1 - Μ ) β + (1 - Σ υ ) ω β (13) 
r 

where cob is the N B M O coefficient at the methylene site. The second term 
may be interpreted as going beyond the usual P M O approximation of a 
constant ionization energy for all odd aromatic hydrocarbon radicals by in
troducing a specific stabilization of the cation that depends upon structural 
topology. The change in σ energy during the carbocation formation is con
sidered to be independent of the parent molecule because such changes are 
well-described by the localized-bond model (5). 

How are these arguments amended to deal with cases that involve 
anionic intermediates (42-44)? In the ΗΜΟω method, an anionic ττ system 
is destabilized relative to the corresponding radical by the positive term 
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296 POLYNUCLEAR AROMATIC COMPOUNDS 

= ωβ(-1-Σ<?Γ 2 ) 
(14) 

because the net charges sum to - 1 and β < 0 by definition. However, this 
situation is not at variance with Brickstock and Pople's statement (45) that 
ions of both signs should show the same increase of resonance stabilization 
in comparison with the corresponding radical. In fact, the resonance energies 
in reference 45 are formulated with respect to the energy of a classical ionic 
or radical structure. According to the ΗΜΟω technique, any classical anion 
is strongly destabilized because the whole negative charge resides on a single 
carbon atom, as in the fragment C H 2 ~ which serves as the reference system 
before union with the neutral even P A H . 

E c , e " (reference) = ωβ[(-1 - 1) + (0 - 0)] = - 2 ω β (15) 

By correlating the formation of an arylmethyl anion with the difference 
between its ττ energy and that of the fragments, we obtain equation 16 for 
the anionic case: This equation is formally identical to the result given for 
the cationic situation in equation 13. 

Ela = 2(1 - | C J ) P + (1 - £ c 0
4

r ) ωβ (16) 
r 

Examples and Discussion 

Electrophilic substitution is the principal chemical reaction that is presumed 
to characterize the concept of aromaticity (47). With this presumption, rates 
of protodetritiation (equation 17) afford a prototype data set that can be used 
to define σ + for individual sites of reaction in PAHs (19-23). 

ArT + H + - * A r H + T + (17) 

Experimental gas-phase PA values (30, 31) constitute a related set of exper
imental values in which the measured PA is assumed to refer to the most 
reactive molecular position. Comparisons of σ + with various types of quan
tum chemical calculated parameters have been tabulated by Streitwieser et 
al. (10) and by us (8, 16). A summary of the results for previously used 
pencil-and-paper procedures and S C F methods was already presented in 
Table I. 

The calculations presume that the rate-determining step involves pro
tonation of the neutral P A H to yield a delocalized odd-alternate cationic 
species, as shown in Scheme I. The difference in energy between that of 
the neutral P A H and the cation is called the localization energy, and this 
localization energy is the quantity estimated by the various theoretical meth
ods. The greater the localization energy, the less reative the parent P A H is. 
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17. SZENTPÂLY & H E R N D O N Structure-Reactivity Relationships 297 

P M O : F and PMO:Fo) localization energies for cationic species and the 
experimental parameters are listed in Table II; nonbenzenoid compounds 
have been excluded from this table. We treat the correction term for charge 
interaction that characterizes the PMO:Fa> procedure as a individual param
eter; therefore, it is listed separately. PA values calculated by C N D O / 2 , an 
all-valence-electron S C F method (10), are also included in Table II to fa
cilitate a comparison of PMO:Ρω and a typical quantum mechanical pro
cedure that includes the effects of electron repulsion. 

In the correlation of σ + using P M O . F , the results obtained parallel our 
previous results given in Table I. The correlation coefficient is 0.972, and 
the average deviation of a calculated σ + from the experimental value is 
±0.040. Proceeding to PMO:Fa>, the optimized value of ω is found to be 
1.45, and in consonance with the presence of an additional parameter, the 
correlation coefficient rises slightly to 0.979, and the average deviation of 
the calculated σ + falls to ±0.037. Calculated σ + are given by the following 
equation: 

- σ + (calculated) = 0.727 - 0.527(PMO:F) + 0.763(1 - Zq2) (18) 

A plot of the calculated σ + versus the experimental σ + is shown in Figure 
1. 

The P M O : F result for PA values has already been given in Table I, 
although the correlation included the nonalternant fluoranthene and the 
cyclobutadienoid biphenylene. The P M O : F < U correlation equation for the 
PA values of the benzenoids in Table II is the following: 

PA(calculated) = 940.4 - 86.3(PMO:F) + 69.1(1 - %q2) (19) 

The correlation coefficient for equation 19 is 0.971, and the average deviation 
of a calculated PA is ±5 .9 kj/mol. The quality of the regression analysis can 
be judged by examining Figure 2. 

As has been found in other cases (24, 37, 38), a simple technique such 
as PMO:Fo> gives results that are highly correlated with S C F calculations. 
As an example, the C N D O / 2 calculated PA values (10) given in Table II are 
precisely correlated by the following: 

PA(calculated by CNDO/2) = 14.32 - 1.68(PMO:F) + 2.56(1 - %q2) (20) 
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Figure 1. Calculated versus experimental σ + for PAHs (see Table II). 

The optimized value of ω is 1.52, the correlation coefficient for equation 20 
is 0.995, and the average deviation of a PMO:Fo> PA from the corresponding 
C N D O / 2 PA is only ± 0.04 electronvolts (eV). A plot of the results is not 
shown because the deviations from a straight line are too small to indicate 
any systematic source of the deviations. The results do indicate that the 
more complex C N D O / 2 procedure can be accurately modeled by the 
PMO:Fa) method, at least for this application. Whether or not one can extend 
this result to other types of S C F procedures is under investigation. The 
applications of P M O : F and PMO:Fa) to other types of reactions with ionic 
intermediates (see references 37 and 38 for reviews) are also receiving con
sideration. 

Radical abstraction and addition reactions are likely to be important 
components of P A H thermal chemistry (48). Paper-and-pencil procedures, 
particularly VBSRT, to correlate radical reactivities and the qualitative ther
mal behavior of PAHs and alkyl derivatives have been reviewed (35, 37, 48). 
Rate data were obtained by Gleicher and co-workers (49) and by Dickerman 
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Figure 2. Calculated versus experimental PA values for PAHs (see Table II). 

et al. (50) for the following reactions: 

A r C H 3 + CC1 3 » A r C H 2 - + H C C 1 3 (21) 

H 
A r H + C 6 H 5 » * A r ^ > A r C 6 H 5 + H - (22) 

C 6 H 5 

These data can be used as primary standards of comparison, and fairly good 
correlations with resonance energy differences calculated by VBSRT and 
other methods have been obtained (35, 37, 48). 

This radical rate data, in the form of partial rate factors, and the relevant 
P M O : F calculations are summarized in Table III. The intermediate radicals, 
equations 21 and 22, are neutral, so P M O : F < U is not required for calculating 
the localization energies. The rate data have been recalculated to refer to 
the phenyl-substituted compound, namely, toluene or benzene, and the 
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17. SZENTPÂLY & HERNDON Structure-Reactivity Relationships 303 

localization energies are converted to stabilization energies relative to the 
localization energies of the same standards. The original experimental papers 
(49, 50) should be consulted for details regarding assumptions concerning 
the analysis of products. 

The correlation of the arylmethyl hydrogen abstraction data with the 
P M O : F calculations is shown in Figure 3. The correlation coefficient is 0.911, 
the lowest found yet for any application of the P M O : F or PMO:Ρω methods. 
However, this value compares favorably with the results of the VBSRT 
calculations (37) and the H M O calculations (49) for which the correlation 
coefficients are 0.933 and 0.855, respectively, for the rate data versus res
onance energy differences. We also find again a very good correlation of the 
P M O : F localization energies with, in this case, open-shell Pariser-Parr-
Pople S C F - T T calculations (49), correlation coefficient 0.963. In any event, 
the P M O : F calculations can be used to quantitatively correlate and predict 
rates of reaction in this case as well. 
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Figure 3. Calculated PMO:F energies versus experimental log (relative rates) 
for abstraction reactions from methyl PAHs (see Table III). 
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304 POLYNUCLEAR AROMATIC COMPOUNDS 

The partial rate factors for phenylation (50) are much more congruent 
with the P M O : F calculations, as demonstrated by the plot of the data from 
Table III given in Figure 4. The correlation coefficient is 0.985, and the 
average deviation of a partial rate factor calculated from the regression line 
is only ±0.10, which corresponds to an actual rate ratio of 1.25. The other 
pencil-and-paper procedures also give improved results when compared with 
the abstraction case. Correlation coefficients of resonance energy differences 
calculated by VBSRT and the H M O method with the log of the relative rate 
are both 0.961. 

Conclusions 

In general, we find that P M O : F and PMO:Fco are useful methods to correlate 
and help understand P A H chemical reactivity. In every case investigated so 
far, the experimental data are correlated much more precisely with these 
methods than with the H M O method. In the majority of applications, the 
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Figure 4. Calculated PMO:F energies versus experimental log (relative rates) 
for phenylation of PAHs (see Table III). 
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17. SZENTPÂLY & HERNDON Structure-Reactivity Relationships 305 

performance of P M O ; F and PMO:Fa> is as good as or is better than the 
performance of the best available semiempirical S C F calculations. We be
lieve that the correlations obtained are not due to chance but result from 
the fact that these perturbational F E M O procedures provide an accurate 
modeling of electronic derealization and charge interaction. Because the 
large molecular size of many P A H reactants and intermediates precludes 
the extensive use of ab initio calculations, we infer that these P M O proce
dures may be the methods of choice for the theoretical understanding of 
structure-reactivity relationships in large P A H systems. 

The chemistry of very large PAHs has barely been explored. Large 
structures of this type may be involved in coal chemistry (51, 52) and in the 
thermal conversion of PAHs to carbon (53), as detailed elsewhere in this 
book. In addition, the recent postulate of a spherical C 6 0 aromatic structure 
for a pyrolytic graphite fragment (54) may spawn a possible new subfield of 
three-dimensional polycyclic aromatic chemistry. Large PAHs have also been 
suggested to be abundant in interstellar space surrounding carbon-rich stars 
(55-57), and possible candidate structures are being synthesized by Hendel 
et al. (58). F E M O , P M O : F , and PMO:Fco will be useful theoretical tech
niques to apply in these areas. However, obtaining the F E M O coefficients 
for large PAHs by performing hand calculations is tedious. We are developing 
a microcomputer program to perform the calculations, and we plan to apply 
P M O : F and PMO:Fa> to characterizing structure-reactivity relationships in 
large PAHs. 
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Correlations Between the Spatial 
Configuration and Behavior of Large 
Polynuclear Aromatic Hydrocarbons 

J. C. Fetzer 

Chevron Research Company, Richmond, CA 94802-0627 

Twenty previously unreported polycyclic aromatic hydrocarbons 
(PAHs) were synthesized by condensing mixtures of 1-phenalenone
-type ketones. These PAHs were isolated and identified by using field
-ionization mass spectrometry, spectrofluorometry, and UV-visible 
absorbance spectrometry. The spectrometry and chromatography of 
these and other PAHs were compared. Correlations between the steric 
strain and the spectral valley depths between maximums, or chro
matographic retention, were found. Steric effects were not the only 
factors affecting retention; resonance stability also appeared to in
crease retention. 

A N A L Y S E S O F M A T E R I A L S for polycyclic aromatic hydrocarbons (PAHs) have 
become more important in the past few years. The possible etiological effects 
and ubiquity of these compounds make them interesting. PAHs are found 
in shale oil, coal liquids, petroleum, asphalt, and many other hydrocarbon-
based materials (I). When these materials are combusted, fly ash, chimney 
soot, and engine-derived air particulates are produced. These products have 
higher levels of PAHs than the original materials. Discharging of PAHs into 
the environment has resulted in their universal occurrence in air and water. 

PAHs do not necessarily present a problem when they are found in a 
sample. A problem only occurs if certain P A H isomers are found. The mu
tagenic and carcinogenic levels of a P A H are structurally dependent. Certain 
isomers can be very active, whereas other similar ones are not active. For 

0065-2393/88/0217-0309$06.75/0 
© 1988 American Chemical Society 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

18



310 POLYNUCLEAR AROMATIC COMPOUNDS 

example, of the five PAHs that contain four rings and have a molecular 
weight of 228, three (chrysene, benz[a] anthracene, and ben-
zo[c]phenanthrene) are mutagenic, and two (naphthacene and triphen
ylene) are not (2). Analytical methods for P A H analysis must be able to 
differentiate specific P A H isomers to accurately assess the potential health 
effects. 

Limitations in PAH Analysis 

The possible use of most techniques for P A H analysis is limited by the need 
to differentiate isomers. Mass spectrometry, for example, yields only P A H 
molecular weights because only the molecular ion gives useful information. 
The fragment ion spectra of most isomers are almost identical; thus, they 
cannot be used to identify specific isomers. P A H physical properties also 
limit the use of other analytical methods. Gas chromatography (GC), for 
example, requires volatile compounds. This limitation allows G C to be used 
for P A H analyses of only up to six or seven rings. The higher temperatures 
needed to elute larger PAHs would degrade the column stationary phases 
and some PAHs. 

High-performance liquid chromatography (HPLC) is not limited in its 
application to P A H analysis. The wide variations possible in mobile and 
stationary phases can separate P A H mixtures with large numbers of isomers 
or a large number of rings. For example, several PAHs of up to 12 rings 
were found in a dichloromethane extract of carbon black (3). Ten compounds 
with a molecular weight of 424 and six compounds with a molecular weight 
of 448 were found by using nonaqueous reverse-phase H P L C . This analysis, 
however, was tedious because individual peaks had to be collected and 
subsequently identified by fluorescence and mass spectrometries. 

The difficulties inherent in off-line analysis of H P L C peaks are becoming 
less of an unavoidable problem because H P L C also has another advantage 
over other techniques. The most commonly used H P L C detectors are ideal 
for P A H analysis. Fluorescence excitation-emission and U V absorbance de
tection are both highly sensitive and very selective for PAHs. These methods 
detect electronic transitions in the P A H molecules. The transition energies 
are determined by the P A H size and shape. Therefore, isomeric species that 
differ in ring configuration also differ in spectral character. The locations of 
absorbance maximums and the intermediate minimums, as well as the rel
ative intensities of each, form a unique pattern characteristic of a particular 
P A H (4). 

The development of photodiode array detectors has made it possible to 
acquire on-line UV-visible absorbance spectra of an H P L C eluent. In con
trast with older detectors, which monitored U V absorbance at only one 
wavelength, the photodiode array detectors monitor all wavelengths within 
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18. FETZER Spatial Configuration ir Behavior Correlations 311 

a spectral range. Conventional detectors dispersed white light from a source 
and passed only one wavelength through the flow cell. Photodiode array 
detectors pass white light through the flow cell and then disperse it. The 
dispersed light is focused on a row of photosensitive elements (the photo-
diode array). These elements each measure the intensity at a particular 
wavelength. The total output of this array is a series of absorbance spectra 
of the H P L C eluent. 

Another factor limiting P A H analysis has been the few compounds that 
are available as standards for spectral and chromatographic comparisons. A 
collection of commercially available standards has consisted of a few com
pounds having six or fewer rings (those having 24 or fewer ring carbons). 
The many other isomers of this size, or any larger ones, have not been easily 
obtained. The problem is being slowly overcome by new P A H syntheses. 
Even the products of these syntheses are of limited availability, and many 
other structures have not yet been produced. Thus, most studies have fo
cused on the small PAHs for which standards are available; few studies have 
investigated the larger PAHs. Therefore, only a few PAHs have been un
ambiguously identified in most samples. At best, the remaining components 
can be tentatively identified by matching their spectra to those in the lit
erature. This approach, however, has inherent chances of error because of 
different solvents and conditions. Quantitation would be impossible. Overall, 
analyses for PAHs have not been complete or definitive. 

Previous Findings 

As part of a program to analyze various materials for large PAHs, analytical 
standards had to be acquired. One of the ways to gain standards was through 
the synthesis of several large PAHs (5-7). These PAHs included five 
previously unreported compounds. Some were peropyrenes (dibenzo-
[cd,lm]pery\ene and its benzo and dibenzo analogues). These com
pounds resulted by condensing a mixture of 1-phenalenone and 7H-
benz[cfe]anthracen-7-one and isolating the resulting PAHs. 

When these compounds and many other PAHs were chromatographed 
to see if retention time could be used as another characterizing tool, an 
unexpected result was found. Even though the P A H structures were osten
sibly similar (if conventional graphical representations were compared), their 
true spatial configurations must be very different. These conformational dif
ferences resulted in vastly different spectral and chromatographic charac
teristics. 

Some PAHs had high degrees of intramolecular steric strain because of 
ring locations. These PAHs assumed nonplanar configurations. Other iso
mers, which only differed in the location of one ring, were not significantly 
strained and were more planar. Their higher degree of planarity increased 
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312 POLYNUCLEAR AROMATIC COMPOUNDS 

interaction with the chromatographic stationary phase. Thus, the strained 
PAHs eluted much earlier than other, more planar, isomers. The most ex
treme example was the nonplanar nine-ring tetrabenzo[a,cd,j,ira]perylene, 
which eluted before the planar four-ring pyrene. 

The amount of elution earlier than expected could be estimated from 
UV-visible spectra. The earliest eluting PAHs had the shallowest minimums 
between absorbance maximums. As retention increased, the valley between 
the absorbance maximums also increased for an isomeric series. Some PAHs 
even showed changes in the depth of their spectral valleys as solvent com
position changed. These spectral characteristics paralleled the chromato
graphic retention behaviors. This finding was assumed to indicate changes 
in a molecule's planarity with changes in solvent composition. The broad
ening in spectral bands can be ascribed to the greater possibility of bending 
and twisting motions in nonplanar structures. These effects superimpose 
themselves on the electronic transitions (8). 

Three distinct types of PAHs were found: (1) PAHs that were planar in 
all of the solvents (eluting predictably and having very deep spectral valleys, 
(2) those that were nonplanar in all of the solvents (eluting much earlier than 
the planar PAHs of the same carbon number and having very shallow spectral 
valleys, and (3) those that had varying planarity that was dependent on 
solvent composition (always eluting in a varying fashion in comparison with 
the planar PAHs and having spectral valleys that changed depth). For ex
ample, two nine-ring isomers eluted after the seven-ring diben-
zo[cd,im]perylene at low dichloromethane concentrations in reverse-phase 
H P L C . At higher concentrations, they eluted before it, and at the same 
time their spectra had increasingly broader absorbance bands with shallower 
minimums. Size-exclusion chromatography indicated a relative change in 
their sizes. 

Although this variation in behavior was initially found for only a small 
set of peropyrene isomers, it has since been seen for many other PAHs of 
various structural types by using both normal- and reverse-phase H P L C (7, 
9). The parallel trends in both the chromatographic and spectral behaviors 
were also seen. 

This research continues the previous work to further determine the 
structural features that control chromatographic retention and to see if these 
features can be measured by spectrometric behavior. Approximately 30 other 
peropyrene-type PAHs have been synthesized, isolated, and characterized. 
These PAHs were the products of other condensation reactions of 1-phen-
alenone-type ketones. 1-Phenalenone, 7f7-benz[cfe]anthracen-7-one, and a 
pair of five-ring ketones were used as reactants. PAHs with 9-12 rings 
resulted. Their chromatography and spectrometry were studied. The new 
results agree with previous correlations between steric effects and chro
matographic and spectral behaviors. 
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18. FETZER Spatial Configuration 6- Behavior Correlations 313 

Experimental Details 

Synthesis. The ketones used in the syntheses were 1-phenalenone (Aldrich), 
7i/-benz[cte]anthracen-7-one (Phaltz and Bauer), 6#-benzo[de]pyren-6-one (W. 
Schmidt, Biochemical Institute for Environmental Carcinogens, Ahrensburg, West 
Germany), and 6H-benzo[fg]naphthacen-6-one (W. Schmidt). The ketone structures 
are shown in Chart I. 

Ο o 
1-phenalenone 7 iï-benz [ de] anthacen-7-one 

Ο Ο 
6iî-benzo[ de]pyren-6-one 6iï-benzo[/g]naphthacen-6-one 

Chart I. Structures of the starting ketones used. 

All solvents for extraction and chromatography were from Burdick and Jackson 
Laboratories (American Scientific Products), except for the solvent for spectrofluo-
rometry, which was a purer grade of 1,2,4-trichlorobenzene that was necessary so 
that spectra below 400 nm could be obtained (Omnisolv from E M Scientific). All 
solvents were used as received. 

The condensation reactions used either one ketone or a mixture of two ketones 
(a total of 10 separate reactions). A dry zinc dust melt caused the condensation (10). 
A mixture of ketone, zinc dust (J. T. Baker), sodium chloride (Leslie Salt), and zinc 
chloride (Mallinckrodt) (1:1:1:5 by weight, respectively) was ground, thoroughly 
mixed, and placed in a 50-mL flat-bottomed borosilicate glass (Pyrex) reaction vessel. 

The total amount of ketone used in each reaction was 0.5-1.0 g. For the reactions 
that used two ketones, the ratio was genereally 1:1. However, the proportion in 
reactions using 1-phenalenone was 1:3 (1-phenalenone to the other ketone) because 
1-phenalenone was much more reactive than the other ketone. This smaller pro
portioning of the more reactive ketone resulted in higher yields from the cross 
reactions of 1-phenalenone with the other ketone rather than from the reactions of 
1-phenalenone with itself. 

The mixture was first heated on a high-wattage hot plate to 250-275 °C for 10 
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314 POLYNUCLEAR AROMATIC COMPOUNDS 

min to activate the zinc dust (ridding it of any surface zinc oxide). The temperature 
was raised to 330-350 °C and kept there for 30 min. The liquefied mixture was 
constantly stirred to make sure that the reaction was complete and that the heating 
was uniform. The resulting melt both condensed the ketones and reduced the re
sulting intermediates to the product PAHs. The melt changed from yellow to orange 
or red as the PAHs were made. 

Extraction and Separation. After cooling, the product mixture was an amor
phous solid. The product mixture and the reaction vessel were ground and placed 
in a 250-mL Soxhlet thimble. The mixture could not be easily broken up, removed 
from the vessel, and extracted separately; thus, a small reaction vessel was sacrificed 
for each reaction to ensure that all product PAHs were collected. The material was 
exhaustively extracted in a Soxhlet apparatus with 500 mL of dichloromethane. The 
solution fluoresced an intense green when UV light was shown on it with a hand
held light (Ultraviolet Products). This method was used to monitor the extent of 
extraction. The extraction typically lasted 75 h, and one Soxhlet cycle occurred every 
10 min. After the dichloromethane extraction, the Soxhlet thimbles were immersed 
in 1,2,4-trichlorobenzene at 175 °C for 1 day to ensure that all the PAHs were 
removed. Synchronous scanning spectrofluorometry showed only traces of PAHs that 
were already seen in the dichloromethane extract. 

Each extract was concentrated to 50 mL in a Kuderna-Danish apparatus and 
then diluted to 500 mL with toluene. This solution was then separated on a 75- X 
1-cm i.d. glass column of basic aluminum oxide (150 g, Brockman activity grade 1, 
60-100 mesh). This solution and another solution eluted from another 500 mL of 
toluene were combined as the first fraction. Three other fractions were collected by 
sequential elution with 1 L each of ethyl acetate, dichloromethane, and a 1:1 mixture 
of dichloromethane and methanol. The first three fractions were usually intensely 
fluorescent; the first fraction was blue or violet, and the other fractions were various 
shades of green (from aquamarine to greenish yellow, depending on the reactants). 
The fluorescence was used to monitor the elution of each fraction from the column. 
Each fraction was dried under nitrogen on a steam table and redissolved in 50 mL 
of dichloromethane. H P L C analyses of the fractions were then performed. 

The H P L C was a Du Pont 8800 quaternary solvent system with a Hewlett-
Packard (HP) 1040A photodiode array detector (5-8). Flexible disks were used for 
data storage, and postrun data evaluation was performed by the detector's computer 
(HP 85). Samples were injected with a loop injector; 10 was used for analytical 
scale, and 200 μL· was used for preparative scale. Spectra were run on a spectro
photometer (Perkin-Elmer Lambda 3) for static absorbance and on a spectrofluo-
rometer (Perkin-Elmer MPF-66) for fluorescence. Field-ionization mass spectra 
were obtained at a resolution of 45,000 (corresponding to a 0.01-daltons error for a 
mass of 450). 

Normal-phase chromatography used an amino bonded-phase column (Du Pont 
Zorbax, 25- x 0.48-cm i.d. , 5-μιη spherical particle size); n-hexane and dichloro
methane mixtures were used as the mobile phases. Reverse-phase separations used 
an octadecyl bonded-phase column (Vydac 201TP5, 25- X 0.46-cm i.d. for analytical 
scale, and 25- X 0.94-cm i.d. for preparative scale, both with 5-μηι spherical par
ticles, Separations Group); methanol and dichloromethane were the mobile phases. 
As in previous work (5-7, 9), the concentration of strong solvent in the mobile phase 
was varied from 0% to 100% for reverse-phase studies and from 0% to 30% for 
normal-phase studies. The peaks isolated from preparative-scale runs were further 
purified by separation on the analytical-scale octadecyl bonded-phase column. 

During a chromatographic run, spectra were acquired manually or through a 
software peak-detection subroutine. The software package was an upgraded version 
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18. FETZER Spatial Configuration b- Behavior Correlations 315 

of the original HP software (Infometrix). It stored a spectrum when a peak maximum 
was detected at a preset wavelength. The second derivative of the signal was mon
itored for this purpose. A spectral range of 245-600 nm, with 2-nm resolution, was 
stored. 

Retention behavior was compared with a series of planar PAHs: pyrene, 
benzo[g/ii]perylene, coronene, benzo[pqr]naphtho[8,l,2-Z?cii]perylene, naph
thoic, l,2-a&c]eoronene, and ovalene (obtained from Aldrich or by synthesis). 

Results and Discussion 

New PAHs Found, H P L C analyses of the fractions showed that the 
toluene fractions contained only the small PAHs resulting when the ketones 
were reduced with no condensation. The other fractions contained the de
sired PAHs (these fractions also had some partially reduced intermediates). 
The product PAHs were somewhat separated between the fractions. Thus, 
individual PAHs were easier to isolate by H P L C . The last fraction also 
contained the unreacted and intermediate ketones. 

Several previously unreported PAHs were found. Chart II shows these 
new structures, and the box on page 317 gives their I U P A C names. Chart 
III shows the structures of the previously known peropyrene-type PAHs 
produced, and the box on page 319 also gives their names. 

The structural assignments of the new PAHs are not absolute. They 
were based only on the known reactivities of the ketones (10-13), molecular 
weights from field-ionization mass spectrometry, and absorbance or fluo
rescence spectra. The absorbance and fluorescence spectra were used to 
correlate isomeric structures by applying the rules of Clar's annellation the
ory (4) and Aoki's resonance structure count theory (14). These two inde
pendent approaches describe how the structure of a P A H determines its 
absorbance-band wavelengths. Both approaches rely on spectral trends ob
served for numerous benzo-analogous P A H series. Important factors include 
the number of fully aromatic rings that can be drawn in the structure (a fully 
aromatic ring is defined as one with three it bonds) and the location and 
number of additional rings on various core structures. 

The yields for each new P A H from the reactions varied. As mentioned 
earlier, 1-phenalenone was the most reactive starting material, and 7H-
benz[cfe]anthracen-7-one, 6H-benzo[tfe]pyren-6-one, and 6H-benzo-
[fg]naphthacen-6-one were progressively less reactive. Not only did the 
yields of individual isomers vary because of the differences in the reactivities 
of the ketones, but the geometry of the ketones also determined the number 
of possible product isomers. Thus, the reaction of two ketones, 1-phenale
none and 6f/-benzo[/g]naphthacen-6-one, gave two new compounds with 
impurities of two previously known PAHs. The yield of compound 7 was 
23%, whereas that of the isomeric compound 8 was less than 1%. Each of 
the reacting ketones had only one reactive site, and the possible products 
were highly symmetr ical . In contrast, the reaction using 7H-benz-

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

18



316 POLYNUCLEAR AROMATIC COMPOUNDS 

Chart II. Structures of the new PAHs produced (1-20). (The corresponding 
names are given in the box on page 317.) 
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18. FETZER Spatial Configuration b- Behavior Correlations 317 

Names of the New Product PAHs (see Chart H) 

1. Benzo[7m]phenanthro[4,5,6-abcd]perylene 
2. Dibenzo[;?Zm]phenanthrof4,5,6-aZ?Cii]perylene 
3. Dibenzo[rs,ut#x]naphtho[2,1,8,7-Wmn]hexaphene 
4. Benzo[rsi]pyreno[3,4,5-c<ie]pentaphene 
5. Tribenzo[/fc,qr,«u]naphtho[2,1,8,7-cfefg]pentacene 
6. Benz[2,10janthra[l,9,8-al?cii]coronene 
7. Tetrabenzo[a,cd,/,im]perylene 
8. Benzo[Zm]phenanthro[l, 10-aè]perylene 
9. Pentabenzo[a,cd,fjJm]perylene 

10. Tribenzo[fg,i;,m]naphtho[8, l,2-opg]pentaphene 
11. Dibenzo[a,rsf]phenanthro[l, 10,9-cife]pentaphene 
12. Dibenzo|/g,y]benzo[5,8]phenanthro[2,l,10,9,8,7-pqfrsfwu]pentaphene 
13. Benzo[fg,i;]benz[l,9]anthra[2,3,4,10,5-ogrsi]pentaphene 
14. Tribenzo[/,Im,o]phenanthro[5,4,3-a&c<i]perylene 
15. Benzotalnaphtho^'J'^'J'^'-pgrsilphenanthrotlJO^-Ciielpentaphene 
16. Benzo[ll, 12]naphthaeeno[4,5,6-a&c<i]coronene 
17. Dibenz[fg,i;]anthra[l,9,8,7-i7rsia]hexaphene 
18. Benzo[^]dinaphtho[l,2,3-r5:3',2',r,8',7'-i?w;xi/2;]hexaphene 
19. Tribenzo|/g,ij,mn]naphtho[2,1,8,7-rstw]hexaphene 
20. Naphth[7',8',l',2'-u^xi/z]anthra[2,l,9,8-^mno]hexaphene 

[cfe]anthracen-7-one and 6H-benzo[cfe]pyren-6-one gave five new products 
and 13 other known ones. The yields for the new PAHs ranged from less 
than 0.1% each for compounds 4 and 5 to 5% for compound 2. Most of the 
PAHs were the known compounds (19%). The multiple reactive sites on 
each ketone, as well as the possibility of asymmetrical products (for example, 
compounds 2 and 5 or compounds 3 and 4), made that product mixture much 
more complex. 

Structural assignments also relied on spectral comparisons with the 
known peropyrene PAHs. These comparisons were used mainly to assign 
specific isomer structures. Structures for compounds 2-5 were assigned from 
the trends of compounds 22-24, 25-28, and 33-36. The last series was also 
compared with the previously unknown isomer, compound 20. This 11-ring 
P A H was also chromatographically compared with compound 36 [synthesized 
by Clar and Mackay (13) and obtained from W. Schmidt] to prove it was an 
unknown isomer. Compounds 6, 12, 13, and 16 were compared to other 
products of further condensation, namely, compounds 31, 32, and 37. The 
use of spectral comparisons with known structures for identification was 
possible for most of the PAHs. A small number, such as compounds 6 and 
18, were the only possible products in their reactions with a particular 
molecular weight. Finally, a few were assigned structures by using Clars 
theory (4) and Aoki's theory (14), for example, compounds 7 and 8 and 
compounds 12 and 13. The lower numbered compound in each pair has one 
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318 POLYNUCLEAR AROMATIC COMPOUNDS 

more fully aromatic ring than its isomer. These structures were assigned to 
the P A H with the lower wavelength absorbance because under both theories 
these structures have more resonance energy, and thus their electronic 
transitions are at a lower wavelength. 

The chromatographic and spectral characters of the compounds also 
agreed with the structural assignments. The intramolecular steric strain pres-

21. 22. 23. 24. 

25. 26. 27. 28. 

29. 30. 31. 32. 

33. 34. 35. 36. 

37. 38. 39. 

Chart III. Structures of the other (previously known) PAHs produced ( 2 1 -
3 9 ) . (The corresponding names are given in the box on page 319.) 
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18. FETZER Spatial Configuration ir Behavior Correlations 319 

Names of the Other PAHs Produced {see Chart HI) 

21. Dibenzo[cd,Zm]perylene 
22. Tribenzo[a,cd,Zra]perylene 
23. Benzo[rs£]naphtho[2, l,8-ccfe]pentaphene 
24. Phenaleno[l,9-afc]perylene 
25. Tetrabenzo[a, cdj, £m]perylene 
26. Dibenzo[a,rsf]naphtho[8,l,2-exfe]pentaphene 
27. Benzo[rsf]phenanthro[l, 10,9-c<ie]pentaphene 
28. Dibenzo|j,Zm]naphtho[ 1,8-afe]perylene 
29. Benz[rsf ]anthra[9, l,2-cefe]pentaphene 
30. Benzo[rs£]phenanthro[10, l,2-cde]pentaphene 
31. Benzo[cd]chryseno[4,5,6,7-/g/M/fc]perylene 
32. Dibenzo[/g,i/]phenanthro[2,1,10,9,8,7-pqfrsim;]pentaphene 
33. Dibenzo5'fc,Mt;]dinaphtho[2,l,8,7-ίίβ/g:2^1^8^7'-opί/r]pentacene 
34. Benzo[r4dmaphtho[2,l,8,7-fc/mn:3^2^Γ,8',7'-Mt;^ι;ίct/]hexaphene 
35. Benzo[de]naphth[2> l,7,8-sfwt)]anthra[2, l,9,8-^i;itflpentacene 
36. Dianthratl^^J-ccfefgil'^'^'J'-nopqirlpentacene 
37. Naphth[2', 1 ',8',Τ:4,10]anthra[l,9,8-aM]coronene 
38. Hexabenzo[a,cd,/j,Im,o]perylene 
39. Tetrabenzo[g^jfc,iw,tux]pyranthrene 

ent in each P A H can be estimated by its structure. Many significant structural 
features are seen in the molecules. The most strain occurs in molecules in 
which a dibenzo[c,g]phenanthrene ([5]helicene) substructure is found (Fig
ure 1). The presence of a benzo[c]phenanthrene substructure also causes 
strain, but not as much as the five-ring structure. Even less important are 
three-sided bay regions such as the one in phenanthrene. 

Chromatographic Retention and Spectral Behaviors. The se
ries of PAHs starting with dibenzo[cd,Zm]perylene (compound 21) and having 
additional rings on the side faces (compounds 7, 9, 22, 25, and 38) have 
increasing steric strain and nonplanarity. Previously, a term called the shal
lowness factor was defined as the ratio of the average between the two 
highest absorbance maximums and the intervening minimum (7). If shallow
ness factors are tabulated with relative retention values and maximum ab
sorbance wavelengths (Table I), then patterns are evident. As the number 
of rings increases, the shallowness factor approaches 1 (where no valley would 
exist), and retention decreases. However, the maximum wavelength still 
increases. This result shows that substantial conjugation occurs even with 
increased nonplanarity. The shallowness factor for compound 7 comes from 
its fluorescence excitation because the U V absorbance spectrum showed 
abnormal band shapes, possibly due to overlapping bands or a change in the 
conformation of the first excited state. The spectrometry of this unique 
compound is being further studied. 
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320 POLYNUCLEAR AROMATIC COMPOUNDS 

c 

Figure 1. Significant structural features affecting the degree of PAH planarity 
for A, dibenzo[c,^[phenanthrene; B, benzo[c]phenanthrene; and C, phenan

threne hay regions. 

Table I. Shallowness Factors, Relative Retentions, and Maximum Absorbances 
for Selected Compounds 

Maximum 
Compound Shallowness Relative Absorbance 

Number Factor Retention (nm) 

21 3.92 1.51 443 
22 2.17 1.13 445 
25 1.35 0.98 448 
7 1.31e 0.94 446 
9 1.15 0.88 451 
38 1.07 0.82 466 

"Value is from fluorescence excitation spectrum. 

The shape and size of the aromatic halves of a peropyrene-type P A H 
also affect planarity. The larger peropyrenes, especially those made by using 
6H-benzo[cfe]pyren-6-one, show more planarity than would be expected if 
only steric effects were considered. 

Those PAHs made from 6H-benzo[de]pyren-6-one should have similar 
steric strain as ones resulting from 7H-benz[ife]anthraeen-7-one. However, 
they do not have the same chromatography. For example, benzo-
[Zm]phenanthro[4,5,6-afccef]perylene (compound 1) elutes much later than 
the similar tribenzo[a,cd,im]perylene (compound 22). Compound 1, a nine-
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18. FETZER Spatial Configuration à- Behavior Correlations 321 

ring compound, is in the class of PAHs that change planarity with solvent 
composition. Compound 22, an eight-ring compound, always eluted as if it 
were nonplanar (Figure 2). The amount of intramolecular steric strain should 
not be affected by where the additional ring is. Thus, the retention difference 
may be due to higher planarity. Possibly, the larger aromatic region resulting 
from 6H-benzo[ite]pyren-6-one in the nine-ring P A H has more resonance 
than the corresponding part resulting from 7fi-benz[de]anthracen-7-one in 
the eight-ring compound. Also, the nine-ring structure may have more rig
idity and thereby prevent certain nonplanar motions. 

Another indication that resonance might increase planarity is seen in 
Figure 3. Absorbance spectra for three similar PAHs are shown. The top 
spectrum is of tetrabenzo[a,cd,j,Zra]perylene (compound 25), which results 
from the condensation of 7H-benz[cfe]anthracen-7-one with itself. The bot
tom spectrum is of dibenzo[/fc,wi;]dinaphtho-2,1,8,7-defg:2',l',8',7'-
opgr]pentacene (compound 33), which results from 6H-benzo[cfe]pyren-6-
one condensation. The middle spectrum is of an isomer resulting from the 
condensation of 7H-benz[de]anthracen-7-one with 6H-benzo[efe]pyren-6-one 
(compound 2). Although the three spectra are remarkably similar in band 

Figure 2. Elution behavior of two similar structures: benzo-
[\m]phenanthro[4,5,6-dbca]perylene and tribenzo[a.,cd,\m]perylene. 
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I—I—I—I—I—I 1—I 1 I I I I I L _ J • • • » I • • • • Ι ι ι — ι ι I 
250 350 450 550 

Wavelength, nm 

Figure 3. Absorbance spectra for the three major products of the condensation 
of 7H-benz[de]anthracen-7-one and 6H-benzo[de]pyren-6-one showing the 
increasingly deeper valleys between absorbance maximums. A: 

compound 25, B: compound 2, and C: compound 33. 
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18. FETZER Spatial Configuration 6· Behavior Correlations 323 

patterns (discounting the expected bathochromic shifts from the larger ring 
number of compounds 2 and 33), the shallowness of the absorbance mini-
mums changes. The larger PAHs have deeper valleys, which indicate more 
planarity. Their retention also suggests they are more planar. The elution 
order was always the nine-ring compound first, then the 10-ring P A H , and 
finally the 11-ring P A H . The 10- and 11-ring compounds eluted close to the 
times expected of planar PAHs with the same ring numbers. 

In contrast, the three predominant products in the condensation of 1-
phenalenone and 6if-benzo[cfe]pyren-6-one are indicators of the behavior 
more commonly seen for the new large peropyrenes. The three products 
are the seven-ring compound 21, the nine-ring compound 1, and the 11-
ring compound 33. Figure 4 shows their reverse-phase chromatograms (with 
mobile phases of 40% and 85% dichloromethane in methanol). The elution 
order at the lower dichloromethane concentration is what would normally 
be expected: 7, 9, then 11 rings. A n elution-order reversal occurs with more 
dichloromethane: The 11-ring P A H elutes first, and the seven-ring P A H 
elutes last. Proton and 1 3 C N M R spectra of the various compounds in weak 
solvents (such as n-hexane or methanol) and in dichloromethane show drastic 
differences in the carbon-hydrogen skeleton of the molecules. Hyperfine 
splitting indicates more interaction between protons in the dichloromethane 
spectra; this situation supports the postulated changes in planarity (15). 

A retention-order reversal would not occur if all three molecules under
went the same interactions with the mobile and stationary phases. Different 
separation mechanisms must occur in each of the two chromatograms. The 
dichloromethane interacts differently with each P A H , as shown by different 
slopes in a plot of the logarithms of relative retention versus dichloromethane 
concentration (Figure 5). If the molecules had the same retention mecha
nisms, these plots would be parallel lines. The three plots are nonparallel, 
and only the one for dibenzo[cd,im]perylene is linear. The curvature in the 
other two plots could indicate different interactions in each at low or high 
dichloromethane concentrations. This behavior could be due to the stronger 
solvent having increased interaction with the PAHs so that the two larger 
PAHs become more nonplanar. 

A n additional indication that planarity controls retention behavior is the 
behavior of the products after further condensation (compounds 8, 31, 32, 
and 37). These PAHs are not as sterically strained and not as likely to become 
nonplanar in strong solvent mixtures (because of their additional bonds) as 
the less condensed PAHs. Their retention times are much longer than the 
other reaction products. They are similar to ovalene and other large planar 
PAHs requiring very high dichloromethane concentrations for elution. The 
U V spectra of these highly condensed PAHs also did not show the shallow 
minimums or the changes in band shape seen for the sterically strained 
PAHs. Spectra for all of the new PAHs are shown in Figures 6-15. 
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21 

fl 

I . I I l_ 
10 20 30 40 

Time, Minutes 

Figure 4. Reverse-phase chromatograms of the products of the condensation 
of 1-phenalenone and 6H-benzo[âe]pyren-6-one (compounds 1, 21, and 33). 
A: 40% dichloromethane in methanol mobile phase, and Β: 65Ψο dichloro

methane in methanol. 
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-2.2 « I I I I I I I I i 1 
0 10 20 30 40 50 60 70 80 90 100 

Concentration of Dichloromethane 
Figure 5. Plot of the logarithms of the relative retention values versus di

chloromethane concentrations (%) for compounds 1, 21, and 33. 
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Wavelength, nm 

Figure 7. UV-visihle absorbance spectra of compound 3 (solid line) and com
pound 4 (broken line). 
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I I L_ 
250 350 450 

Wavelength, nm 

Figure 8. UV-visibte absorbance spectra of compound 5 (broken line) and 
compound 6 (solid line). 

300 350 400 450 500 

Wavelength, nm 

Figure 9. UV-visible absorbance spectra of compound 7 (broken line) and 
compound 8 (solid line). 
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I I ι I ^== 1 

300 350 400 450 500 

Wavelength, nm 

Figure 10. UV-visible absorbance spectra of compound 9 (broken line) and 
compound 10 (solid line). 

I . 1 I I I 

300 350 400 450 500 

Wavelength, nm 

Figure 11. UV-visible absorbance spectra of compound 11 (broken line) and 
compound 12 (solid line). 
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300 350 400 450 500 

Wavelength, nm 

Figure 12. UV-visible absorbance spectra of compound 13 (broken line) and 
compound 14 (solid line). 

300 350 400 450 500 550 

Wavelength, nm 

Figure 13. UV-visible absorbance spectra of compound 15 (solid line) and 
compound 16 (broken line). 
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300 350 400 450 500 550 

Wavelength, nm 

Figure 14. UV-visible absorbance spectra of compound 17 (broken line) and 
compound 18 (solid line). 

I _1 I I I 1 1 
300 350 400 450 500 550 600 

Wavelength, nm 

Figure 15. UV-visible absorbance spectra of compound 19 (solid line) and 
compound 20 (broken line). 
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Separation by Shape. Polymeric octadecyl bonded phases are able 
to separate PAHs because of the different three-dimensional shapes of the 
various isomers. Wise and Sander (16) have suggested a "slot" model in 
which the planar PAHs can diffuse into spaces in the octadecyl phase that 
similar nonplanar PAHs cannot enter. Solid-phase proton and 1 3 C N M R 
studies of the octadecyl bonded-phase packing used in this work showed 
that this mechanism is likely (17). The bonded octadecyl moieties in this 
packing are very disordered and not very free to move when the packing is 
slurried with methanol. However, in dichloromethane, the bonded octadecyl 
moieties are in a similar environment as those seen in the spectrum of dilute 
octadecane in solution. The more orderly phase is able to accomplish the 
separation by shape because planarity affects the permeation of the bonded 
phase by the PAHs, and their effective areas then are able to interact with 
the bonded phase. The synthesis of the polymeric octadecyl coverage in the 
packing probably results in sheets of bonded organic material formed of 
methyloctadecylsiloxane chains (18, 19), that is, the slotted phase of Wise 
and Sander (16). Similar operations for small PAHs have been obtained by 
gas chromatography using liquid-crystal stationary phases. 

The great power of this column to separate isomeric PAHs and the use 
of a photodiode array detector to gather peak spectra make it possible to 
find previously unseen compounds in reaction mixtures that have been thor
oughly investigated by conventional methods (4). This situation has been 
shown in this set of new PAHs by detection of the newly found isomer 
(compound 20) in the product mixture from 6H-benzo[ife]pyren-6-one con
densation. The potential to separate and identify new PAHs could be used 
to identify many other new compounds in other product mixtures. 

The degrees of planarity of the peropyrene-type PAHs appear to be 
determined by the balance between the loss in resonance energy when the 
molecules become nonplanar and the increases in energy due to decreased 
intramolecular steric strain and stronger solvation. The degree of planarity 
and the relative importance of these factors for each P A H structure can be 
estimated from the analytical behavior of that P A H . Conversely, these mol
ecules can serve as excellent probes of the mechanisms of H P L C . 
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in Cyclophanes 
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The π-π interaction between polycyclic arenes and the effects of 
orientation were studied in [2.2]-, [3.3]-, and [3.2]naphtha-
lenophanes, [2]naphthaleno[2]paracyclophanes, and syn- and anti-
[2.2](2,7)fluorenophane by electron absorption and emission spec
troscopy as well as by optically detected magnetic resonance (ODMR) 
of the excited triplet state. The π-π interaction in the excited singlet 
and triplet state was found to be highest if a maximal number of six
-membered rings of the interacting arenes in a parallel orientation 
are completely eclipsed. Similarly, the n-π interaction between the 
nonbonding nitrogen electron pair and the aromatic π electrons was 
investigated in isomeric etheno-bridged naphthalenopyridinophanes 
and an anthracenopyridinophane; in these pyridinophanes, the pyr
idine rings are fixed perpendicularly above different sites of the 
naphthalene and anthracene units, respectively. 

THE CHARACTERISTIC FEATURE OF BENZENE AND POLYCYCLIC ARENES is 

the π-electron system. The overlapping 2pz orbitals on each sp 2-hybridized 
carbon center generate an electron cloud over and under a planar hydro
carbon skeleton. This electronic structure favors intermolecular interactions 
between arenes in a face-to-face geometry (Figure 1). In an electronically 

0065-2393/88/0217-0333$06.50/0 
© 1988 American Chemical Society 
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α b e 

"pseudogeminal" 

Figure 2. Effect of orientation on the electronic interactions of arene excimers 
(a), amine-arene exciplexes (b), and charge-transfer complexes (c). 

over the central naphthalene ττ bond. Orientation is also important in charge-
transfer complexes (Figure 2c). For the complex, which consists of donor 
and acceptor substituted benzene derivatives, the "pseudogeminal" and 
"pseudoortho" orientations can be distinguished (13). To investigate these 
orientational dependencies, we and other groups have synthesized cyclo
phanes (14,15) in which two aromatic units are immovably arranged by rigid 
carbon skeletons in different face-to-face orientations. In this chapter, the 
TT-TT electron interaction between polycyclic arenes and the effects of ori
entation are discussed for [2.2]-, [3.3]-, and [3.2]naphthalenophanes (1-12), 
isomeric [2]naphthaleno[2]paracyclophanes (13-15), and syn- and anti-
[2.2](2,7)fluorenophane (17 and 18) (see Chart I). 

Similar model compounds of amine-arene exciplexes require rigid skel
etons linking an amine nitrogen and a polycyclic arene in such a manner 
that the nonbonding nitrogen electron pair is pointing toward the opposite 
aromatic ττ-electron system (Figures 1 and 2). However, the nitrogen in
version makes it difficult to locate the electron pair of aliphatic amines. A n 
alternative is the perpendicular orientation of an aromatic nitrogen hetero-
cycle, such as pyridine, which can interact with an opposite polycyclic arene 
only through its nitrogen electron pair and not through its TT electrons. These 
geometric requirements are fulfilled by [2](2,6)pyridino[2]paracyclophan-
1,9-diene (19), which together with the saturated compound (20) has been 
described by Boekelheide and co-workers (16-18). According to dynamic 
ΐ N M R spectroscopy, the pyridine ring in 20 is flipping between the two 
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ττ-ττ- Interaction between Arenes η -ττ- Interaction between Amine 

and Arene 

• excimer and exciplex · amine - arene - exciplex 

• donor-acceptor complex or · photoreduction of arenes 

charge-transfer complex by amines 

Figure 1. Electronic interactions of arenes. 

excited state, the binding TT-TT interaction leads to the formation of excited 
dimers or complexes, which are called excimers or exciplexes, respectively 
(1-4). The electronic ground state usually is attractive only if some charge 
transfer is induced between electron-donor and electron-acceptor systems 
(5). A similar η-ττ interaction between a nonbonding nitrogen electron pair 
and aromatic ττ electrons is involved in the formation of amine-arene ex
ciplexes (6-8) and in the photoreduction of arenes by amines (9, JO). 

The classic example for the ττ-ττ electron interaction between polycyclic 
arenes is the pyrene excimer (11). Upon U V excitation of a 10" 5 M pyrene 
solution, the structured fluorescence of monomeric pyrene molecules is 
mainly observed. The increase of the concentration to 10~3 M diminishes 
the monomeric fluorescence, and a new broad and completely structureless 
excimer band appears, which is red-shifted by 5000-6000 c m " 1 . This phe
nomenon can be explained through potential curves of the electronic ground 
state and the excited singlet state (I, 12). The spectroscopic shift between 
the fluorescence of the excimer and the monomer depends on the depth of 
the potential well in the excited state; that is, the red shift is proportional 
to the binding energy of the excimer. 

Figure 2 raises the question of how the electronic interaction depends 
on the orientation. For instance, three different orientations are shown for 
the naphthalene excimer (Figure 2a). In the amine-anthracene exciplex 
(Figure 2b), the nitrogen can be located over one of the outer six-membered 
rings or over the inner six-membered ring of anthracene. At the bottom of 
Figure 2b, an orientation is shown in which the nitrogen is located directly 
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Chart I. Cyclophanes 
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Chart I. Continued. 

identical conformations in which the aromatic units have more or less parallel 
orientations (16, 18). However, for the diene (19), the rectangular geometry 
between pyridine and benzene was found in the crystalline state (17), which 
apparently is also the conformation present in solution (16, 18). Therefore, 
the etheno-bridged naphthaleno- and anthracenopyridinophane systems (21-
24) were selected as model compounds of amine-arene exciplexes. The pairs 
of isomers 21 and 22 and 23 and 24 differ in that the nitrogen lone pair is 
interacting with different sites of the naphthalene or anthracene ττ-electron 
system. Orientational effects should be detectable in their spectroscopic 
properties. The corresponding ethano-bridged cyclophanes (25-28) are ex
pected to have more parallel aromatic units. If both series of cyclophanes 
are compared spectroscopically, η-ττ and TT-TT electron interactions might 
become distinguishable. 

naphthalene anthracene 

Experimental Details 

The following cyclophanes were synthesized as described in the literature: achiral 
and chiral [2.2](2,6)naphthalenophane (1 and 2, respectively; 19, 20); achiral and 
chiral [2.2](l,5)naphthalenophane (3 and 4, respectively; 21); syn- and anti-
[2.2](l,4)naphthalenophane (5 and 6, respectively; 22, 23); achiral and chiral 
[3.3](2,6)naphthalenophane (7 and 8, respectively; 24); [3.3](l,5)(2,6)naphtha-
lenophanes (9 and 10, respectively; 24); syn- and anti-[3.2]( 1,4)naph thaleno-
phane (11 and 12, respectively; 25); isomeric [2](1,4)-, [2](1,5)-, and 
[2](2,6)naphthaleno[2]paracyclophane (13, 14, and 15, respectively; 26); syn- and 
anii-[2.2](2,7)fluorenophane (17 and 18, respectively; 27); isomeric [2](1,4)- and 
[2](l,5)naphthaleno[2](2,6)pyridinophane-l,ll-diene (21 and 22, respectively; 28, 
29); isomeric [2](1,4)- and [2](l,5)naphthaleno[2](2,6)pyridinophane (25 and 26, re
spectively; 28, 29); [2](l,4)anthraceno[2](2,6)pyridinophane-l,13-diene (23; 30); and 
[2](l,4)anthraceno[2](2,6)pyridinophane (27; 30). 

UV spectra were obtained with a Varian spectrometer (Cary 15 and 17). Fluo
rescence, phosphorescence spectra, and the zero-field splitting parameters D and Ε 
of the triplet state were determined at 1.3K with an apparatus (31) for optical detection 
of magnetic resonance (ODMR) which was similar to the one described by Zuclich 
et al. (32). 
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Results and Discussion 

[2.2]-, [3.3]-, and [3.2]Naphthalenophanes. In the series of the 
[2.2]-, [3.3]-, and [3.2]naphthalenophanes (1-12), each structure type formed 
a pair of two stereoisomers (syn- and αηίί-isomers or diastereomers): The 
naphthalenophanes, linked at the naphthalene 1,4-positions by two ethano 
bridges or one ethano and one propano bridge, were obtained as st/n-isomers 
5 and 11 and anti-isomers 6 and 12 (23, 25). The naphthalene units overlap 
in 5 and 11 with both six-membered rings and in 6 and 12 with only one 
six-membered ring. Two ethano or two propano bridges at the naphthalene 
2,6- or 1,5-positions generated the achiral isomers 1, 3, and 7, in which the 
naphthalene units are completely eclipsed, and the chiral isomers 2, 4, and 
8, in which the naphthalene units are crossed by about 40° (19-21, 24). 
Especially interesting are the [3.3](l,5)(2,6)naphthalenophanes (9 and 10), 
which contain one 1,5- and one 2,6-bridged naphthalene unit: Two diaster
eomers are formed (24) in which the naphthalene units are slightly and 
strongly crossed (crossing angles are about 40° in 9 and about 80° in 10). In 
syn- and onii-[3.2](l,4)naphthalenophane (11 and 12), the planes of the 
naphthalene units are inclined to each other by about 15° because the two 
bridges have different lengths. 

Figure 3 shows the result of the X-ray structural analysis (33) of the 

Figure 3. Molecular structure (33) of the achiral [2.2](l,5)naphthalenophane 
(3). 
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19. H A E N E L & SCHWEITZER Electronic Interactions in Cyclophanes 339 

achiral [2.2](l,5)naphthalenophane (3). The naphthalene units are consid
erably deformed. The transannular distance varies from 2.8 A between the 
bridged naphthalene carbons in the 1,5-positions up to 3.6 A between the 
naphthalene carbons in the 3,7-positions. Certainly some contribution of the 
deformation on the electronic absorption and emission spectra have to be 
considered which cannot be separated easily from the pure electronic effects. 
In this regard, the less strained [3.3]naphthalenophanes are presumably the 
better models. 

Compared with the monomeric dimethylnaphthalenes, the electronic 
absorption spectra of the naphthalenophanes exhibit bathochromic shifts 
together with the appearance of new bands and the loss of vibronic structure 
(19-25). As an example, Figure 4 shows the U V absorption spectra of 1, 2, 

220 240 260 280 300 320 340 360 380 
X(nm) 

Figure 4a. UV absorption spectra of 1, 2, and 2,6-dimethylnaphthalene in 
cyclohexane. The spectrum of 1 is shifted by 0.5 ordinate unit, and that of 2 
is shifted by 1 ordinate unit. (Reproduced with permission from reference 20. 

Copyright 1983 VCH Verlagsgesellschaft) 
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I » « ι I I I I I I I I I—I—I—I—I—I—L—». 
220 240 260 280 300 320 340 360 380 

λ ( n m ) 

Figure 4b. UV absorption spectra of 7, 8, and 2,6-dimethylnaphthalene in 
cyclohexane. The spectrum of 7 is shifted by 0.5 ordinate unit, and that of 8 
is shifted by 1 ordinate unit. (Reproduced with permission from reference 24. 

Copyright 1981 VCH Verlagsgesellschaft) 

7, 8, and 2 ,6-dimethylnaphthalene (19, 20, 24). In the case of the 
[2.2](2,6)naphthalenophanes, the achiral isomer 1 exhibits a stronger bath-
ochromic shift and hence a stronger Ί Γ - Τ Γ electronic interaction than the 
chiral isomer 2, which has crossed naphthalene units. However, in the case 
of the [3.3](2,6)naphthalenophanes, this differentation is not so clear, even 
though the spectra of 7 and 8 resemble those of 1 and 2. 

In the emission spectra (31, 34, 35), the orientational effects are differ
entiated much more clearly (Figure 5). At 1.3 K, monomeric 2,6-dimethyl
naphthalene emits a sharply structured fluorescence from the excited singlet 
state Si, however, only structureless red-shifted bands, typical of excimers 
and dimers, appear in the case of naphthalenophanes 1, 2, 7, and 8. The 
fluorescence red shift of excimers relative to the monomer, as mentioned 
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30000 25000 20000 — 15000 cm" 1 

i n l ι ι ι ι I i i — ι — ι — I — ι 1 1 1 1 , 

1.3 Κ 

I 1 ι ι 1 ι — I • I 
300 400 500 600 700 nm 

Figure 5. Fluorescence (F) and phosphorescence (P) of 2,6-dimethylnaphtha
lene and naphthalenophanes 1, 2, 7, and 8 in octane or methylcyclohexane 
(MCH c < 10 ~3 mol/L) at 1.3 K. In the fluorescence of 7, contamination by 
8 apparently causes the shoulder at 23,700 cm'1, which is not observed in the 

emission of crystals of 7 (31). 
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342 POLYNUCLEAR AROMATIC COMPOUNDS 

earlier, is proportional to the excimer binding energy in the excited singlet 
state (J, 12). In both pairs of naphthalenophanes (1, 2 and 7, 8), the fluo
rescence red shift is found to be stronger for the achiral isomers 1 and 7, 
which have eclipsed naphthalene units. Phosphorescence, the emission from 
the excited triplet state Tx, is also observed. The vibronic structure is partly 
retained, and the phosphorescence red shifts are much smaller than those 
found in the fluorescence (36-38). However, the same gradation between 
isomers 1, and 7, 8 is observed as in the fluorescence. 

The excited triplet state T1 is characterized by two unpaired electrons 
and is accessible to further experimental investigations because of its longer 
lifetime and magnetic property. As a consequence of the dipole-dipole in
teraction between the two unpaired electrons, the excited triplet state Tl is 
split into three sublevels, Tx, Ty, Tz, even in the absence of an external 
magnetic field. This zero-field splitting is described by two parameters, D 
and Ε (39). D is inversely proportional to the cube of the average distance 
between the two triplet electrons and is a sensitive measure for their average 
distance. As shown by the D values for benzene (0.16 c m - 1 ) , naphthalene 
(0.10 cm" 1 ) , and anthracene (0.07 c m - 1 ) , the D parameter decreases with 
increasing size of the ir-electron system. This relationship is found because 
the dipole-dipole and Coulombic repulsion causes the triplet electrons to 
separate as far as possible. £ depends on the symmetry of the electron-spin 
distribution in the triplet state, but it is not considered in this context. In 
the case of the cyclophanes, the reduction of the D parameter relative to 
the monomeric aromatic unit can be used as an additional measure for the 
electronic interaction in the excited triplet state (31, 34-38). For molecules 
that emit phosphorescence, the zero-field splitting parameters D and Ε of 
the excited triplet state can be determined by O D M R . In principle, O D M R 
is a double-resonance experiment between U V light and microwaves (31, 
40). 

The fluorescence and phosphorescence red shifts and the reduction of 
the D parameters of naphthalenophanes 1-12 relative to the corresponding 
dimethylnaphthalenes are summarized in Table I. If the pairs of stereoiso
mers are compared (and only these should be compared), the isomer with 
completely eclipsed naphthalene units always has the strongest fluorescence 
red shift and hence the strongest bonding ΊΤ-ΊΤ interaction in the excited 
singlet state. A small rotation by about 40° to crossed orientations of the 
naphthalene units decreases the red shifts from 5500 to 3450 c m " 1 , from 
7000 to 6300 c m " 1 , and from 6200 to 5200 c m " 1 for the diastereomeric 
[2.2](2,6)naphthalenophanes (1 and 2), [2.2](l,5)naphthalenophanes (3 and 
4), and [3.3](2,6)naphthalenophanes (7 and 8), respectively. However, in the 
case of the [3.3](l,5)(2,6)naphthalenophanes (9 and 10), the fluorescence red 
shift increases from 3500 c m " 1 (in 9) to 3900 c m " 1 (in 10) if the crossing 
angle between the naphthalene units is increased from about 40° to about 
80°. Apparently, the potential surface of the excited singlet state possesses 
a second minimum for a geometry in which the naphthalene units are strongly 
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19. H A E N E L & SCHWEITZER Electronic Interactions in Cyclophanes 343 

Table I. Fluorescence and Phosphorescence Red Shifts and Reductions of the 
Zero-Field Splitting Parameter \D\ of Cyclophanes in Dilute Vitreous Solutions at 

1.3 Κ 

Red Shiftb (cm'1) 
Structure Reduction0 

Number Matrix0 Fluorescence Phosphorescence (0/0) 

1 M C H 5500 ± 200 2100 ± 100 29 
2 M C H 3450 ± 200 300 ± 100 8 
3d PMMA* 7000 ± 200 2800 ± 100 24 
4d PMMA* 6300 ± 200 1750 ± 100 11 
7 M C H 6200 ± 200 2450 ± 300 33 
8 M C H 5200 ± 200 400 ± 100 12 
9 M C H 3500 ± 200 400 ± 100 9 
10 M C H 3900 ± 200 1150 ± 100 15 
5 M C H 7250 ± 200 3000 ± 200 43 
6 M C H 5600 ± 200 1400 ± 100 10 
11 M C H 7400 ± 200 2100 ± 100 36 
12 M C H 5900 ± 200 1300 ± 100 10 
13 MTHF 2500 ± 200 1900 ± 100 21 
14 MTHF 1800 ± 200 1450 ± 100 6 
15 MTHF 1200 ± 200 800 ± 100 9 
18 MTHF 2600 ± 300 700 ± 200 7. 
17 MTHF 3900 ± 300 1100 ± 200 13. 

NOTE: Data for 1 - 1 2 are relative to the corresponding monomeric dimethylnaphthalenes; data 
for 1 3 , 1 4 , and 1 5 are relative to 1,4-, 1,5-, and 2,6-dimethylnaphthalene, respectively; and 
data for 1 7 and 1 8 are relative to 2,7-dimethylfluorene. 
" M C H is methylcyclohexane, PMMA is poly(methyl methacrylate), and M T H F is 2-methyl-
tetrahydrofuran. Concentrations of the compounds in these matrices were <10 - 3 mol/L. 
foThe red shifts are given between fluorescence maxima and phosphorescence 0—>0 transitions, 
deductions of |D| are given as [(|D|mon - |D|)/|D|mon] X 100. 
dThe structural assignments of 3 and 4 are reversed in reference 35; because of the X-ray 
structure of 3 (Figure 3) and lH NMR spectroscopy at 360 MHz, the original wrong assignments 
were revised (21). 
The fluorescence red shifts of 3 and 4 in M C H are 7700 ± 200 cm" 1 and 5500 ± 200 c m - 1 , 
respectively. 
SOURCE: Data are taken from references 31 and 34-38. 

crossed. However, this second minimum is higher in energy than the po
tential well in which the two naphthalene units are fully eclipsed. Theoretical 
investigations of the naphthalene excimer have predicted exactly such a 
potential surface with a second minimum of higher energy in which the 
naphthalenes are crossed by about 70° (41-43). 

As shown by the fluorescence red shifts of the syn- and anii-isomers of 
[2.2]- and [3.2](l,4)naphthalenophane (5, 6 and 11, 12, respectively), the 
ΊΧ—ΤΤ electronic interaction in the excited singlet state is also diminished by 
a translation so that the overlap of the naphthalenes is reduced from two to 
only one six-membered ring. The small angle, by which the naphthalene 
planes in 11 and 12 are inclined to each other because of the different lengths 
of the two bridges, apparently has only a minor effect on the excited singlet 
state. 
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344 POLYNUCLEAR AROMATIC COMPOUNDS 

For the excited triplet state, the phosphorescence red shifts and the 
reductions of the D parameter show a similar orientational dependence. As 
in the excited singlet state, the TT-TT electronic interaction decreases if the 
naphthalenes are rotated from fully eclipsed to slightly crossed orientations, 
and it increases again to about one-half of the original amount if the rotation 
proceeds to strongly crossed orientations. However, this behavior is in sharp 
contrast with calculations. According to calculations, the naphthalene triplet 
excimer should be stabilized by the rotation discussed and by an inclination 
so that the naphthalenes in the direction of their short axes are no longer 
coplanar (41). The stabilization due to inclination seems to be disproved by 
11 and 12, in which the angle of inclination is estimated to be 15°. 

[2]Naphthaleno[2]paracyclophanes. In the naphthalenophanes 
discussed so far, two arenes of the same kind were interacting. To investigate 
the electronic TT-TT interaction between arenes that differ in their electronic 
excitation energies, the structurally isomeric [2]naphthaleno[2]paracyclo-
phanes (13-15) were selected as exciplex models. The para-disubstituted 
benzene ring is oriented differently over the naphthalene unit linked by the 
ethano bridges at the 1,4-, 1,5-, and 2,6-positions for 13, 14, and 15, re
spectively. The spectroscopic comparison of 13 and 14 seemed to be espe
cially interesting in respect to orientational effects: In 13, formally only one 
six-membered ring of the naphthalene is overlapping with the opposite ben
zene, whereas in 14 (and also in 15), the entire naphthalene unit is involved 
in the interaction. On the other hand, in 13, the 2pz orbitals of the benzene 
carbon atoms are located directly opposite to the corresponding naphthalene 
carbon orbitals; therefore, the transannular overlap between these pairs of 
opposite 2pz orbitals is maximal. However, as shown by the molecular struc
ture (33) in Figure 6, the carbon atoms of benzene and naphthalene are 
staggered in 14 (and also in 15). Consequently, the transannular overlap of 
the single carbon 2p z orbitals between benzene and naphthalene is expected 
to decrease. 

In 15, the orbital overlap between benzene and naphthalene is restricted 
additionally by steric constraints: Because 15 formally is generated by con
necting both ends of the shorter p-xylene and the longer 2,6-dimethylnaph
thalene, a "bow" and a "bowstring" must be formed. The X-ray structures 
of 15 and its corresponding diene (16) confirm this expectation; the structures 
show almost planar benzene rings and extremely bent naphthalene units 
(44). Thus, relative to 13 and 14, the electronic interaction in 15 is expected 
to be smaller, whereas the extreme deformation might cause further signif
icant spectroscopic effects. Especially because the diene (16) now can be 
prepared in reasonable yields, the properties of these highly strained com
pounds are being studied in more detail (44). 

The results of emission spectroscopy and the O D M R measurements of 
13-15 are summarized in Table I (31). Relative to the corresponding 1,4-, 
1,5-, and 2,6-dimethylnaphthalenes, the fluorescence and phosphorescence 
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346 POLYNUCLEAR AROMATIC COMPOUNDS 

red shifts of 13-15 decrease in the order 13 > 14 > 15. This sequence 
means that both in the excited singlet and triplet states, the electronic TT-
TT interaction between benzene and naphthalene is highest if, as in 13, the 
carbon atoms of benzene and naphthalene are eclipsed to enable maximal 
overlap between each pair of opposite carbon 2pz orbitals (36). In contrast 
with the order of the phosphorescence red shifts, 15 exhibits a stronger 
reduction of the D parameter than 14. The extreme deformation of the 
naphthalene unit in 15 might be responsible for an additional reduction of 
the D parameter (45). 

Compared with the [2.2]naphthalenophanes (1-6), the fluorescence red 
shifts of the naphthalenoparacyclophanes 13-15 are much smaller, whereas 
the phosphorescence red shifts are about the same magnitude (Table I). 
Especially interesting is the comparison between 13 and 6, which have 
comparable structures with 1,4-disubstituted benzene and naphthalene 
units, respectively. Whereas the fluorescence red shift of naphthalenopar-
acyclophane 13 is less than one-half of that for naphthalenophane 6, the 
phosphorescence of 13 has a 500-cm" 1 larger red shift. Apparently, in 13, 
the excited triplet state is additionally lowered in energy by contributions 
of configuration interaction with higher excited states and/or by charge-
transfer terms (31). In agreement with an additional energy decrease through 
charge-transfer terms, the reduction of the D parameter in 13 relative to 
1,4-dimethylnaphthalene is 21%, which is more than twice as large as the 
10% reduction for 6 (31, 46). 

syn- and anfi-[2.2](2,7)Fluorenophane. As a further example to 
study the orientational dependence of the TT-TT interaction between poly
cyclic arenes, syn- and anti-[2.2](2,7)fluorenophane (17 and 18) were syn
thesized (27). Because of the five-membered ring, the 2,7-substituents of 
fluorene form an angle of 155°. This geometry causes the fluorene units to 
be eclipsed in the syn-isomer (17) and staggered in the anfi-isomer (18). As 
shown by the molecular structure of 18 (Figure 7), the fluorene units are 
considerably bent outward. Therefore, the transannular distances in the 
central region of the molecule are unusually large (3.63 A between the planes 
of the five-membered rings). The transannular overlap between the carbon 
2pz orbitals should be significant mainly in the neighborhood of the bridges. 
From the projection at the bottom of Figure 7, the staggered arrangement 
of the fluorene carbon atoms is evident. Because the carbon atoms and their 
2pz orbitals must be eclipsed in the syn-isomer (17), a larger TT-TT interaction 
is expected for the syn-isomer (17) than for the anii-isomer (18). 

The emission spectroscopy and O D M R measurements summarized in 
Table I for 17 and 18 confirm these expectations (the spectra are shown in 
references 37 and 38). According to the fluorescence red shifts of 3900 and 
2600 c m " 1 , the electronic interaction in the excited singlet state is larger in 
the syn-isomer (17) than in the anti-isomer (18). As was already observed in 
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19. H A E N E L & SCHWEITZER Electronic Interactions in Cyclophanes 347 

Figure 7. Molecular structure of anti-[2.2](2J)fluorenophane (IS). (Repro
duced with permission from reference 27. Copyright 1985 VCH Verlagsge-

selhchaft) 

the case of the naphthalenophanes, the TT-TT interaction in the excited triplet 
state T1 is considerably smaller than in the excited singlet state Sx (36-38); 
however, the orientational dependence of the electronic interaction is similar 
in both excited states. 

By reaction with n-butyllithium, 17 and 18 can be converted into the 
red syn- and anii-[2.2](2,7)fluorenophane dianions in which the electron-
rich 9-fluorenyl anions are the interacting arenes (27). A second example of 
such double-layered dianions, the [2.2](4,7)indenophane dianion, has been 
described recently (47). 

Naphthalenopyridinophanes and Anthracenopyridino-
phanes. As model compounds for amine-arene exciplexes, isomeric 
[2](1,4)- and [2](l,5)naphthaleno[2](2,6)pyridinophane-l,ll-diene (21 and 

American Chemical Society 
Library 

1155 IBth St., N.W. 
Washington, DC 20036 
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348 POLYNUCLEAR AROMATIC COMPOUNDS 

22), and for comparison the corresponding saturated naphthalenopyridino
phanes (25 and 26) were synthesized (28, 29). ΧΗ N M R and X-ray structural 
analysis indicated that the etheno bridges in 21 and 22 indeed enforce the 
required rectangular geometry between naphthalene and pyridine (28). Ac
cording to the X-ray structural analysis (Figure 8, middle), 22 exhibits rect
angular geometry; it has an interplanar angle of 87° for one of the two 
independent molecules in the unit cell. Because of packing, this angle is 65° 
for the second molecule (Figure 8, right). On the other hand, for the cor
responding cyclophane (26) linked by ethano bridges, interplanar angles of 
24° and 29° are observed in the two independent molecules of the unit cell 
(Figure 8, left). Because of these different conformations, η-ττ interaction is 
expected to exist exclusively in the etheno-bridged naphthalenopyridino
phanes (21 and 22), whereas TT-TT interaction should be dominant in the 
ethano-bridged compounds (25 and 26). 

This difference in the electronic interaction and strong orientational 
effects are indicated by the electronic absorption and emission spectra of the 
two pairs of isomers (21, 22 and 25, 26). In the U V spectra (Figure 9), the 
two dienes (21 and 22) exhibit enormous bathochromic shifts relative to the 
monomeric dimethylnaphthalenes and 2,6-dimethylpyridine. The absorp
tion edge for the yellow 22 is shifted 50 nm to longer wavelengths than for 
the colorless 21. This difference is due only to the different location of the 
nitrogen electron pair: In the first case it is directly over the central naph
thalene ττ bond, and in the second case it is over the electronic hole in the 
center of a naphthalene six-membered ring. The ethano-bridged cyclophanes 
(25 and 26) also show absorptions shifted to longer wavelengths, but 
on the whole the bathochromic shifts observed for the TT-TT interaction are 
much smaller than for the η-ττ interaction. 

In the fluorescence emission at 1.3 Κ (Figure 10), these differences are 

24.3 AND 29.3° 86.7° 64.5° 

Figure 8. Molecular structures of [2](l,5)naphthaleno[2](2,6)pyridinophane-
1,11-diene (22, two independent molecules, middle and right) and 
[2](l,5)naphthaleno[2](2,6)pyridinophane (26, left). The interplanar angles 
between naphthalene and pyridine are given for each pair of the two inde
pendent molecules 22 and 26 in the unit cells. (Reproduced with permission 

from reference 28. Copyright 1985 VCH Verlagsgesellschaft) 
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Figure 10. Emission spectra of 1,5-dimethylnaphthalene, 21, 22, 25, and 26 
in η-octane (c < 10~3 mol/L) at 1.3 K. (Reproduced with permission from 

reference 28. Copyright 1985 VCH Verlagsgesellschaft) 
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even more pronounced. Compared with the structured fluorescence of the 
corresponding dimethylnaphthalenes, the ethano-bridged cyclophanes (25 
and 26) possess fluorescence red shifts of 2100 and 3900 c m - 1 , respectively. 
Compared with the naphthalenophanes (1—12), these values correspond to 
TT-TT interactions of moderate size. 

The red shifts observed for the etheno-bridged cyclophanes (21 and 22) 
are much stronger; they reach 6500 c m - 1 in 21 and the enormous value of 
10,500 c m " 1 in 22. Fluorescence red shifts of this magnitude usually are 
observed only in charge-transfer complexes between donor- and acceptor-
substituted arenes (46). The spectroscopic difference of 4000 c m - 1 between 
the isomers 21 and 22 corresponds to about 11 kcal/mol (47 kj/mol). Because 
no phosphorescence could be detected for all the naphthalenopyridino
phanes, the excited triplet states could not be investigated by O D M R tech
niques (48). 

In the case of the anthracene compounds, so far we could synthesize 
only [2](l,4)anthraceno[2](2,6)pyridinophane-l,13-diene (23) and the corre
sponding ethano-bridged compound (27); in both of these compounds, pyr
idine is arranged over an outer anthracene ring (30). Therefore, a comparison 
of nitrogen over an outer anthracene ring, as in 23, with nitrogen over the 
inner anthracene ring, as in 24, is not yet possible. However, anthraceno-
pyridinophane 23 can be compared with naphthalenopyridinophane 21, both 
of which have the same geometric arrangement of the nitrogen lone pair 
over the center of an aromatic six-membered ring. Relative to 1,4-dimethyl-
anthracene, the fluorescence of 23 is red-shifted by 4500 ± 500 c m " 1 (the 
spectra are shown in reference 30). This red shift is considerably less than 
the red shift of 6500 ± 300 c m " 1 for the fluorescence of 21 relative to 1,4-
dimethylnaphthalene (28). Actually, a priori, one could have expected the 
reverse order for 21 and 23 because anthracene is a much better electron 
acceptor than naphthalene; thus, a charge transfer from the occupied non-
bonding nitrogen orbital to the lowest unoccupied molecular orbital of an
thracene should be preferred. 

A n explanation of the experimental result is attempted by adapting a 
bonding model that previously has been used by Colpa et al. (36) to describe 
the excimer-type TT-TT bonding in cyclophanes. According to this model, the 
bonding in the excited singlet state between naphthalene (29) or anthracene 
(30) and an amine nitrogen, which is located over the center of an aromatic 
six-membered ring, can be described by σ-type bonds between the nitrogen 
orbital and the six carbon 2pz orbitals (Figure 11). Then, the total bond 
density (d™) is the sum of these six contributions, which again are described 
by a product of two quantities, F 0 and F r The quantity P t } is essentially 
geometric quantity (36) and therefore should be identical or very similar in 
the naphthalene and anthracene exciplex models (21 and 23, respectively). 
The quantity F{j is the charge or electron density, that is, the probability of 
finding an electron on each single center. As an approximation (36), the spin 
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densities of the naphthalene and anthracene radical anions are used; these 
can be calculated (49, SO) or determined experimentally (51-53). As shown 
in Table II, the spin density in the 1-position of naphthalene is twice as 
large as that of anthracene; in addition, the spin density in the 2-position of 
naphthalene is also larger than that of anthracene. Therefore, in comparison 
with 21, a smaller total bond density dt

nit in the excited singlet state and 
hence a smaller fluorescence red shift are predicted for the anthraeenopyr-
idinophane (23); these predictions are in accordance with the experimental 
results. On the other hand, the very high spin density in the anthracene 
9,10-positions should cause a strong exciplex bond if the nitrogen electron 
pair is located over the inner anthracene ring. For [2](9,10)anthra-
ceno[2](2,6)pyridinophane-l,13-diene (24), which is the isomer of 23 and 
could not yet be synthesized, a fluorescence red shift that is larger than that 
for 23 and presumably exceeding that for 21 is predicted. 

d t = 2 . d u - ^ ( F j j · P , j ) 
υ 1J 

Figure 11. Bonding model for amine-arene exciplexes. 

Table II. Calculated Spin Densities for the Radical Anions 
(Cations) of Naphthalene and Anthracene 

η c2
fa 

Naphthalene 
1 0.181 0.222 
2 0.069 0.047 
9 0 -0.037 

Anthracene 
1 0.097 0.118 
2 0.048 0.032 
9 0.193 0.256 
11 0.008 -0.028 

NOTE: η is the position of the carbon in naphthalene or anthracene 
(see structure 29 or 30, respectively); c2

ln is the H M O (Huckel molecular 
orbital) spin density, which is the square of the LCAO (linear com
bination of atomic orbitals) coefficient of the single-occupied H M O ψ< 
at the center η (49); and p n is the McLachlan spin density (50). 
SOURCE: Reproduced with permission from reference 30. Copyright 
1986 Verlag der Zeitschrift fur Naturforschung. 
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19. H A E N E L & SCHWEITZER Electronic Interactions in Cyclophanes 353 

Conclusions 

The orientation of interacting aromatic ττ-electron systems strongly influ
ences the extent of the electronic interaction. The investigations of 
naphthalenophanes (1-12), naphthalenoparacyclophanes (13-15), and fluo-
renophanes (17-18) indicate that in the excited singlet state, as well as 
in the excited triplet state, the T T - T T interactions between two arenes are 
the highest if their planes are parallel and the maximal number of their six-
membered rings are completely eclipsed. This geometry enables maximal 
overlap between the single pairs of carbon 2pz orbitals located directly op
posite each other. Similarly, the η-ττ interaction in the amine-arene exciplex 
models (21-23), in which the nitrogen electron pair is pointing toward ar
omatic ττ-electron systems, is determined by the overlap between the lone-
pair orbital and each of the carbon 2pz orbitals involved. A simple model 
using the spin densities of aromatic radical anions is useful to predict the 
η-ττ interactions in the amine-arene exciplexes. 
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Desulfurization 
of Benzonaphthothiophenes 
and Dibenzothiophene 
with a Raney Nickel Catalyst 
Its Relationship to π-Electron Density 

Masatoshi Nagai1,4, Hideo Urimoto2,5, Kazuya Uetake2, 
Noriyuki Sakikawa2, and Richard D. Gonzalez3 

1Department of Chemical Engineering, Tokyo University of Agriculture and 
Technology, Koganei, Tokyo 184 Japan 
2Department of Industrial Chemistry, Nihon University, Chiyodaku, Tokyo 101 
Japan 
3Department of Chemical Engineering, University of Illinois at Chicago, 
Chicago, IL 60680 

Desulfurization of polynuclear thiophenes was performed by contin
uous stirring with a Raney nickel catalyst in ethanol at 0—78.8 °C. 
The major products were biphenyl in the desulfurization of diben
zothiophene, α-phenylnaphthalene in the desulfurization of 
benzo[b]naphtho[1,2-d]thiophene, and β-phenylnaphthalene in the 
desulfurization of benzo[b]naphtho[2,3-d]thiophene and 
benzo[b]naphtho[2,1-d]thiophene. Observation of these products 
shows that the main reaction pathway is the extrusion of a sulfur 
atom to give the corresponding hydrocarbon. The π-electron densities 
of the sulfur atoms, which were calculated by using simple Hückel 
molecular orbital theory, are considered to be related to the adsorp
tion of the sulfur compounds to the surface and consequently to the 
C-S bond-breaking rate. 

4Author to whom correspondence should be directed 
5Current address: Houkube Chemical Company, O'Hatano, Kanagawa 257 Japan 
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358 POLYNUCLEAR AROMATIC COMPOUNDS 

H Y D R O D E S U L F U R I Z A T I O N O F H E A V Y P E T R O L E U M F E E D S T O C K S and coal-
derived liquids requires the conversion of high-molecular-weight compounds 
such as dibenzothiophene and the benzonaphthothiophenes (1-3). Several 
studies have investigated the mechanism of hydrodesulfurization of polynu-
clear thiophenes on cobalt or nickel molybdenum catalysts at high pressures 
(4-6). However, only a few investigations have related the chemical reactivity 
of these compounds to their electronic structure (7-9). The adsorption and 
hydrodesulfurization of the simple sulfur compound, thiophene, were stud
ied recently by using quantum chemistry (10-12); however, thiophene can 
easily be decomposed even when it is not adsorbed at high temperatures 
and pressures. Nag et al. (7) noted that the reactivity of a polynuclear sulfur-
containing compound is not determined solely by the size of the molecule. 
In addition, Geneste and co-workers (8, 9) reported that the first step in the 
hydrotreating reaction of benzonaphthothiophene was related to the Cou
lombic interaction term in the complete neglect of differential overlap 
(CNDO) calculations. Because competition occurs between the different 
processes (hydrogénation and desulfurization) during reaction, the relation
ship between desulfurization and the electronic properties of the compounds 
under reaction conditions is difficult to understand. Furthermore, because 
the calculation of electronic structures necessarily involves many σ bonds 
of partially saturated rings (8, 9), as well as contributions from the d electrons 
of the sulfur atom and many ττ electrons of high-molecular-weight com
pounds, the electronic structure of hydrogenated polynuclear thiophenes is 
difficult to estimate. Therefore, a catalyst and reaction conditions under 
which desulfurization takes place without hydrogénation should be selected. 

Thiophenes are easily desulfurized to form hydrocarbons without hy
drogénation on a Raney nickel catalyst by constant stirring in a solvent (13, 
14). Because a Raney nickel catalyst has a strong affinity for electronegative 
atoms such as oxygen and sulfur (15), the ττ-electron density on a sulfur atom 
during desulfurization is possibly related to the adsorption of a sulfur atom 
to the catalyst surface during reaction. Simple Huckel theory can be used 
to calculate the ττ-electron density of a sulfur atom and other reaction indexes 
such as ΤΓ-bond order and the highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) coefficients. In this study, 
such calculations are used because all four compounds considered have sim
ilar ττ-electron configurations and the same number of ττ bonds being formed 
or broken: dibenzothiophene, benzo[fe]naphtho[l,2-d]thiophene, benzo-
[i>]naphtho[2,3-d]thiophene, and benzo[fc]naphtho[2,1-d]thiophene. In 
addition, thiophene and benzo[fc]thiophene were studied to compare their 
behavior with that of the four compounds just listed. 

The desulfurization studies were performed in a batch reactor over a 
Raney nickel catalyst, and ethanol was used as the solvent. To avoid hydro
génation, the catalytic studies were performed at low temperature with 
continuous stirring. The dependence of the rate of desulfurization on the 
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20. NAGAI ET AL. Desulfurization of Benzonaphthothiophenes 359 

electronic structure of the compounds was considered by using simple 
Huckel molecular orbital calculations. The mechanism of the adsorption and 
desulfurization of dibenzothiophene and the benzonaphthothiophenes is also 
discussed. 

Experimental Details 

The Raney nickel catalyst was prepared according to the procedure described by 
Adkins and Billia (16) for W-7 Raney nickel. Following preparation, the catalyst was 
stored under ethyl ether and an inert atmosphere for about 1 month at 0 °C. Di
benzothiophene (1), benzo[fr]naphtho[l,2-<i]thiophene (2), benzo[&]naphtho[2,3-
tflthiophene (3), and benzo[fr]naphtho[2, l-d]thiophene (4) (see Scheme I) were syn
thesized according to procedures described elsewhere (17-20). 

Ten milliliters of absolute ethanol was placed in a pear-shaped flask equipped 
with a thermometer, a Dimroth condenser, and an electronic stirrer. By using filter 
paper, 0.2 g of catalyst was carefully dried. An accurate weight was obtained by 
weighing before and after the catalyst was added to the flask. The sample (0.2-1.47 
mmol) was added to the ethanol solution with the Raney nickel catalyst. The flask 
was immediately placed in a glycerol bath at room temperature. After the solution 
temperature was quickly raised to the desired value, the stirrer was started and the 
initiation time was recorded. After the reaction, the flask was removed from the 
glycerol bath and cooled to room temperature. 

The reaction products were analyzed by conventional gas chromatography using 
20% Apiezon grease or 5% Silicone OV-17 packings (Kogyo Inc.), and acenaphthene 
was used as an internal standard. The reaction products were identified by comparing 
their retention times with those obtained for known samples. The simple Huckel 
calculations were performed on a microcomputer (NEC Corporation model P C -
9801VM2). 

Scheme I. Desulfurization of dibenzothiophene (I) and the benzonaphtho
thiophenes (2-4). 
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360 POLYNUCLEAR AROMATIC COMPOUNDS 

Results and Discussion 

Desulfurization of Dibenzothiophene, Changes in the desulfur
ization of dibenzothiophene as a function of reaction time are shown in Figure 
1. Biphenyl (5) was the principal product, and only small amounts of uni
dentified high-molecular-weight compounds were formed. Initially, the rate 
of desulfurization was rapid, and desulfurization occurred to some extent 
before the reaction temperature was reached. Equilibrium was reached in 
each case after a reaction time of about 30 min. This result indicates that 
the reaction is a reversible process. 

The effect of the catalyst-to-dibenzothiophene ratio on the rate of the 
desulfurization at 78.8 °C for 60 min is shown in Table I. This table shows 
that the rate of desulfurization does not depend on the amount of diben
zothiophene because the extent to which desulfurization occurred was pro
portional to the weight of the catalyst. This result suggests that the reaction 
between dibenzothiophene and the Raney nickel catalyst is stoichiometric. 

Desulfurization of the Benzonaphthothiophenes. Desul
furization of the benzonaphthothiophenes over a Raney nickel catalyst was 
performed at 78.8 °C for 60 min. In each case, the initial amount of sample 
was 0.2 mmol, and the weight of the catalyst was 0.2 g. The major products 
were a-phenylnaphthalene (6) in the desulfurization of 2 and β-phenylnaph-
thalene (7) in the desulfurization of 3 and 4. Observation of these products 
shows that the reaction occurs through the extrusion of a sulfur atom to give 

0 ι ι ι ι ι ι 1 1 
0 20 40 60 

Reaction time (min) 

Figure 1. Changes in the desulfurization of dibenzothiophene as a function of 
reaction temperature. The initial amount of sample was 0.294 mmol, and the 

catalyst weight was 0.2 g. O: 78.8; <*: 48.8; ©; 20.0; ·: 0° 
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Table I. Effect of the Catalyst-to-Dibenzothiophene Ratio on the Desulfurization 
Rate at 78.8 °C for 60 min 

Catalyst-to-
Dibenzothiophene 
Ratioa 

Extent of 
Desulfurization 
(%) Desulfurization& 

0.2:1.13 13.4 0.757 
0.4:1.13 25.9 0.732 
0.76:1.13 50.0 0.743 
1.13:1.13 76.0 0.760 

"Catalyst values are given in grams, and dibenzothiophene values are given in millimoles. 
bDesulfurization values are reported as millimoles of product per gram of catalyst per hour. 

the corresponding hydrocarbon without any hydrogénation of the aromatic 
ring occurring either prior to or following the removal of the sulfur. The 
desulfurization rates, reported as millimoles of product per gram of catalyst 
per hour, were as follows for 1-4: 0.777, 0.626, 0.857, and 0.581, respec
tively. Thus, the desulfurization rates for the four compounds decreased in 
the following order: 3 > 1 > 2 > 4. This result shows that the three-ring 
thiophene is not always more reactive than the four-ring compounds because 
the reactivity of dibenzothiophene is lower than that of 3. This result is 
consistent with the study done by Sapre et al. (6) in which 3 was found to 
be more reactive than 1 on a sulfided C o M o - A l 2 0 3 catalyst. Thus, the 
reactivity of polynuclear thiophenes is not governed solely by the size of the 
molecule but by other elements that are related to the molecular structure. 

Electronic Structure Calculations. Parameters appropriate for the 
thiophene molecule are given in review articles by Zahradnik and co-workers 
(21, 22) and Zdrazil and Sedlâck (23). The following values were adopted for 
the Coulomb (a) and resonance (β) integrals: a s = a c + $ c c ; a c ( s ) = a c 

+ 0 .1β α ( : ; and β € 5 = 0 . 8 β € € . By using these parameters, the Huckel mo
lecular orbitals of free polynuclear thiophenes prior to adsorption were cal
culated. The frontier electron densities [Fr(E), Fr(N), and Fr(R)] of the sulfur 
atoms of the polynuclear thiophenes are shown in Table II. The indexes of 
Fr(E), Fr(N), and Fr(R) represent the ease of electrophilic, nucleophilic, 
and radical reactions, respectively, at the sulfur atoms of the compounds. 
The ττ-electron densities of the polynuclear thiophenes are shown in Chart 
I and Table III. The ττ-electron densities of the sulfur atoms of the four 
compounds studied decreased in the following order: 3 > 1 > 2 > 4 . In 
contrast, the ττ-electron densities of the sulfur atoms of thiophene (8) and 
benzothiophene (9) were much lower than those of the polynuclear thio
phenes, even though 8 and 9 were more readily desulfurized. 

Relation Between Desulfurization and tr-Eleetron D e n 
sity. The desulfurization of the polynuclear thiophenes over the Raney 
nickel catalyst was the primary reaction in that sulfur was removed to give 
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Table II. Frontier Electron Densities of Sulfur Atoms of Polynuclear Thiophenes 

Density 
Designation 1 2 3 4 

Fr(E) 0.372 0.660 0.110 0.315 
Fr(N) 0 0.047 0.068 0.083 
Fr(R) 0.186 0.354 0.089 0.199 

NOTE: Values are the frontier electron densities of the sulfur atoms of the corresponding 
compounds. 

Table III. π-Electron Densities of Thiophenes Determined by Using Simple 
Hûckel Molecular Orbital Theory 

Density 
Designation 1 2 3 4 8 9 

qs - qcb 

1.722 
0.677 

1.706 
0.645 

1.732 
0.685 

1.697 
0.637 

1.599 
0.501 

1.663 
0.543 

"Values in this row are the ττ-electron densities of the sulfur atoms of the corresponding 
compounds. 
^Values in this row are the differences between the ττ-electron densities of the sulfur atoms 
and the highest ττ-electron densities of the carbon atoms in the corresponding compounds. 

the corresponding hydrocarbons without ring saturation. This result suggests 
that the perpendicular adsorption of the sulfur atoms of these compounds 
to the nickel atoms is preferred during the reaction. Zdrazil and Sedlâcek 
(23) reported that one-point adsorption occurred at the sulfur atom, although 
adsorption horizontal to the surface is energetically preferred. Furthermore, 
4 might be expected to have a steric hindrance for the desulfurization because 
the benzene ring is on the side of the sulfur atom. However, the ττ-bond 
order between C-lOa and S - l l of 4 (0.401) is similar to the ττ-bond order 
between C-7a and S-7 of 2 (0.402). Thus, 4 is more easily desulfurized than 
expected, even though it has a steric hindrance. Therefore, the preferential 
fission of a C - S bond can offset the effect of steric hindrance, and thus, the 
interaction of the ττ-electrons of the sulfur atom with the catalyst surface is 
more important than the molecular size. 

Eisch et al. (24) performed a mechanistic study of the desulfurization 
of dibenzothiophene by a nickel(0)-bipyridyl complex and reported that a 
radical anion of the thiophene nucleus was formed and underwent C - S bond 
cleavage into S " and an aromatic radical. In addition, they suggested that 
the oxidative reaction of the nickel(0)-bipyridyl complex toward dibenzo
thiophene had the characteristics of stepwise electron transfer rather than 
nucleophilic attack. However, no correlations occurred between the desul
furization rate and the reaction indexes of Fr(E), Fr(N), and Fr(R), as shown 
in Table II. The results suggested no evidence for either electron transfer 
or nucleophilic attack in this study. Moreover, the radical reaction was not 
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364 POLYNUCLEAR AROMATIC COMPOUNDS 

the determining step in the desulfurization of the thiophenes on the catalyst, 
although the mechanism of desulfurization over a Raney nickel catalyst most 
generally is a free-radical mechanism (14, 25-27). 

However, Figure 2 shows a suitable correlation between the ττ-electron 
densities of the sulfur atoms of the polynuclear thiophenes and the rates of 
the desulfurization reactions. These reactions are stoichiometric reactions 
between the Raney nickel catalyst and the polynuclear thiophenes. For 
example, 

D B T + N i BP + NiS (1) 

where D B T is dibenzothiophene and BP is biphenyl. Therefore, the ττ-
electron density of the sulfur atom is related to the strength of adsorption 
of the sulfur atom to a surface nickel atom of the Raney nickel catalyst. 
Hauptmann and Wladislaw (25) also reported that desulfurization was re
sponsible for the first step of the reaction, that is, the adsorption of the 
organic compound on the metallic surface. 

In the first step, the unshared electron pair of the sulfur is attracted to 
a low-valent nickel atom of the Raney nickel catalyst surface. The compound 
is adsorbed on the surface through the unshared electron pair of sulfur, 
which acts as an electron donor. Therefore, the carbon-sulfur bond is weak-

1.67 1.70 1.75 

Π-Electrort density of sulfur atom 

Figure 2. Relationship between the desulfurization of polynuclear sulfur com
pounds and the ττ-electron densities of their sulfur atoms. The initial amount 
of sample in each case was 0.2 mmol, the weight of the catalyst was 0.2 g, and 

the reaction time was 60 min. 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

20



20. NAGAI ET AL. Desulfurization of Benzonaphthothiophenes 365 

ened, and a free radical is formed. The hydrogen present on the catalyst 
surface then reduces the radical to the corresponding hydrocarbon. 

On the other hand, for 8 and 9, the difference (qs - qc) between the 
ττ-electron density of the sulfur atom and that of the carbon atom with the 
highest ττ-electron density (C-3) is small. Furthermore, the bond between 
C-2 and C-3 of these compounds is adsorbed competitively with the C - S 
bond. If this situation were not the case, these two molecules would chem-
isorb by a multistep mechanism (28). According to the multistep mechanism, 
thiophene molecules are chemisorbed in such a way that the bond between 
C-2 and C-3 is coordinated to an anion vacancy at the surface, and the 
adjacent sulfur center interacts with a contiguous sulfur atom on the surface. 
Therefore, the mechanism by which the three- and four-ring compounds 
are desulfurized is quite different from that of the one- and two-ring com
pounds, namely, 8 and 9, respectively. 
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Interrelation of Polynuclear Aromatic 
Hydrocarbons and Carbonaceous 
Materials 

Lawrence B. Ebert and Joseph C. Scanlon 

Corporate Research Laboratories, Exxon Research and Engineering Company, 
Annandale, NJ 08801 

Themes linking polynuclear aromatic hydrocarbons to solid carbon
aceous materials, including fossil fuels and graphite, are explored. 
X-ray diffraction proves that one may intercalate metaanthracite coal 
and calcined petroleum coke in the same sense that graphite may be 
intercalated. The chemistry of reductive protonation of large aro
matic crystallites is investigated. 

T H E TERM "AROMATIC" HYDROCARBON originates from the existence of 
many pleasant-smelling, naturally occurring oils, such as those from cinna
mon, vanilla, and cloves, which contain molecules related to benzene. Po
lynuclear aromatic hydrocarbons are also found in nature, most frequently 
in coal and petroleum. A book on the chemistry of polynuclear aromatic 
hydrocarbons thus can generate themes relevant to the chemistry of fossil 
fuels, and this idea is developed in several chapters in this book (1-4). In 
this final chapter, we shall discuss issues linking the chemistry of polynuclear 
aromatic hydrocarbons, fossil fuels, and the ultimate aromatic compound, 
graphite. In studying this interface, one sees the relevance of the organic 
chemistry of pure compounds and the possible utility of the materials science 
of carbonaceous solids in learning more of the chemistry of fossil fuels. 

The relation between polynuclear aromatic hydrocarbons and fossil fuels 
is discussed in introductory organic chemistry textbooks, which mention that 
coal and petroleum are the commercial sources of many aromatic hydrocar
bons (5, 6). The chemistry discussed in these basic texts is generally limited 

0065-2393/88/0217-0367$06.00/0 
© 1988 American Chemical Society 
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368 POLYNUCLEAR AROMATIC COMPOUNDS 

to substitution reactions (electrophilic and nucleophilic, with no change in 
hybridization of carbon atoms) and addition reactions (such as the oxidative 
addition of bromine or the reductive addition of hydrogen to yield some 
carbon atoms that are sp3 hybridized). These texts point out that polynuclear 
aromatic hydrocarbons are more reactive than benzene (5, 6). The concept 
of reactivity of the ττ electrons can be quantified by measurement of ionization 
potential (IP) and electron affinity (EA), which also allows comparison of 
molecular species with graphite. 

Graphite as a Polynuclear Aromatic "Hydrocarbon' 

As the size of polynuclear aromatic hydrocarbons increases, a gradual decline 
in IP and an increase in E A occur; these changes culminate in graphite, for 
which IP = E A = 4.39 electronvolts (eV) (7). This trend suggests that larger 
fused-ring aromatic hydrocarbons wil l be more reactive than smaller ones 
in reactions involving electron transfer, whether the reactions involve elec
tron addition (reduction) to form aromatic anions or electron removal (oxi
dation) to form aromatic cations. This concept of a hierarchy in electron-
transfer reactivity has been appreciated in work on both model compounds 
(8) and on coals (9). Additionally, one sees that graphite, far from being inert, 
is actually more reactive to both reduction and oxidation than most aromatic 
hydrocarbons; in fact, ions of polynuclear aromatic hydrocarbons wil l react 
with graphite via electron transfer to form intercalation compounds (10). 

The increasing importance of electron-transfer reactions with increasing 
aromatic hydrocarbon size is illustrated in the reaction of bromine with 
various aromatic compounds. With benzene (with a Lewis acid) and with 
naphthalene, electrophilic substitution occurs, and with anthracene, oxi
dative addition occurs (6); however, with graphite, only oxidation to the 
exclusion of carbon-bromine bond formation occurs, even at a stoichiometry 
of C 8 B r (II, 12). 

Graphite translational symmetry elements can be related to reactivity 
classes of aromatic hydrocarbon molecules. As illustrated in Figure 1, the 
acene class of aromatic hydrocarbons (e.g., anthracene, naphthacene, and 
pentacene) can be defined in terms of growth along the graphite [110] d i 
rection of translational periodicity. The phenacene class of aromatic hydro
carbons (e.g., phenanthrene, chrysene, and picene) can be defined in terms 
of growth along the graphite [100] direction of translational periodicity, 
although detailed X-ray diffraction studies show that phenacenes, in contrast 
with graphite, are slightly nonplanar (13). The reactivity of acenes to either 
reduction or oxidation increases rapidly with molecular size, whereas the 
reactivity of phenacenes changes rather slowly (7). For a given molecular 
size, an acene is more reactive than a phenacene, and, in this book, Nishioka 
and Lee (4) discuss differences in reactivity between phenanthrene and 
anthracene in the hydrogénation of a coal liquid. 
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21. EBERT & SCANLON PAHs ù Carbonaceous Materials 369 

d u o - 123 pm 

Figure 1. Illustration of the acene and phenacene molecular classes defined in 
terms of graphite translational periodicity axes. In terms of the phenacenes, 
by starting at the lower left, one may generate phenanthrene (three rings), 

chrysene (four rings), and picene (five rings). 

The interrelation between molecular reactivity and translational peri
odicity can have experimental implications. In benzenoid solids, one ob
serves X-ray diffraction peaks arising from periodicity along the (110) 
direction at distance d = 1.23 Â (123 pm) and from periodicity along the 
(100) direction at d = 2.13 A (213 pm). For a material with no preferred 
growth direction, such as graphite, the crystallite size predicted by using 
the Scherrer equation evaluation of diffraction line width (14), wi l l be com
parable for both peaks. However, if a direction of growth is preferred, caused 
perhaps by preferred sites of molecular reactivity, unequal crystallite sizes 
from the (110) and (100) line widths wil l be seen (7, 15). Such an analysis 
should be relevant to various ladder polymers (16-19) and to the proposal 
of chiral graphite (20). Ruland and Plaetschke (21) have outlined a diffraction 
method to determine preferred (100) and (110) orientation in carbon fibers 
arising from the pyrolysis of different benzenoid materials (21). Significantly, 
fibers derived from polyacrylonitrile ladder polymer, which is an acene, had 
the opposite preferred orientation to fibers derived from petroleum meso-
phase pitch, which presumably is composed primarily of phenacenes (2, 4). 

The interrelation of initial molecular symmetry and reactivity with final 
structure is an important issue in fossil fuels, as in the pyrolysis of coal or 
petroleum to make coke. In the general area of pyrolysis of aromatic hy
drocarbons, several reviews have been published (22-24), and in this book, 
Lewis and Singer discuss recent advances in this field (25). 
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370 POLYNUCLEAR AROMATIC COMPOUNDS 

Coal and petroleum are more complex than simple pure polynuclear 
aromatic hydrocarbons or graphite because the fossil fuels contain not only 
aliphatic groups, but also elements other than carbon and hydrogen. Unlike 
many of the polynuclear aromatic compounds discussed in this book, coal 
and petroleum are not fully soluble in common organic solvents partly be
cause of cross-linking through aliphatic groups and partly because of the 
effect of the other elements, such as sulfur, nitrogen, and oxygen. Thus, a 
chemical reaction that is predicated on the solvation of the converted aro
matic hydrocarbon, such as many of the reductive chemistries discussed in 
this book, may not be completely effective in reacting with the fossil fuels. 

A n alternative starting point in chemically reacting fossil fuels is to treat 
them as if they were graphite. As noted earlier, graphite and larger poly
nuclear aromatic hydrocarbons are far from inert with respect to electron-
transfer reactions, and thus the use of chemistry known to work for graphite 
may be of possible use in the investigation of coal, petroleum, and their 
derivatives. In the next two sections, we wil l discuss aspects of reduction 
and oxidation of carbonaceous solids and thereby parallel the chapters in 
this book on the reduction and oxidation of polynuclear aromatic hydrocarbon 
molecules. 

Reduction of Carbonaceous Solids 

Format ion of the Graphite Intercalation C o m p o u n d 
C 8 K . Graphite wil l react directly with potassium metal at 110 °C under 
inert gas to form a bronze-colored intercalation compound of stoichiometry 
C 8 K (26). This compound is first-stage, meaning that every interlayer void 
in the graphite is filled with potassium. (Stage is defined as the ratio of 
graphite layers to guest layers.) This condition is demonstrated by X-ray 
diffraction. A sketch of a Debye-Scherrer photograph of a polycrystalline 
graphite C 8 K compound is shown in Figure 2; the lines readily index to an 
orthohexagonal Bravais lattice of a0 = 4.961 Â, b0 = 8.592 Â = V3Ô^, and 
c0 = 21.76 Â, or to the equivalent hexagonal lattice of a0 = 4.961 Â and c0 

= 21.76 Â (10, 11). Figure 3 presents variable-temperature Guinier-Simon 
X-ray diffraction data that show that the C 8 K intercalation compound is 
destroyed by heating under a nitrogen flow at 500 °C. 

Formation of C 8 K from Metaanthracite Coal. This relatively 
simple chemistry can also cause intercalation of nongraphitic, but benzenoid, 
carbonaceous solids. Figure 4 presents a Debye-Scherrer X-ray diffraction 
photograph of a polycrystalline C 8 K compound formed by the insertion of 
potassium metal at 110 °C into a metaanthracite from Newport County, RI 
(27). A sketch of this photograph is also shown in Figure 4. The initial 
crystallite size along the c axis, the direction of stacking, was 124 A, as 
measured from the line width of the (002) line at d = 3.36 A. The most 
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{Ni filter}-

Miller 
Indices: 

ο 
ο 
CM 

t t t t t 
5 ~ ~ 5.35À 2.70À 
ο ο ο of C 8 K lattice 
ο τ- ο 

C 8 K s a 0 • 4.9À 

c 0 - 21.40À ( - 4 χ 5 .35À) 

Figure 2. A sketch of Debye-Scherrer X-ray diffraction photograph of C8K 
made from polycrystalline graphite and potassium metal. The indexing is done 
with respect to the hexagonal Bravais lattice of C8K, which is degenerate with 
the orthohexagonal lattice. In the figure, the peak labelled (101) is at 4.2 Â; 
this index is equivalent to the (111) peak of the orthohexagonal system. It is 
likely that the broad 4.2-Â peak also represents the (100) of the hexagonal 
lattice (equal to the (110) of the orthohexagonal system). The peak labelled 
(200) in the figure is at 2.1 Â this index is equivalent to both the (200) and 

(040) peaks of the orthohexagonal system. 

Ο τ -
Ο Ο O 
ο τ - τ 

ω ο ο ο 
CM 

C 8K Lines (Hex. Lat.) 
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Ο 
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ο 

Figure 3. Variable-temperature X-ray diffraction of C8K inflowing nitrogen. 
The temperature increases from 100 to 500 °C and then decreases back to 100 

°C. 
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372 POLYNUCLEAR AROMATIC COMPOUNDS 

Figure 4. Debye-Scherrer X-ray diffraction photograph of C8K made from 
metaanthracite coal and potassium metal (top), and sketch of this photograph 

(bottom). 

intense lines of the product of the reaction with potassium are at 5.3, 4.2, 
2.7, and 2.2 A, which index as the (004), (111) [and possibly (110)], (008), 
and (220) lines of the orthohexagonal C 8 K Bravais lattice. Diffraction peaks 
still occur at d = 3.36 À and d = 1.68 A, which could be the (002) and 
(004) lines of the initial coal; however, the intensity ratio of the peak at d 
= 5.3 Â [the (004) line of the C 8 K ] to the peak at 1.68 Â [maybe the (004) 
line of the initial coal] is 10.8; this ratio suggests that the intercalated product 
is the principal product. For an equal weight mixture of graphite C 8 K and 
graphite, this intensity ratio is 1.6. 

A n additional argument in favor of the presence of intercalation is the 
temperature dependence of the line width of the electron spin resonance 
signal. Although the starting metaanthracite shows a derivative extremum 
line width of 12.5 ± 1.0 gauss (G) that is independent of temperature, the 
C 8 K product shows a line width that depends upon temperature: 

ΔΗ (gauss) = 0.0354Γ + 14.28 R 2 = 0.9500 (1) 

where Τ is the temperature in kelvin. This linear dependence is similar to 
that reported for the graphite C 8 K compound (28) and is the behavior ex
pected for metallic conductors. 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.c
h0

21



21. EBERT & SCANLON PAHs ù Carbonaceous Materials 373 

The ability of metaanthracite coal to intercalate potassium metal is pre
sumably related, in part, to its large crystallite size and to its low H/C ratio 
(H/C = 0.036; 93.29% C, 0.28% H ; dry basis). For an anthracite coal 
(Wilkes-Barre, PA) with a crystallite size of 15 A and an H/C ratio of 0.30 
(83.31% C, 2.11% H), as well as for a low-volatile bituminous coal (Ireland 
mine, WV) with no measurable stacking and an H/C ratio of 0.83 (69.10% 
C , 4.83% H), the reaction with potassium at 110 °C gave no evidence for 
the formation of an intercalation compound. 

Formation of C 8 K from Calcined Petroleum Coke. Materials 
that are less crystalline than metaanthracite do form intercalation com
pounds. Calcined petroleum cokes are formed by thermolysis at approxi
mately 1400 °C of "green" petroleum cokes, which in turn are made by 
thermolysis of aromatic petroleum streams in delayed cokers operating in 
the range of 400-500 °C (29-32). (Immature cokes of higher H/C ratio are 
termed "green"; they are not green in color.) The crystallite size, measured 
both in the direction of aromatic stacking (c axis) and in the in-plane direction 
(a axis) is of the order 50-60 A, which is less than half the crystallite size 
of the metaanthracite. However, literature reports indicate that such ma
terials do form intercalation compounds with potassium metal (33, 34). 

By reacting a commercially available calcined coke with potassium metal 
at 110 °C, we confirmed the ability of such cokes to intercalate potassium 
(35). Figure 5 presents a Debye-Scherrer X-ray diffraction photograph of a 
C 8 K product formed from a calcined coke from a different manufacturer. A 
sketch of this photograph is also shown in Figure 5. This second coke had 

Figure 5. Debye-Scherrer X-ray diffraction photograph of C8K made from 
calcined petroleum coke and potassium metal (top), and sketch of this pho

tograph (bottom). 
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374 POLYNUCLEAR AROMATIC COMPOUNDS 

crystallite sizes similar to the first coke and a comparable low H/C ratio of 
0.013 (98.95% C, 0.11% H); the sulfur level was 0.45%. 

Protonation and Rehybridization of Aromatic Anions. These 
intercalation compounds of benzenoid, but nongraphitic, materials can be 
of relevance to themes in fossil-fuel chemistry. One challenging proposal is 
that chemistries of reduction, followed by protonation, can cause hydrogen 
uptake and rehybridization of sp2 carbon both in coals and in graphite. 
Specifically, X-ray scattering studies of seven vitrains and a graphite sug
gested "that conversion of planar aromatic layers to buckled hydrogenated 
rings had taken place", following treatment with lithium in ethylenediamine 
(36). The studies also reported that, "even with graphite of different origins, 
hydrogen increases of up to about 30 hydrogens per 100 carbon atoms were 
obtained", following reduction with alkali metal in glycol ethers and a quench 
with protonating reagents (36). Such reports are related to work in graphite 
science in which the protonation of the graphite intercalation compound C 8 K 
with water was stated to lead to the new intercalation compound C 8 H (37, 
38). We shall discuss the plausibility of the two reductions of graphite by 
solution-state approaches and then give new data pertinent to the C 8 K - H 2 0 
reaction. 

The claims for the rehybridization of graphite in the solution-state ap
proaches were based on the following: (1) major changes in the X-ray dif
fraction at low scattering angles, and (2) the increase in hydrogen content 
of the reduced product. 

The reaction of graphite with alkali metal in amine solvents to yield 
intercalation compounds is known in the literature (10). In such reactions, 
which are unaccompanied by carbon rehybridization, intercalation causes 
major changes in X-ray diffraction at low scattering angles, and for concen
trated compounds, the most intense peak wil l be at angles lower than the 
initial graphite (002) line (10). Solvents typically cointercalate with the alkali 
metal, and in the specific case of graphite reacting with lithium and eth
ylenediamine, 1 mol of ethylenediamine intercalates per mole of intercalated 
lithium (10). The behavior of graphite with alkali metals and various ethers 
is similar (39). 

Thus, one sees that the changes observed in graphite upon reduction 
in the liquid phase can be accounted for on the basis of intercalation without 
invoking any rehybridization of graphitic sp2 carbon atoms to sp3 carbons. 
Furthermore, if a two-dimensional polymeric (C-H) network of naphthenic 
carbon were generated, one could predict that the principal basal-plane 
diffraction peak would occur at 5.2 Â on the basis of the known structure of 
the two-dimensional fluoronaphthene, namely poly(carbon monofluoride) 
(15, 40). 
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Reaction of C 8 K Made from Graphite with Water. For the 
reaction of graphite C 8 K with water, three different models are proposed 
for the product: 

1. The C 8 H proposal of Bergbreiter and Killough (37, 38) in 
which C 8 K is assumed to react much like an anion of a poly
nuclear aromatic hydrocarbon. 

2. The C ~ 1 6 K + ( H 2 0 ) 2 5 proposal of Ebert and co-workers (41-
43) in which a fraction of the intercalated potassium in C 8 K 
behaves as potassium metal and in which the graphitic ma-
crocarbanion is resistant to protonation. The product is con
sidered to be a poorly crystalline intercalation compound 
containing Κ + and water. This model serves as a counterpoint 
to a model assuming rehybridization of carbon, as discussed 
in the preceding section. 

3. The graphite and K O H model of Schlogl and Boehm (44) in 
which poorly crystalline graphite encapsulates potassium hy
droxide. The graphite is uncharged, and the K O H (or perhaps 
K O H monohydrate) exists in crystallites observable (at least 
in part) by X-ray diffraction. Although Schlogl and Boehm (44) 
refer to their product as a residue compound, it is not a residue 
compound in the commonly accepted sense because it contains 
the elements H and O, which do not occur in the initial parent 
intercalation compound. 

Although proposal 1 is most closely related to the liquid-state reductions 
discussed earlier, the current debate in the graphite community is between 
proposals 2 and 3; proposal 1 is currently discounted. However, although 
proposal 1 may be of marginal significance for the large crystallites charac
teristic of graphite, the situation with intercalated carbonaceous material of 
smaller crystallite size is unclear. For this reason, we discuss the reaction 
of water with C 8 K made from petroleum cokes at 1400 °C. 

Reaction of C 8 K Made from Petroleum Coke with Water. The 
coke discussed in reference 35 contained 99.40% C, 0.17% H , and 0.31% 
S. In the presence of a stoichiometric amount of potassium at 110 °C, 5.693 
g of the coke (471 mmol of C) reacted with 2.342 g (59.9 mmol) of potassium 
to form bronze-colored C 8 K . Under helium, 3.048 g of this product was 
reacted with excess H 2 0 , thoroughly rinsed, and dried to constant mass at 
110 °C under a 5 0 ^ m H g vacuum. Hydrogen gas was evolved on contacting 
this C 8 K with water. The yield of solid was 2.392 g solid of analysis 89.66% 
C, 5.94% K, 0.96% H , 0.22% S, and 3.26% O. The empirical formula of 
the product is thus Ο^ΚΗ^Οχ. 3 S 0 > 0 4 5 . 
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To get a true picture of the final H / O atomic ratio, we must correct 
for the hydrogen initially in the coke (the initial amount of oxygen is more 
than an order of magnitude smaller than the final amount, so we will ignore 
it). The 3.048 g of the C 8 K contained 2.161 g of coke, which contained 2.148 
g of C, 3.67 mg of H , and 6.70 mg of S. The 2.392 g of recovered product 
contained 2.145 g of C (99.3% recovery of carbon!), 0.142 g of K, 0.02296 
g of H , 0.00526 g of S, and 0.07798 g of Ο. The H/O ratio of added material 
is [(0.02296 - 0.00367)/1.008]/(0.07798/15.9994) = 3.93. 

If the only reaction of this coke were the intercalation of water, the 
H/O ratio should be 2, as it is in the case of the product of the reaction of 
graphite C 8 K with water. If we were dealing with the encapsulation of K O H 
monohydrate, the H/O ratio should be <2. The high H/O ratio is consistent 
with some reductive protonation of the crystallites of the calcined coke to 
generate new C - H bonds. However, in terms of the foregoing discussion 
about changes in the X-ray diffraction pattern of reductively protonated 
vitrains and graphite, we note that the d value of the (002) band of the water-
treated coke C 8 K was at 3.49 A. This value is essentially the same as the 
starting coke value of 3.46 Â and is in no way suggestive of a total rehybrid
ization of all carbons in a given microcrystallite. This inference is consistent 
with the stoichiometry because the amount of hydrogen that could have 
been added to carbon (19.14 mmol - 9.75 mmol as water) amounts to only 
one hydrogen for every 19 carbon atoms (179 mmol of C per 9.39 mmol of 
H). 

In terms of sulfur removal by potassium, we have (0.00670 - 0.00526)/ 
0.00670 = 21% removal. This amount of sulfur (1.44 mg, 44.9 μιηοΐ) would 
require the consumption of 89.8 μπιοί of potassium, which is 0.4% of the 
22.68 mmol of Κ in the 3.048 g of C 8 K . The overwhelming majority of the 
potassium went to the intercalation reaction rather than to sulfur removal; 
however, with other substrates such as coals, this balance could well be 
different. 

We found that this calcined coke also forms an intercalation compound 
with cesium metal in which the (008) line at 2.98 Â of the C 8 C s lattice (10) 
is observable. In this synthesis, 0.844 g of coke (0.839 g (69.8 mmol) of C 
was reacted with 1.563 g (11.76 mmol) of Cs at 110 °C for 1 h. (Excess Cs 
was used as an internal standard for 1 3 3 C s - N M R experiments to be reported 
elsewhere.) A portion of this sample was quenched with water, rinsed, and 
dried, and the product was found to have the following empirical formula: 
C 7 2 C s H 1 0 5 0 3 8S 0 0 3 3 . As in the case of the coke C 8 K-water products, cesium 
is observed in this product (12.52 wt %), and the H / O atomic ratio is >2. 

Frontier between Polynuclear Aromatic Compounds and 
Graphite. The calcined petroleum coke shows chemistry that contains 
components of both graphite and polynuclear aromatic hydrocarbons. Like 
graphite, the calcined petroleum coke forms first-stage intercalation com
pounds with both potassium and cesium metals. These compounds are iden-
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tified by the presence of the correct Bravais lattice, as shown by X-ray 
diffraction, and by the absence of the initial Bravais lattice. Also, upon 
reaction with water followed by rinsing, not all of the initial alkali metal can 
be removed from the calcined petroleum coke. Furthermore, there is evi
dence for the incorporation of water in the final solid-phase product. On the 
other hand, like polynuclear aromatic hydrocarbons, the anions from the 
coke react with water to (possibly) generate C - H bonds. 

Where does the frontier between large polynuclear aromatic hydrocar
bons and graphite lie? The answer is difficult to determine. Coronene, 
C 2 4 H 1 2 , reacts with potassium at 110 °C to form a solid black product with 
an electron spin resonance signal whose line width depends linearly on 
temperature but whose area follows the Curie law (7). Neither X-ray dif
fraction nor intuition suggests that this product be called an intercalation 
compound, yet the electron spin resonance indicates that potassium metal 
can react with larger polynuclear aromatic compounds in the absence of a 
solvent (7, 45, 46). Thus, a gradual transition in chemistry may occur from 
solvated aromatic anions (such as the naphthalene radical anion in tetrahy-
drofuran) to nonsolvated localized aromatic anions [such as coronene with 
K(0)] to nonsolvated delocalized anions [such as graphite with K(0)]. 

In general, the intercalation of benzenoid, but nongraphitic, solids with 
chemical reductants has been studied more than the intercalation of these 
solids with chemical oxidants. Herold (47) suggested that soft carbons, such 
as those obtained from petroleum, have acceptor defects, which favor the 
addition of electrons (reduction) to the benzenoid structure. Hooley (48) 
discussed the divergences in terms of threshold pressure effects. Neverthe
less, the oxidation of carbonaceous solids has been studied, and these studies 
are discussed in the next section. 

Oxidation of Carbonaceous Solids 

Early approaches to the oxidation of carbonaceous solids were destructive 
in nature and led to C 0 2 and possibly to organic acids (49-52). More recently, 
the oxidative intercalation of nongraphitic materials was reported (53-55). 

Lazarov et al. (54) reacted a bituminous coal from Bulgaria (87.2% C, 
dry ash free) with several metal chlorides in carbon tetrachloride. The con
ditions used were those known to make intercalation compounds of graphite, 
and the authors reported that rather concentrated adducts formed with 
SbCl 5 , A1C13, F e C l 3 , and M o C l 5 . No (002) band of the initial coal was ob
served in the adducts; this finding is consistent with the presence of inter
calation. Coals of bituminous ranks show only a short-range order of aromatic 
stacking; the typical arrangement is only two to three layers (7-10.5 Â), and 
a liquidlike structure is considered to be optimum at 89% C (dry ash free) 
(56). Thus, in contrast with the petroleum cokes, the diffraction pattern of 
the final intercalation compound could be difficult to see. Furthermore, other 
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378 POLYNUCLEAR AROMATIC COMPOUNDS 

complexities are possible in the diffraction, including the presence of other 
peaks (57) and distributions of dihedral angles between aromatic planes (58). 

In general, aromatic hydrocarbons and presumably fossil fuels contain
ing aromatic molecules do not form extended "stacks" of molecules as em
bodied by a column of poker chips. H - H and H - C interactions are significant 
structural determinants for hydrocarbon molecules (59-60) and can lead to 
arrangements other than the graphitelike stack. To see a diffraction peak in 
the range of 3.3-3.8 Â and infer a graphite structure is potentially naive. 

For petroleum cokes formed in the temperature range of 1600-2800 
°C, X-ray diffraction was useful in monitoring the oxidative intercalation by 
SbCl 5 , Br 2 , and Cr0 3 -acet ic acid (55). With crystallite sizes in the direction 
of stacking between 300 and 600 A, these cokes behave much as graphite 
with respect to oxidative intercalation; they even show such subtle behavior 
as stage disorder (analogous to graphite) in the case of the S b C l 5 product. 
Furthermore, electron microprobe data on the C r 0 3 adduct showed an 
irregular C r concentration profile, which suggested that intercalation oc
curred only at the edges of crystallites and did not proceed to the interior. 
This new result on an intercalation compound of coke is quite relevant to 
understanding the analogous graphite compound. For the graphite com
pound, diffraction results suggested the presence of both intercalated and 
nonintercalated phases, and magnetic resonance suggested that the inter
calated chromium species, in contrast with most intercalated species, was 
immobile (61). Combining the information from both coke and graphite, we 
see that this intercalation system is rather special; the inability of the inserted 
species to be translationally free precludes the complete intercalation of the 
interlamellar voids. 

In several studies, researchers attempted both the reduction and oxi
dation of carbonaceous solids (48, 54, 62, 63). One group claimed that graph
ite, oxidatively intercalated by C d C l 2 , can be later reductively intercalated 
by sodium (64). In any event, various chemistries wi l l attack both graphite 
and carbonaceous solids, and various physical techniques can prove this 
attack. 

The Future 

In studying both polynuclear aromatic hydrocarbons and carbonaceous sol
ids, X-ray diffraction has proved to be a valuable tool; this book contains 
elegant structural studies on both aromatic anions (65) and aromatic cations 
(66). N M R , including both 1 3 C N M R in the solid state (67-72) and various 
two-dimensional spectroscopies (73-75), wi l l have a dramatic impact in the 
future on both polynuclear aromatic hydrocarbons and carbonaceous solids. 

The materials to be studied promise to be ever more challenging, rang
ing from soots and combustion exhausts (76-78), to mesophase materials 
from petroleum (79), through the graphite-diamond interface (80-81), an-
tiaromatic compounds (82), carbon clusters (83, 84), and interstellar materials 
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21. EBERT & SCANLON PAHs b- Carbonaceous Materials 379 

(85-89). Furthermore, work on aromatic hydrocarbons should prove of rel
evance in other areas such as electrochemistry (90), gasification (91), and 
carbon reactivity in general (92-95). Finally, aromatic hydrocarbons them
selves continue to provide exciting chemistry (96-98). 

Note Added in Proof 

We were unable to cover some areas related to polynuclear aromatic mol
ecules that are currently attracting attention. 

Discotic liquids crystals (also termed columnar) are frequently composed 
of a central core composed of a polynuclear atomatic molecule substituted 
with pendant paraffin chains. Although liquids, they have crystalline order 
in certain directions, as shown by narrow X-ray diffraction peaks. Brown and 
Crooker wrote a basic discussion (99) and Hinov compiled a literature review 
for the period 1977-1984 (100). Other papers show the relation to polynuclear 
aromatics (101-110). 

One usually does not relate polynuclear aromatic compounds to dia
monds, yet recent work on dense, "diamondlike" films shows the presence 
of sp 2-hybridized carbons (111-113). Thus, the chemistry of polynuclear 
aromatic compounds may be of relevance to this exciting new materials area. 

Finally, much more needs to be done in interrelating the chemistry of 
aromatic molecules to the chemistry of carbonaceous solids. A comparison 
of the chemistry of dibenzothiophene to the chemistry of sulfur functionality 
in petroleum residues recently was published (114) as well as a comparison 
of soot to polynuclear aromatics (115). 
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386 POLYNUCLEAR AROMATIC COMPOUNDS 

Alkali metal-biphenyl complexes 
alkali ionic radii, 43,44* 
bond lengths, 43,44* 
characteristics, 40 
crystallographic data, 41* 
geometry 42,43* 
physical properties, 44,45 
preparation, 40 
stereoscopic views of unit cells, 41,42/ 

Alkyl radicals, Η-atom abstraction from the 
solvent, disproportionation, and 
recombination, 144,145 

9-Alkylanthracenes, reduction at the site of 
substitution, 82,83 

Alkynes 
mechanistic pathways for oligomerization, 

106 
reaction and oligomerization, 90,99-103 
trimerization, 89,90 

Amine-arene exciplexes 
bonding model, 351,352/ 
effect of orientation on the electronic 

interactions, 334,335/ 
example compounds, 335,337 

Amino-substituted polycyclic aromatic 
hydrocarbon, reactions, 245,246 

2-Aminobiphenyl, identification in solvent-
refined coal-heavy distillate, 247 

Aminophenylpyridine, preparation by 
hydrogénation, 247 

Aminophenylquinoline, preparation by 
hydrogénation, 247 

Anionic ττ system, destabilization, 295,296 
Anodic oxidation, aromatic compounds, 138 
Anthracene 

carbonization, 273-277 
dimers, 273,274 
metal-ammonia reduction, 78 
reaction with sodium and ammonia, 74-75 
reductive alleviation, 76* 

Anthracene dianion, lH NMR spectrum 
55,60/ 

Anthracene-derived carbons, average 
structures, 277,278/ 

Anthracene-derived pitch 
carbonization, 275,277/ 
components, 275 
H - C ratio vs. heat-treatment 

temperature, 277/ 
mass spectrum, 275 
molecular weight distribution, 274,275/ 
possible species, 274,275 
proposed structures for oligomeric 

molecular species, 275,276 
proposed structures for rearrangement 

products, 275,276 
spin concentrations vs. heat-treatment 

temperature, 280,281/ 
Anthracenopyridinophanes 

bonding model, 351,352/ 
calculated spin densities, 351,352* 
fluorescence, 351 

Anthryl radical, formation by 
disproportionation reaction, 273 

Antiaromatic species, definition, 55 

Antiaromaticity, definition, 53,54 
Arene excimers, effect of orientation on the 

electronic interactions, 334,335/ 
Arene radical cation, intermediate in N(IV) 

nitration of pyrene, 162 
Arene-to-counterion ratio, for 

electrocrystallization, 178,179 
Arenes, electronic interactions, 333,334/ 
Aromatic anions, protonation and 

rehybridization, 374 
Aromatic carbon-carbon ratio 

data scatter problems, 219,221 
vs. atomic H - C ratios, 219,220/ 
vs. carbon contents, 219,220/ 

Aromatic cation radical, coupling with 
neutral radicals, 127 

Aromatic compounds 
anodic oxidation, 138 
elimination of F + , 175,176 
nitration, 155 

Aromatic hydrocarbons 
electron affinities, 13-16 
electron capture reduction, 13 
origination of term, 367 
relationship to carbonaecous materials, 

367-379 
Aromatic nitration 

coupling reaction, 135 
in gas phase, 137,138 
in solution, 132-137 
role of charge-transfer complexes, 132 

Aromatic rings 
bond cleavage, 85 
coupling with lithium reagents, 103,104 
coupling with nickel(0) reagents, 104,105 
dimerization, 83,84 

Aromatic substitution reactions, role of 
charge-transfer complexes, 132 

Aromatic systems, occurrence in petroleum, 
201 

Aromatic triterpanes, condensation 
reactions, 251 

Aromaticity 
calculated vs. experimental plot, 297,301/ 
characterization by electrophilic 

substitution, 296 
definition, 53,54 
values, 296-299* 

Aromatics, component of petroleum, 
202,203/ 

Aryl-aryl bonds, cleavage, 85 
Aryl-benzyl bonds, cleavage, 85 
Aryl-substituted cyclobutadienes, 

dimerization, 105 
Asphaltenes, 211 

aromatic molecular types of products from 
thermal decomposition, 208* 

average-structure, 203,204 
component of petroleum, 202,203/ 
definition, 207,208 
distribution of aromatic and nonaromatic 

species, 209* 
formation of coke precursor and volatile 

products, 209,210 
fractionation, 205,207 
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INDEX 387 

Asphaltenes—Continued 
heteroatom types, 213 
high-performance liquid chromatograms, 

210,211f 
hypothetical structure, 211-213 
physical properties, 206,207 
relative intensities of the subfraction 

peaks, 211,212ί 
representation on the basis of size and 

polarity, 204,206/ 
separation, 204,205 
spectroscopic techniques, 206 
subfractionation, 205-207 
UV spectrum, 210 

Autocatalytic hydrogénation, mild, of coal-
derived materials, 245 

Average coal macromolecule, structural 
elucidation, 217 

Average-structure models of coal 
advantages, 224,225 
bituminous coal, 221,223 
characteristics, 224,225 
development, 221 
disadvantages, 225-227 
effect of coal processing, 226 
hypothetical molecule containing 82% C, 

221,222 
vitrains, 221-225 

Β 

Base hydrolysis, procedure, 257,258 
7H-Benz[^]anthacen-7-one, structures, 313 
3H-Benz[ife]anthryl radical, structure, 282 
Benzene 

reaction with C eFeAsF 6, 170,171 
reaction with 0 2 AsF 6 , 170 

Benzenoid compounds, examples of 
nonplanarities, 5,6 

3H-Benz[f,g]naphthacenyl radical, structure, 
282 

Benzofluoranthene isomers 
abundancies in coal tar, 248 
order of Huckel ττ-electron energies, 248 

6H-Benzq/gnaphthacen-6-one, structures, 
313 

Benzonaphthothiophenes 
desulfurization products, 360 
desulfurization rates, 361 

Benzo[fc]naphtho[l,2-iÎ] thiophene, 
desulfurization, 359 

Benzo[Z?]naphtho[2-cT| thiophene, 
desulfurization, 359 

Benzo[e]phenanthrene, structure, 4 
6H-Benzo[ife]pyren-6-one, structures, 313 
2H-Benzo[c(i]pyrenyl radical 

ENDOR spectrum, 282,283/ 
structure, 282 

Benzyl-benzyl bonds, cleavage, 85 
Ι,Ι'-Binaphthyl, cyclization, 96 
Biphenyl, reductive alkylation, 75,76i 
4-Biphenylcarboxylic acid, reduction, 80,81 
Biphenylene, dimerization, 105 

2-(2-Biphenylyl)-l,l-diphenylethene, 
cyclization, 97 

Birch reduction 
description, 73 
pathway, 77 

Bis(5-hexenyl)mercury 
preparation, 130,131 
reaction with sulfonium ion perchlorate, 

131,132 
Bis(naphthalene) salts, preparation, 169,170 
Bituminous coal 

average-structure models, 221,223 
reaction with metal chlorides, 377 

Bond cleavage of aromatic rings, pathway, 
85 

Born-Haber cycle for the formation of the 
carbon-metal bond, schematic, 91/ 

Buckminsterfullerene 
electronic properties, 9 
formation mechanism, 9,10 
Huckel calculations, 9 
structure, 8 

ferf-Butyllithium, catalyst for reductive 
dimerization, 92 

terf-Butylmagnesium chloride, reaction with 
sulfonium ion perchlorate, 142f,144 

ferf-Butylphenylacetylene 
metal reaction products, 100-102 
reductive dimerization, 94 

C 

C 8 K 
Debye-Scherrer X-ray diffraction 

photography, 373/ 
formation from calcined petroleum coke, 

373,374 
formation from metaanthracite coal, 

370,372,373 
made from graphite, reaction with water, 

375 
made from petroleum coke, reaction with 

water, 375,376 
Ceo cluster, structure, 7 
Calcined petroleum coke, components, 

376,377 
Carbocyclic dianions, H O M O - L U M O 

energy gap vs. Ή NMR line shape, 61-
65 

Carbon-atom clusters 
formation, 7,9,10 
properties, 7,8 

Carbon-carbon bond 
formation mediated by lithium metal, 

103,104 
organolithium compounds as electron-

transfer agents in formation, 104 
Carbon-metal bond, Born-Haber cycle for 

the single-electron transfer response, 
93/ 

Carbonaceous materials 
future research, 378,379 
oxidation, 377,378 
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388 POLYNUCLEAR AROMATIC COMPOUNDS 

Carbonaceous materials—Continued 
reduction, 370-377 
relationship to polynuclear aromatic 

hydrocarbons, 367-379 
Carbonization 

anthracene, 273-277 
chemistry, 269 
naphthalene, 277-280 

Carbonization of polynuclear aromatic 
compounds, role of free radicals, 280-
283 

Catalytic trimerization, diphenylacetylene, 
98 

Cation radicals coupled with neutral 
radicals, isomer distribution vs. 
products, 136,137 

Charge-transfer complexes 
effect of orientation on the electronic 

interactions, 334,335/ 
role in electrophilic aromatic substitution, 

132 
role in nitration, 132,133 

Chrysene, preparation, 247 
Coal 

anamalous rank effects, 227-229 
average-structure models, 221-227 
bromination, 228 
carbon skeleton, 256 
description of low-volatile bituminous 

sample, 257 
diamagnetic susceptibility, 228 
effects of coal rank on liquefaction yields, 

228,229 
evidence for basic carbon framework, 255 
reduced molar volume, 227,228 
sources of structural information, 218 

Coal aromaticity, definition, 218 
Coal tar 

elemental analysis, 236,237 
quantitative comparisons of polycyclic 

aromatic compounds, 237-244i 
reactions of polycyclic aromatic 

compounds containing functional 
groups, 245,246 

structural similarities of polycyclic 
aromatic compounds, 248,249 

Coal-derived materials 
characterization, 236 
identification of polycyclic aromatic 

compounds, 236 
Coke, definition, 270 
Complete neglect of differential overlap 

method 
correlation coefficients, 291-293i 
quantum chemical measurements, 288 

Compounds, proposed sequence, 282,283 
Concentration factors, determination, 130 
Condensed polycyclic benzenoid aromatic 

hydrocarbons, description, 3 
Conducting polymers 

analogy of the packing, 196/197 
radical-cation salts as models, 196-199 

Connectivity, determination, 111,112 
Contact ion pairs 

definition, 15 

Contact ion pairs—Continued 
discussion, 39 
example, 50/51 

Corannulene, description, 7 
Coronene 

chemistry, 377 
H + elimination, 176 
IR spectra, 171,172/ 
oxidation, 170,175,176 
oxidation with AsF 6 , 172 
oxidation with excess CeFeAsFe, 171,172 
oxidation with O z AsF 6 , 171 

Coronene salts, X-ray powder diffraction 
data, 172,173 

Coulombic energy, gain, 25 
Coulombic parameter, calculation, 294 
C r 0 3 adduct, oxidative intercalation, 378 
Crystal structures 

molecular overlap, 183,186/ 
projections, 183-185/ 

Cyanide ion 
low oxidation potential, 138 
reaction, 138 

Cyclization, Ι,Γ-binaphthyl, 96 
2-(2-biphenylyl)-l, 1-diphenylethene, 97 
o-diphenylbenzene, 96 

Cyclocoupling dehydrogenation, model 
reactions, 250 

Cyclooctatetraene, preparation of single 
crystals, 41 

Cyelopenta-eontaining compounds 
hydrogénation, 245 
identification in solvent-refined coal heavy 

distillate, 245 
Cyclopentylmethylsulfonium salt, 

preparation and characterization, 143 
Cyclophanes 

structures, 335-337 
synthesis, 337 

Cyelopropyltriphenylsilane, reductive 
dimerization, 96,97 

D 

Decacyclene 
reductive methylation, 118,119 
structures of products, 119 

Desulfurization 
benzonaphthothiophenes, 360,361 
dibenzothiophene, 360/ 
experimental procedures, 358,359 
thiophene, 358 
vs. ττ-electron density of sulfur atoms, 

361,362,364/365 
Diagenesis, definition, 250 
9,10-Dialkylanthracenes, reduction, 80 
Diamagnetic susceptibility, description, 228 
Dianions 

equilibrium with neutral precursors, 74-
76t 

irreversible protonation, 75,76 
Dianions from nonplanar aromatic 

compounds, properties, 7 
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INDEX 389 

Diazine 4n ττ dianions, paratropicity, 66 
Dibenzoeyclooetatetraene, equilibrium with 

neutral precursors, 75 
Dibenzodioxin, reaction with nitrating 

agents, 136,137 
Dibenzonickelole-bis(triethylphosphine), 

isolation, 98 
Dibenzothiophene 

changes in desulfurization vs. time, 
360/ 

desulfurization, 359 
effect of catalyst-dibenzothiophene ratio 

on rate of desulfurization, 360,361* 
Dibenzothiophene chemistry, reductive 

alkylation, 120,121 
Dibenzoa,cnaphthacene dianion, 1 H NMR 

spectrum, 68/69 
Dibenzoc,dphenanthrene, structure, 4,5 
Dibutylmercury, reaction with sulfonium ion 

perchlorate, 145-149 
Dimerization, of unstable radical anions, 

34-36/ 
Dimerization of aromatic rings, pathway, 

83,84 
1.2- Dimethoxyethane, effect of aggregation 

on redox potentials, 17,18/ 
Dimethylmercury, reaction with perylene 

cation radical, 149,150 
1,4- Dimethylnaphthalene, predominant 

isomer, 134 
2,6-Dimethylnaphthalene, crystal structure 

of radical-cation salt, 191-193 
1 3 , 1 4C 2Dimethyl sulfate, preparation, 256-

257 
Diphenylacetylene 

catalytic trimerization, 98 
competitive cyclizing and noncyclizing 

dimerizations, 96 
cyclizing dimerization, 95 
long-term interaction with lithium, 96 
metal reaction products, 100-102 
noncyclizing dimerization, 95,96 
reductive dimerization, 92 

o-Diphenylbenzene, cyclization, 96 
1,1-Diphenylethene, relative electron 

affinity, 34-36/ 
1,4-Diphenylphthalazine dianion, 1 H NMR 

spectrum 55,59/ 
2.3- Diphenylquinoxaline dianion, 1 H NMR 

spectrum 55,59/ 
Discotic liquids crystals, description, 379 
Disproportionation 

endothermicity, 19,20 
equilibrium reactions, 18 
equilibrium constants, 19,20/ 
kinetics, 27-32 
mechanism, 28-32 
temperature dependence, 19,21/ 
thermodynamics, 21-26 

Disproportionation constant 
relationship to size of aromatic 

hydrocarbon, 25,26/ 
techniques for determination, 25,26 

2,3-Di-p-tolylbenzogquinoxaline dianion, 1 H 
NMR spectrum, 69,70/ 

Double-labeled dimethyl sulfate, o-
methylation of bituminous coal, 258,259 

Doubly charged carbocyclic systems as 
disodium salts, spectral patterns and 
H O M O - L U M O energy gaps, 55,56* 

Doubly charged heterocyclic systems as 
disodium salts, spectral patterns and 
H O M O - L U M O energy gaps, 55,57* 

Drude model, metallic nature of radical-
cation salts, 195 

Durene, nitration, 135 

Ε 

Electrocrystallization of radical-cation salts 
crystal formation, 177,178/ 
effect of experimental conditions, 178-

181* 
Electron affinity 

aromatic hydrocarbons, determination, 13 
1,1-diphenylethene, 35 

Electron capture 
aromatic hydrocarbons, 13 
plasma studies, 31 
primary products, 31 

Electron spin resonance spectrum of 
phenanthrene dianion, 55,56,62/ 

Electron spin resonance techniques, 
disproportionation constant 
determination, 26 

Electron transfer between an organic 
substrate and a metal 

effect of ionization potential, 92 
influencing factors, 90,91 
state of metal, 91,92 

Electron transfer of cation radicals with 
neutral radicals 

free energies, 150,151* 
reorganization energies, 150 

Electronic absorption spectra, 
napthalenophanes, 339,340/ 

Electronic interactions, effect of orientation, 
334,335/ 

Electronic structure calculations, thiophene, 
361,362*,363 

Electrophilic aromatic substitution 
reactions, 127-128 
role of charge-transfer complexes, 132 

Electrophilic attack of polynuclear aromatic 
hydrocarbons by nitrosated nitrogen 
tetroxide, reaction, 156 

Electrophilic displacement, pathway, 
148,149 

Electrophilic substitution 
characterization of aromaticity, 296 
rate-determining step, 296 

Ethyl 9-anthroate, sodium-ammonia 
reduction, 84 

Ethyl radicals, scavenging, 139 
Excimers, definitions, 334 
Exciplexes, definition, 334 
Extraction, polycyclic aromatic 

hydrocarbons, 314,315 
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390 POLYNUCLEAR AROMATIC COMPOUNDS 

F 

Flash photolysis 
description for disproportionation kinetics, 

27 
of barium ion-naphthacene ion, 31 
of trans- and ds-stilbene, 32-34/ 
study of electron capture, 31,32 

Fluoranthene, electrocrystallization, 178 
Fluoranthene salts 

crystal structure, 179,182/183 
electrocrystallization, 179 
structural phase transitions, 183-186/ 

[2.2](2,7)Fluorenophane 
fluorescence, 346-347 
molecular structure, 346,347/ 
phosphorescence, 346-347 
Fluorenyllithium, use in C-methylation of 

coal, 262-264 
Fluorescence 

naphthalenophanes, 340-344 
[2.2](2,7)fluorenophane, 346 
[2]naphthaleno[2jparaeyclophanes, 

344,346 
Fluorescence excitation-emission, use in 

PAH analysis, 310,311 
Fossil-fuel structures, chemistry, 124 
Fourier transform-IR spectroscopy, analysis 

of coal structure, 219 
Free energies of electron transfer, 

calculations, 150,151* 
Free radicals, role in carbonization of 

polynuclear aromatic compounds, 280-
283 

Free-electron molecular orbital model, 
description, 289 

Free-electron-nonbonding molecular orbital 
coefficients of ττ radicals, 291,292 
unnormalized amplitudes, 291 

Free-energy compensation, for metal-
hydrocarbon adduct, 91 

Free-radical mechanisms of the 
carbonization of polynuclear aromatic 
compounds, stages, 282 

Frontier electron densities, polynuclear 
thiophenes, 361,362* 

G 
Gas-phase coupling of cation radicals with 

neutral radicals, reactions, 137,138 
Graphite 

chemistry, 123,124 
formation, 270 
rehybridization, 374 

Graphite as a polynuclear aromatic 
hydrocarbon 

electron-transfer reactivity, 368 
interrelation between molecular reactivity 

and translational periodicity, 368 
translational symmetry elements, 368,369/ 

Graphite intercalation compound C 8 K 
formation, 370 
sketch of Debye-Scherrer X-ray 

diffraction photograph, 370-372/ 

Graphite intercalation compound C 8 K — 
Continued 

variable-temperature X-ray diffraction 
data, 371/ 

Grignard reagents, reaction with sulfonium 
ion perchlorate, 140-145 

H 

H + elimination, coronene, 176 
Helicenes, description, 7 
Heteroatom-containing compounds, 

cyclocoupling dehydrogenations, 251 
Heterocyclic dianions, H O M O - L U M O 

energy gaps vs. *H NMR line shape, 
65,66/ 

Hexafluorobenzenehexafluoroarsenate, 
oxidizing power, 169 

Hexafluorobenzenehexafluoroarsenate(V), 
oxidizing agent, 173,174 

High-performance liquid chromatography, 
limitations in PAH analysis, 310 

High-resolution NMR spectroscopy, analysis 
of coal structure, 2l9 

H O M O - L U M O energy gaps 
relationships to line shapes for 4n ττ-

conjugated polycyclic anions, 55-57* 
vs. Ή NMR line shape for carbocyclic 

dianions, 61-65 
vs. Ή NMR line shape for heterocyclic 

dianions, 65,66/ 
vs. paratropic shifts, 56-71 

Hûckel molecular orbital calculations 
correlation coefficients, 291-293* 
description, 298 
quantum chemical measurements, 288 

HuckeFs rule, definition of aromaticity, 54 
Humic coals, difference from sapropelic 

coals, 227 
Hydrocarbon products, formation, 143,144 
Hydrodesulfurization, thiophenes, 358 
Hydroxy-substituted polycyclic aromatic 

hydrocarbons, reactions, 245,246 
Hydroxy-substituted polycyclic aromatic 

sulfur heterocycles, reactions, 245,246 

I 

Ion pair solution, forms, 39 
Ion pairs, definition, 15 
IR spectral analysis of coal structure, 219 
Isolation, organonickel intermediates, 98,99 
Isomerization 

methylphenylacetylene, 95 
unstable radical anions, 32,34/ 

Κ 

K ± , determination for ion pairs, 17 
Ketones, reduction via electron transfer, 

92,93 

Pu
bl

is
he

d 
on

 D
ec

em
be

r 
22

, 1
98

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
8-

02
17

.ix
00

2



INDEX 391 

Kinetics of disproportionation 
difference spectrum of flash photolysis, 

27,28/ 
rate constants, 27,29* 
reactions, 27 

Korringa relation, definition, 194 

L 

Liquefaction yields, effects of coal rank, 
228,229 

Lithium ion, solvation, 23 
Lithium metal 

carbon-carbon bond formation, 103,104 
examples of reactions, 94-97 
reaction products and organometallic 

intermediates, 99 
Lithium reagents, coupling of aromatic 

rings, 103 
Localization energy 

calculated vs. experimental plot, 297,300/ 
definition, 296 
values, 296-299* 

Loose ion pairs, See Solvent-separated ion 
pairs, 17 

Low-valent transition metals 
disruption of aromatic systems, 89,90 
formation of aromatic systems, 89,90 
reaction with aromatic nuclei, 89 

Low-volatile bituminous coal 
C-methylation, 261-267 
O-methylation, 258,259*,261 
pyridine extraction, 264*,265 
sites of alleviation, 265,266 

M 

Mass spectrometry, limitations in PAH 
analysis, 310 

Measurement methods, 288,289 
Mechanism of disproportionation 

flash photolysis of barium ion-
naphthaeene ion, 31 

reaction of sodium salt of naphthacene 
dianions with naphthacene, 28-30/ 

Mesitylene, nitration, 135 
Mesophase pitch, development, 271,272/ 
Metal-ammonia reduction 

conditions, 78 
effect of reaction conditions, 81,82 
effect of substituents, 80,81 
pathway, 77 
prediction of products, 78-80 
reduction at the substitution site, 82,83 

C-Methylation, procedure, 258 
C-Methylation of bituminous coal 

1 3 C CP/MAS NMR spectrum, 
265,266/267 

covalent attachment of the carbonion 
bases, 261-262 

distribution of acidic C - H sites, 
262,263*,264 

extent of 1 4 C incorporation, 261 

C-Methylation of bituminous coal— 
Continued 

mechanism, 261 
number of treatments, 263,264 
physical and chemical changes, 264,265 
sites of methylation, 265,266 

O-Methylation, procedure, 257 
O-Methylation of bituminous coal 

approaches, 258,259 
1 4 C combustion data, 259* 
criteria, 258 
pH dependency, 259,260 
resonance envelope, 260 

3-Methylbiphenyl, reduction, 81 
Methyl groups in chemically modified coals 

effect of local environment on 1 3 C NMR 
response, 260 

resonance envelope, 260 
Methylnaphthalene cation radicals 

nitration, 133*, 134 
predominant isomer, 134*, 135 

Methylphenylacetylene 
metal reaction products, 100-102 
reductive dimerization and isomerization, 

95 
Micrinites, plasticity, 228 
Modified free-electron molecular orbital 

method, quantum chemical 
measurements, 288 

Molecular overlap pattern, pyrene radical-
cation salts, 188,190/191 

Molecular symmetry and reactivity with 
final structure, 369 

Ν 

N(IV) nitration of pyrene 
cell effect, 160,161 
effect of NO, 161*, 162 
effect of oxygen, 161*, 162/ 
effect of headspace on nitropyrene yields, 

163 
evidence, 163,164 
kinetic runs, 158 
rate algebra, 164,165/ 
reaction mechanisms, 164,165 
reaction order determination, 158,160/ 
reaction rate, 162,163 
reaction scheme, 64 
stoichiometry, 163 

N(V) nitration, role, 158,159/ 
Naphthacene dianion, Ή NMR spectrum 

55,58/ 
Naphthalene 

alkali-metal reduction, 84 
carbonization, 277-280 
effect of reaction conditions on reduction, 

81,82 
effect of substituents on reduction, 80,81 
nitration, 133*, 134 
perylene reduction, 117,118 
proposed mechanism for the formation of 

stable ττ radicals, 282,283 
reaction with excess AsF 6 , 171 
reductive alkylation, 76* 
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392 POLYNUCLEAR AROMATIC COMPOUNDS 

Naphthalene cation radicals, predominant 
isomer, 134*, 135 

Naphthalene dianion, H O M O - L U M O 
energy gap, vs. Ή NMR line shape, 
65,66 

Naphthalene-derived pitch 
H - C ratio vs. heat-treatment 

temperature, 277/ 
mass spectrum, 279/ 
molecular weight distribution, 277-279 
proposed structures for molecular species, 

279,280 
spin concentrations vs. heat-treatment 

temperature, 280,281/ 
[2]Naphthaleno[2]paracyelophanes 

fluorescence, 344,346 
molecular structure, 344,345/ 
phosphorescence, 344,346 

Naphthalenophanes 
electronic absorption spectra, 339,340/ 
emission spectra, 340-344 
excited triplet state, 342 
molecular structures, 338/339 
stereoisomers, 338 

Naphthalenopyridinophanes 
calculated spin densities, 351,352* 
fluorescence, 348,350/351 
molecular structures, 347,348/ 
UV spectra, 348,349/ 

New polycyclic aromatic hydrocarbons 
absorbance spectra, 321,322/324 
elution behavior, 321/ 
IUPAC names, 315,317 
maximum absorbances, 319,320* 
relative retention vs. dichloromethane 

concentration, 324/326 
relative retentions, 319,320* 
reverse-phase chromatograms, 323/325 
separation by shape, 326,331 
shallowness factors, 319,320* 
structural assignments, 315 
structures, 315,316 
UV-visible spectra, 326-330/ 
yields, 315,317 

Nickel(O) complexes 
coupling of aromatic rings, 104-106 
examples of reactions, 97-99 

Nitration, naphthalenes, 133*, 134 
Nitration of polynuclear aromatic 

hydrocarbons, electron transfer, 
155,156 

Nitration of pyrene by N(IV) 
degrees of N(IV) dissociation, 157 
dissociation constant for N(IV), 157,158 

Nitration of pyrene in methylene chloride, 
comparison of N(IV) and N(V), 158, 
159/ 

Nitric acid, role in nitration, 158,159/ 
Nitrogen(IV), reaction with polynuclear 

aromatic hydrocarbons, 156 
1 3 C NMR spectroscopy, measurements, 

258 
Ή NMR line shape 

vs. H O M O - L U M O energy gaps for 
carbocyclic dianions, 61-65 

vs. Ή NMR line shape for heterocyclic 
dianions, 65,66/ 

Ή NMR line shapes, of An ττ carbocyclic 
and heterocyclic dianions, 55-62 

Ή NMR paratropic shifts 
calculation, 58-60 
vs. H O M O - L U M O energy gap, 

56,58,63*,64/ 
Nuclear Overhauser effect 

measurement, 111 
for proton connectivity 

irradiation of methine C - H , 114 
irradiation of methyl singlet at δ 1.42, 114 
irradiation of the methyl doublet at δ 0.79, 

115,116 
irradiation of the δ 6.52 olefinic resonance, 

114 

Ο 

Octafluoronaphthalenehexafluoroarsenate 
preparation, 174 
reactions, 174,175 

Odd-alternate polynuclear aromatic 
hydrocarbon radicals, formation of 
phenalenyl radical, 281,282 

Olefinic cation radicals, reaction with triplet 
oxygen, 139 

Oligomerization of alkynes, mechanistic 
pathways, 105,106 

Organic metals, crystal structures of radical-
cation salts, 193 

Organolithium compounds, electron-transfer 
agents in carbon-carbon bond 
formation, 104 

Organometallic processes, electron transfers, 
93 

Organonickel intermediates, isolation, 98 
Oxidation of carbonaceous solids 

bituminous coal, 377 
stacking, 377,378 

Oxidized poly(p-phenylene), IR spectrum, 
170,171 

Ρ 

Paraquat cation radical, scavenging of alkoxy 
radicals, 138 

Paratropic shift, H O M O - L U M O energy 
gap, 70,71 

Paratropicity 
influencing factors, 54 
vs. structure, 68-70 
vs. topology, 67/-69 

Peropyrenes, synthesis, 311 
Perturbational molecular orbital method 

correlation coefficients, 291-293* 
quantum chemical measurements, 288 

Perturbational variant of the free-electron 
molecular orbital model 

assumptions, 290 
correlation coefficients, 291-293* 
development, 289 
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INDEX 393 

Perturbational variant of the free-electron 
molecular orbital model—Continued 
energy of odd PAH ionic ττ system, 

294,295 
formation of arylmethyl cation, 295 
ΗΜΟω calculations, 292,294 
implementation, 290,291 
localization energies, 296-299* 
IT energy calculation, 290 
resonance integrals, 289 

Perylene, structures of products, 119,120/ 
Perylene cation radical, reaction with 

dimethylmereury, 149,150 
Perylene chemistry, Ή-NMR product of 

reductive methylation, 112,113/ 
conventional numbering scheme for the 

protons, 112,114/ 
formation of C-l/C-q isomer of 

dimethyldihydroperylene, 113 
formation of C-3/C-q isomer of 

dimethyldihydroperylene, 112,113 
liquid-state 1 3 C NMR of enriched 

materials, 116 
liquid-state 1 3 C NMR of other materials, 

117 
N O E approach, 113-116 
reduction in the presence of naphthalene, 

117,118 
regioisomers, 112,113 
second-moment NMR analysis, 116 

Petroleum 
boiling point vs. carbon number for 

constituents, 202,203/ 
representation as a map of the various 

molecular types, 203-205/ 
separation into four fractions, 202 

ρ Η 12 o-methylation, procedure, 257 
ρ Η 7 o-methylation, procedure, 257 
1-Phenalenone, structures, 313 
Phenalenyl radical 

formation, 281,282 
stability, 282 

Phenancenes, definition in terms of graphite 
translational periodicity axes, 369 

Phenanthrazine dianion 
effect of temperature on Ή NMR spectra, 

66/ 
vs. Ή NMR line shape, 66/67 

Phenanthrene, preparation, 247 
Phenanthrene dianion 

Ή NMR spectrum 55,61/ 
ESR spectrum, 55,56,62/ 

Phenothiazine 
nitration, 136 
oxidation, 136 
ring contraction, 98 

Phenoxathiin, ring contraction, 98 
Phenyl radicals, trapping, 140 
Phenylation, energies vs. experimental log 

(relative rates), 303,304/ 
9-Phenylfluorenyllithium, use in C-

methylation of coal, 262-264 
Phosphorescence 

[2.2](2,7)fluorenophane, 346 
naphthalenophanes, 340-344 
[2Jnaphthaleno[2]paracyclophanes, 

344,346 

Photodiode array detectors, use in PAH 
analysis, 310,311 

ττ energy 
calculation, 290 
first-order change, 290,291 

ττ-electron densities, thiophenes, 361-
363 

ττ-electron density of sulfur atoms vs. 
desulfurization, 361,362,364/365 

Picene, structure, 6 
Pitches 

definition, 270,271 
glass transition temperature 

determination, 271/ 
unique properties, 271 

Planar, fused-ring systems, coplanar 
stacking, 175 

Planarity 
effect of shape and size of aromatic halves, 

320 
effect of solvent composition, 320,321/ 

Piatt's peripheral model, definition of 
aromaticity, 54 

Poly(p-phenylene) 
crystal model for radical-cation salt, 

197,199/ 
preparation, 175 

Polybenzenoid dianions 
H O M O - L U M O energy gaps, 56,58,63* 
structures, 58 

Polybenzenoid systems, representatives of 
antiaromatic systems, 55 

Polycyclic aromatic carbons, comparative 
trends in preferred structures 

Polycyclic aromatic compounds 
abbreviations of compounds, 237 
identification in coal-derived materials, 

236 
nonplanarity, 4-6 
quantitative comparisons in coal-derived 

materials, 237-244* 
structural similarities in coal-derived 

materials, 248,249 
Polycyclic aromatic hydrocarbon analysis 

elution, 312 
limitations, 310,311 
previous findings, 311,312 
retention time, 311 
steric strain, 311,312 

Polycyclic aromatic hydrocarbons, 246, 
247 

absorbance spectra, 321,322/324 
characteristics, 309 
chromatographic behaviors, 312 
elution behavior, 321/ 
extraction and separation, 314,315 
influencing factors, 247 
isolation of new compounds, 315-319 
IUPAC names, 315-319 
maximum absorbance, 319,320* 
partial rate data, 301,302* 
radical abstraction and addition reactions, 

300,301 
relative retention vs. dichloromethane 

concentration, 324/326 
relative retentions, 319,320* 
reverse-phase chromatograms, 323/325 
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394 POLYNUCLEAR AROMATIC COMPOUNDS 

Polycyclic aromatic hydrocarbons— 
Continued 

separation by shape, 326,331 
shallowness factors, 319,320* 
spectral behaviors, 312 
structural dependence of mutagenicity 

and carcinogenicity, 309,310 
structures, 315,318 
synthesis, 313,314 
types, 312 

Polycyclic aromatic oxygen heterocycles, 
cyclocoupling dehydrogenations, 
251 

Polycyclic benzenoid aromatic hydrocarbons, 
quantum chemical structure-reactivity, 
287-304 

Polycyclic benzenoid ribbons, structure, 
4 

Polyhedral three-dimensional aromatic 
hydrocarbons 

formation, 7,9,10 
properties, 7,8 

Polymorphism, pyrene radical-cation salts, 
183,186-191 

Polynuclear aromatic compound-alkali metal 
solutions, preparation, 73,74 

Polynuclear aromatic compounds 
chemistry, 1,2 
effect of substituents, 80 
prototype substructure, 1 
pyrolysis studies, 272-280 
thermal reaction studies, 269,270 

Polynuclear aromatic hydrocarbon radical 
cations 

electrophilic attack, 156-167 
reaction with N(IV), 156 

Polynuclear aromatic hydrocarbons 
nitration, 155 
transformation to graphite and carbon, 

270 
Polynuclear aromatic mixtures, interactions, 

271,272 
Polynuclear aromatic systems in asphaltenes 

distribution of species, 209* 
formation of coke precursor and volatile 

products, 209,210 
high-performance liquid chromatograms, 

210,211/ 
hypothetical structure, 211,213 
molecular types, 208*,209 
relative intensities of subfractionation 

peaks, 210,212* 
UV spectrum, 210 

Potassium-biphenyl-tetraglyme 
alkali ionic radii, 43,44* 
bond lengths, 43,44* 
crystallographic data, 41* 
formation, 40 
geometry, 42,43* 
physical properties, 44,45 
stereoscopic view of unit cell, 41,42/ 

Potassium-cyclooctateraene-diglyme 
crystal structure, 45,46/ 
crystallographic data, 45,46* 
ESR spectrum, 45,47-49/ 
spin-density distribution and molecular 

orientation, 45 

Potentiometric determination of electron 
affinity 

apparatus, 14,15/ 
determination of equilibrium constant, 

17 
titration curve, 14,16/ 

Potentiometric or polarographic techniques, 
disproportionation constant 
determination, 25,26 

Pyrene 
formation of polynitropyrenes, 166 
N(IV) nitration, 158,160/161 
nitration, 135,157-167 

Pyrene excimer, TT-TT interaction, 334 
Pyrene radical-cation salts 

crystal structure, 186,188,189/ 
crystallographic data, 186,188* 
molecular overlaps, 188,190/191 
polymorphism, 183,186-191 
projection for Py 2AsF 6, 191/ 
rotation photographs, 186,188/ 

Pyrene-N 20 4 donor-accepted complex 
formation, 164 
observed rate constant, 164 
rate constant vs. concentration of N(IV), 

164,165/ 
Pyridine cation radical, reactions, 139 
Pyridine extraction, low-volatile bituminous 

coal, 264*,265 
Pyrolysis, polynuclear aromatic compounds 

272-280 

Q 

Quantum theoretical characterization, 
applications, 287,288 

Quarternary carbon, site of reductive 
alkylation, 121-124 

Quaterphenyl 
crystal structure of radical-cation salt, 

197,198/ 
valence bond forms, 197 

R 

Radical abstraction and addition reactions 
energies vs. rates, 301,303,304/ 
partial rate data, 301,302* 
reactions, 300 

Radical anions 
equilibrium with neutral precursors, 74 
metal-ammonia reduction, 77 
unstable, See Unstable radical anions 

Radical displacement, pathway, 149 
Radical-cation salt of 2-dimethylnaphthalene 

crystal structure, 191,192/ 
molecular overlap, 192,193/ 

Radical-cation salts 
analogy of the packing, 196/197 
chemical syntheses by electron oxidation 

of neutral aromatic precursors, 173-
176 
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INDEX 395 

Radical-cation salts—Continued 
crystal structure of poly(p-phenylene), 

197,199/ 
crystal structure of quaterphenyl, 197,198/ 
models for conducting polymers, 196-199 
preparation via single-boundary three-

dimensional aromatic hydrocarbons, 7 
reaction chemistry, 169 
structural principles, 179-199 

Radical-cation salts as organic metals 
1 9 F magnetic resonance, 194 
electron spin resonance, 193,194 
reflectance spectra, 194,195/ 
structural principles, 193 
temperature dependence of specific 

conductivity, 193,194/ 
Radical-cation salts of arenes, 

electrocrystallization, 177-181 
Randic conjugated circuits, definition of 

aromaticity, 54 
Raney nickel catalyst, use in desulfurization 

of thiophane, 358,359 
Reaction mechanism, N(IV) nitration of 

pyrene, 164-167 
Reactions of cation radicals with 

nucleophiles, 127,128 
Redox potentials 

eflFect of aggregation, 16-21 
effect of ion-pair structure, 17,18/ 
effect of solvent, 17,18/ 

Reduced molar volume, definition, 227,228 
Reductive alleviation 

of anthracene, naphthalene, and biphenyl, 
75,76* 

affected carbons, 121-124 
application, 109 
dibenzothiophene, 120,121 
mechanism, 75 
regiochemistry, 122,123 
sulfur functionality, 123 

Reductive dimerization 
teri-butylphenylaeetylene, 94,95 
cyclopropyltriphenylsilane, 96,97 
diphenylacetylene, 95,96 
methylphenylacetylene, 95 

Reductive methylation 
controversial aspects, 110,111 
decacyclene, 110,118,119 
dibenzothiophene, 110 
perylene, 110 

Reductive protonation, dianion of perylene, 
123,124 

Reductive ring opening, 
tetraphenylcyclobutadienenickel(II) 
bromide aimer, 99 

Resins, component of petroleum, 202,203/ 
Ring contraction, sulfur heterocycles, 98 
Rotation photographs, pyrene radical-cation 

salts, 186,188/ 
Rubidium-biphenyl-tetraglyme 

alkali ionic radii, 43,44* 
bond lengths, 43,44* 
crystallographic data, 41* 
formation, 40 
geometry, 42,43* 
physical properties, 44,45 
stereoscopic view of unit cell, 41,42/ 

Rubidium-cyclooctateraene-diglyme 
crystal structure, 45,46/ 
crystallographic data, 45,46* 
ESR spectrum, 45-47/ 

S 

Salts of aromatic systems, stability, 178,179 
Sapropelic coals, difference from humic 

coals, 227 
Saturates, component of petroleum, 

202,203/ 
Second-moment NMR analysis of 

dimethyldihydroperylene, 116 
Self-consistent field methods, correlation 

coefficients, 291-293* 
Semifusinites, plasticity, 228 
Separation, polycyclic aromatic 

hydrocarbons, 314,315 
Shallowness factor 

definition, 319 
values, 319,320* 

Single crystals of alkali aromatic ion pairs, 
preparation, 40 

Single-boundary polynuclear aromatic 
compounds, description, 3 

Single-boundary three-dimensional aromatic 
hydrocarbons 

examples, 3-6 
photoconductivities, 6 
preparation of radical-cation salts, 7 
properties of dianions, 7 
relationship between molecular structure 

and photoconductivity, 6,7 
Single-electron transfer, Born-Haber cycle 

for response of carbon-metal bond, 93/ 
Sodium salt of naphthacene dianions with 

naphthacene, mechanism of reaction, 
28-30/ 

S odiu m-biphenyl-trigly me 
alkali ionic radii, 43,44* 
bond lengths, 43,44* 
crystallographic data, 41* 
formation, 40 
geometry, 42,43* 
physical properties, 44,45 
stereoscopic view, 41,42/ 

Sodium-terphenyl-tetrahydrofuran 
crystallographic data, 50 
stereoscopic view, 50/51 

Solvent-refined coal heavy distillate 
elemental analysis, 236-237 
identification of cyclopenta-containing 

compounds, 244 
identification of hydroaromatic 

compounds, 244,245 
mild autocatalytic hydrogénation, 244-

247 
quantitative comparisons of polycyclic 

aromatic compounds, 237-244* 
reactions of polycyclic aromatic 

compounds containing functional 
groups, 245,246 

structural similarities of polycyclic 
aromatic compounds, 248,249 
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396 POLYNUCLEAR AROMATIC COMPOUNDS 

Solvent-separated ion pairs 
definition, 15 
discussion, 39 

Spectrophotometric determination of 
electron affinity 

determination of equilibrium constant, 17 
reactions, 14 

Spectrophotometric methods, 
disproportionation constant 
determination, 26 

Stable dianions, metal-ammonia reduction, 
78 

Stable monoanions, metal-ammonia 
reduction, 77 

Stage, definition, 370 
eis-Stilbene, flash photolysis, 32-34/ 
cts-Stilbene precursor, trapping, 97 
irans-Stilbene, flash photolysis, 32-34/ 
Stoichiometry of pyrene nitration by N(IV), 

effects of mass balances and yield ratios, 
163 

Structural assignments of polycyclic aromatic 
hydrocarbons 

features vs. planarity, 319,320/ 
influencing factors, 315,317 
spectral comparisons, 317-319 

Structure vs. paratropicity of An ττ electron 
dianions, 68-70 

Subbituminous coals, high-molecular-weight 
product fractions, 229 

2-Substituted naphthalenes, reduction, 
80,81 

Sulfonium ion perchlorate 
reaction with bis(5-hexenyl)mercury, 

131,132 
reaction with dibutylmercury, 129,130 
reaction with di-5-nexenylmercury, 146-

149 
reaction with dibutylmercury, 145,146* 
reaction with RMgCl, 140-145 

Sulfur heterocycles, ring contraction, 98 

Τ 

Terphenyl, preparation of single crystal, 41 
Tetrabenzo-1,2-dinickelecin-l, 2-

bis(triethylphosphine), isolation, 99 
Tetrahydropyran, effect of aggregation on 

redox potentials, 17,18/ 
(E,E)-l,2,3,4-Tetraphenyl-l,3-butadiene, 

interception, 97,98 
Tetraphenylcyclobutadienenickel(II) bromide 

dimer, reductive ring opening, 99 
Tetraphenylethene 

apparent equilibrium constants, 19,20/ 
equilibrium constants, 19,20/ 
shape of dianion, 20,21 
temperature dependence of 

disproportionation, 19,21/ 
Thermal reactions of polynuclear aromatic 

compounds, techniques for studying, 
260-270 

Thermodynamics of disproportionation 
apparatus, 21,22/ 
disproportionation constant vs. reciprocal 

temperature, 22-24/ 
effect of cations and solvents on 

disproportionation constant, 24,25* 
effect of Coulombic forces, 24,25 
enthalpy, 22 
entropy, 22 
factors favoring disproportionation, 25 
potential vs. temperature, 22-24/ 
solvation of alkali cations, 23 

Thianthrene, ring contraction, 98 
Thianthrene 5-oxide, structure, 129 
Thianthrene cation radical, structure, 

128,129 
5-Thianthrenium perchlorates, preparation, 

139 
Thiophene 

desulfurization, 358 
frontier electron densities, 361,362* 
hydrodesulfurization, 358 
ττ-electron densities, 361,362*,363 

Three-dimensional polynuclear aromatic 
compounds, structure, 3 

Tight ion pairs, See Contact ion pairs, 17 
Topology vs. paratropicity of An ττ electron 

dianions, Θ7/-69 
Tribenzofl,c,iphenazine dianion, Ή NMR 

spectrum, 68,69/ 
Triphenylene, preparation, 247 
Trityllithium, use in C-methylation of coal, 

262-264 
Truncated icosahedral carbon cluster, 

Huckel calculations, 9 

U 

Unstable monoanions, metal-ammonia 
reduction, 77,78 

Unstable radical anions 
dimerization, 34-36/ 
isomerization, 32-34/ 

UV absorbance, use in PAH analysis, 
310,311 

V 

Valence-bond structure-resonance theory, 
quantum chemical measurements, 288 

Vitrains, average-structure models, 
221,222,224,225 

X 

X-ray diffraction measurements, analysis of 
coal structure, 219 
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