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Chapter 1

1.1 Introduction

When burning a candle, driving your car or during an eruption of a volcano (non)-alternant
polycyclic aromatic hydrocarbons (PAHs) ate formed. In fact, PAH are invariably introduced into
our environment as a consequence of incomplete combustion processes, both natural or due to
human activity. This makes these molecules abundant. Unfortunately, several representatives
possess genotoxic properties, Ze. they are environmental pollutants.!2 Besides their terrestrial
prevalence, (ionized) cyclopenta-fused (CP)-PAH are proposed to constitute up to 20% of all the
carbon present in the galaxy.? The prevalence of PAH combined with their physico-chemical
properties make PAH of intetest for a variety of natural sciences, Zze. chemistry, physics, biology,
medicine, geology and for material science.t

A new dimension to non-alternant PAH chemistry was added by the discovery of the
fullerenes Cgp and Cro, 2z 3D closed carbon surfaces, and especially after their isolation the

recognition of their remarkable properties.>0

The electronic and magnetic propetties are strongly
affected by changing a Tt-conjugated 2D arrangement of pentagons and hexagons into a 3D closed
carbons surface. Therefore, the theotetical description of both fullerenes and non-alternant PAH
gained much attention.” For example, the concept of aromaticity in relation with curved molecules
that are partly composed of odd-membered rings still intrigues many scientists.?

After the discovery of fullerenes non-alternant PAH, and primarily cyclopenta-fused
PAH, were recognized as model compounds and key sub-structures of classical fullerenes. The
term 'buckybowls' was given to large CP-PAH that possess a curved structure.!%12 This has led to
substantial activity to synthesize large and curved CP-PAH in order to enable the study of the
effect of pentagons on curvature and ultimately the properties of the molecule. Especially, the
number, topology as well as the difference between internal and peripheral cyclopenta-moieties is
hereby of interest.'0-12 At that time a drawback was that only lengthy synthetic routes for CP-PAH
were available. In recent years, more convenient syntheses were developed, of which many involve
Flash Vacuum Thermolysis (FVT) steps.!3-1> Furthermore, besides cyclopenta-fused PAH, the
related cyclohepta-fused PAH were recognized as key sub-structures of bended carbon
nanotubes.!%17 However, only a few representatives of this class of molecules are known and their
properties have only scarcely been studied.!8-21

An interesting observation is that both (non)-alternant PAH as well as fullerenes are
formed in flames.! This suggest that the formation of non-alternant PAH and fullerenes is
interrelated under appropriate conditions. Based on this observation, a quest for the synthesis by
design of, in first instance Cgo, but ultimately new materials with 3D closed (carbon) surfaces

starting from non-alternant PAH with the exact carbon topology as the desired molecule arose.2?-
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24 Hence, in recent years various aspects of non-alternant PAH chemistry (re)gained considerable

attention, while they are closely related to the area of fullerene and nano-tube chemistry.

1.2 Non-alternant PAH

Alternant PAH are composed of annelated even-membered Tt-conjugated rings. The carbon atoms
in these compounds can be divided into two sets, 2z s (starred) and # (un-starred) with each s-
carbon having only # neighbors and wice versa. Non-alternant PAH, in contrast, are T-conjugated
compounds that have at least one odd-membered, annelated ring, for example, a pentagon or
heptagon.?> In non-alternant PAH always either two adjacent s-carbons or #-carbons can be found
(see Chart 1). The presence of such an odd-membered ring in the structure has a significant effect
on the properties when compared to a structure with only even-membered rings, Ze. alternant
PAH. As a consequence, an asymmetric charge distribution along the molecule is present.
Furthermore, an odd-membered ring can give rise to curvature, which will affect the overlap of the

neighboring m-otbitals.8:20

) ) OO ' OO )
* * * * * *
1 2 3

alternant PAH non-alternant PAH

Chart 1. Alternant naphthalene (1) 2s5. the non-alternant PAH acenaphthylene (2) and pleiadiene (3).

1.2.1 Aromaticity: the concept

When Faraday isolated and identified benzene (initially named bicarburet of hydrogen), he entitled
it aromatic because of its typical fragrance.?” The elucidation of its molecular formula (CsHe)
revealed that benzene is an unsaturated compound. However in contrast to alkenes, benzene is
reluctant to undergo the classical addition reactions, but instead displays substitution reactions.
This unexpected behavior ultimately led to the modern concept of aromaticity. Hence, the term
aromaticity has evolved from the fragrance of a compound to a theoretical model. Despite the
importance of this concept in organic chemistry, it neither has a precise definition nor is reflected
by a direct measurable quantity.?® This is predominantly caused by the fact that suitable reference
systems are required that often are (experimentally) inaccessible. Aromaticity is for example

associated with bond length equalization (geometric criterion) and ‘increased stability’ (energy
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criterion). However, a still unanswered question is compared to what. As a consequence various
criteria for aromaticity exist, both experimental and theoretical. However, no agreement
(convergence) exists about #he criteria for aromaticity. Experimental criteria can be divided into
geometric, energetic, chemical reactivity and magnetic criteria. For example, benzene possesses a
D,, instead of D;, structure, has a lower heat of hydrogenation than an alkene-like reference
compound containing three isolated (non-interacting) double bonds, is reluctant to undergo
addition reactions and sustains a diatropic ring current due to cyclic T-electron delocalization when
exposed to a perpendicular external magnetic field. Most of the models and theories that have

been put forward, however, explain only a few of the above-described phenomena.?®

1.2.2  Models for aromaticity

The first model put forward that could rationalize part of the peculiar behavior of benzene was
postulated by Kekulé in 1865.2% Benzene is described as an ‘oscillating’ 1,3,5-cyclohexatriene
structure (D;;). With a fast equilibrium formation both the substitution behavior of benzene and
the structure (D,;) could be interpreted. However, its incorrectness became immediately apparent,

since all attempts to freeze out this equilibrium failed.

Den

Scheme 1. The equilibrium between two 1,3,5-cyclohexatriene (D3;) isomers according to Kekulé.2?

The theoretical description of aromaticity started with the Hiickel ‘4n+2’-rule derived for

planar Tt-conjugated monocycles.%-3! In this model (HMO theory), the T-molecular orbital energy-
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level diagram can be constructed using the following set of approximations. Only T-clectrons are
taken into account. As all carbon atoms are treated identically, all Coulomb interactions are equal
and set to a value O.. The resonance integrals are set equal to zero for all non-neighboring atoms
and equal to  for neighboring atoms. In the case of benzene this leads to three bonding and three
anti-bonding m-molecular orbitals. The T-electron energy for benzene is 60t + 8P, whereas for
three (non-interacting) localized bonds the T-electron energy is 60 + 6. Hence, the delocalization

energy or the stabilization energy in benzene is 23 according to the Hiickel model.

o+p

<~7 o+ 2B

Figure 1. Energy levels for the m-molecular orbitals (T-MO's) of benzene according to Hiickel (HMO)

theory.

The conceptual strength of the Hiickel model has had a major impact on the description
of aromaticity. Although it was formally derived for planar T-conjugated monocycles, it is
frequently used for (polycyclic) alternant PAH. For example, various correlations were found
between the €rumo/€nomo Hiickel energies and experimentally accessible physicochemical
parameters such as the redox properties.?> In contrast, however, such correlations could not be
obtained for non-alternant PAH.%32 This was attributed to be a consequence of the non-
symmetrical distribution of the energy levels around the a-level, which leads to a non-uniform
charge distribution in the molecules. However, it could also have its origin in the use of ‘exotic’

representatives as azulene and pleiadiene for these correlations.
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Chart 2. The known 'exotic' non-alternant PAH pleiadiene (3) and azulene (4).

A few important comments concerning the applicability of Hiickel theory to (non)-
alternant-PAH should be made. HMO theory describes aromaticity as a global property (energy
criterion) of a compound. However, in the case of PAH the different rings may contribute
differently [(local) aromaticity] to the overall (global) aromaticity. The discrepancies that arise when
PAH are treated with a model derived for monocycles, led to the development of other (more
refined) models and theories. For example, the now refuted ring-perimeter model has been put
forward as another model. In this model only the perimeter T-electrons were thought to be of
importance.?> Furthermore, theories were developed in which all possible conjugation pathways
were taken into account (‘conjugated circuits').>> Robinson and Clar proposed the theory of the
aromatic sextet, ze. the most stable structure in a Tt-conjugated polycycle will possess the maximum
number of benzenoid sextets (Chart 3). This theory describes aromaticity as a local property.>* In
all descriptions that are discussed so far the aromatic properties are attributed to T-electron
contributions. However, the papers from Shaik, Hiberty and co-workers seriously attacked this
view.3>37 Their calculations, in which they separated the G- and T-electron contributions,
indicated that not the T-electrons but the G-electrons favor the Dy, geometry of benzene. Ab initio
valence bond calculations, however, indicate that a delicate interplay between the G-system, the -
system and resonance determines the geometry of benzene.’#3? Hence, the description of the

aromaticity of, especially, non-alternant PAH, is still a subject of debate.

oL O
orL (D)
oBheglce

5 6 7

Chart 3. Clar representation of phenanthrene (5), pyrene (6) and fluoranthene (7).
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1.2.3  Aromaticity: the magnetic criterion
One of the criteria for aromaticity in a Tt-conjugated monocycle is the presence of cyclic electron
delocalization, which manifests itself by sustaining a ring current when an external magnetic field is
applied.*0 According to Hiickel-London theory, a T-conjugated monocycle containing 4n+2 T-
electrons will sustain a diatropic (aromatic) ring current when exposed to a perpendicular external
magnetic field, whereas a monocycle with 4n T-electrons will display a paratropic (ant-aromatic)
ring current.*! Although, ring currents are not directly observable, they can be inferred from
integrated properties, such as IH-NMR chemical shifts, magnetic anisotropy (AZ) and exaltation of
isotropic magnetic susceptibility (A).40:42

Hence, study of the "H-NMR chemical shifts, A and A has become a useful tool to gain
insight in the global aromaticity of the Tt-conjugated polycycle.*> The magnetic properties of
molecules can also be assessed theoretically. In recent years several methods have been developed
and are now widely used to evaluate these properties computationally. The 'H- and *C-NMR
chemical shifts, A and A, can be calculated with ab initio methods such as Individual Gauges for
Localized molecular Orbitals (IGLO) or Gauge Invariant (including) Atomic Orbitals (GATO).42
Insight in the /oca/ aromaticity of the individual rings of a polycycle can obtained by the calculation
of the nucleus independent chemical shift (NICS) values for the distinct rings.** In a different
approach the non-observable ring currents can be visualized by calculating the all-electron current
density maps of the molecule using the continuous transformation of origin of current density
method in the diamagnetic zero approximation (CTOCD-DZ).4>4 An unique feature of the
psocentric CTOCD-DZ approach is that a physically realistic analysis of the contributions from the
different molecular orbitals to the computed ring currents in terms of occupied to unoccupied
transitions is possible.*” Furthermore, also with this method the experimental 'H- and 13C-NMR

chemical shifts, AL, A and NICS can be calculated by integration of the current density maps.*3

1.2.4  Synthesis of non-alternant PAH: the FVT approach

In order to establish the applicability of non-alternant PAH as model compounds for fullerenes
and for the identification of potential fullerenes precursors, efficient syntheses of non-alternant
PAH had to be accessible. In first instance, the attention was mainly focused on the syntheses and
properties of cyclopenta-fused PAH, since these molecules constitute formal building blocks of
classical fullerenes, ie. those fullerenes composed of pentagons and hexagons.!* Furthermore,
cyclopenta-fused PAH are also predominantly formed during incomplete combustion and
reference compounds are needed to unequivocally identify these pollutants and assess their

physicochemical and biological properties (section 1.2.6).1 Whereas many alternant PAH can be
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Chart 4. Cyclopenta-fused polycyclic aromatic hydrocatrbons that have become available by the use of Flash

Vacuum Thermolysis (FVT).
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<

isolated from coal tar, for CP-PAH lengthy and difficult classical ‘wet’ syntheses were
developed.3*49-52 Although a recent reported Pd-catalyzed reaction is an important improvement
on these syntheses,> gas phase reactions by means of Flash Vacuum Thermolysis (FVT) or Flow
Pyrolysis (FP) have proven to be the methods of choice for the preparation of CP-PAH.1214
Especially, since certain representatives, such as the bis-cyclopentapyrene isomers, can hitherto
only be obtained by FVT.1>5* In a typical FVT experiment the pressure is low (0.01 - 0.001 mm
Hg), the temperatures are high (600°C - 1200°C) and the residence times of the precursor that has
to be sublimed into the hot zone of the furnace are in the order of milliseconds. Under these
conditions primarily unimolecular reactions take place. Due to collisions with the walls the
precursor gains thermal energy, whereupon it rearranges to the desired CP-PAH. Ethynyl-
substituted (E-PAH) or 1-chloroethynyl (‘masked” E-PAH) have shown to be excellent precursors
for CP-PAH. "7a this approach a large set of mono- and bis-substituted CP-PAH has been prepared
in our laboratory in excellent to reasonable yields and mass recoveries.'#

In contrast to the availability of a plethora of cyclopenta-fused PAH, other non-alternant
PAH such as cyclohepta-fused PAH have not received much attention. Some derivatives of this

7 and

class of molecules were prepared. Examples are pleiadiene,Zl’55 acepleiadiene,56 dipleiadiene5
cycloheptalj #|phenanthrene (Chart 5).1 However, in all cases lengthy synthetic routes were
employed. A problem hereby is the reactivity of these molecules in solution and the (undesired)
formation of mixtures of different constitutional isomers. Whereas cyclopenta-fused PAH cause
positive curvature, cyclohepta-fused PAH have also been recognized as interesting synthetic target

since the cyclohepta-moiety can induce negative curvature in a graphitic sheet.17->8:>9

@ gy

3 8

Chart 5. The known cyclohepta-fused PAH pleiadiene (3), acepleiadiene (8), dipleiadiene (9) and
cycloheptalj, £|phenanthrene (10).

1.2.5  Behavior of (CP)-PAH under high temperature conditions
As discussed above, (CP)-PAH are invariably formed during incomplete combustion processes. !
The recognition that various representatives possess genotoxic properties instigated much activity

to unravel their structure, build up, and rearrangement and fragmentation behavior under high
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temperature conditions.? Valuable information on the formation of (CP)-PAH has been obtained
by careful analyses of combustion exhausts with available reference molecules obtained by
FVT,100 study of the high temperature rearrangements of abundant (CP)-PAH by independent

12,14

FVT experiments and flame experiments.%! Since a distinct set of (non)-alternant PAH are

invariably formed during combustion processes, the build-up processes do not take place, as might
expected, in a chaotic fashion.62

The formation of benzene under high temperature in flames has extensively been studied
and is proposed to proceed either »iz reaction of two propargyl radicals or by reaction of acetylene
with a C4Hy species.®>0* Subsequently, the build up of larger aromatic molecules is proposed to
take place v accretion of CoHy and other alkene/alkyn-chains to the aromatic core.% Accretion
of CH, to PAH leads to the formation of ethynyl-substituted PAH (E-PAH).6%0¢ These E-PAH
have been identified in combustion mixtures and are expected to be important intermediates since
they can rearrange amongst others to CP-PAH.% This is proposed to occur #a ethynyl-ethylidene
equilibration followed by C-H insertion of the ethylidene carbene (Scheme 2).!3 Application of
FVT has been essential in elucidating the potential of E-PAH as precursors for CP-PAH.!2.14

H

11 2

Scheme 2. Formation of cyclopenta-fused PAH from the corresponding ethynyl-substituted PAH vz

ethynyl-ethylidene carbene equilibration and C-H insertion of the ethylidene carbene.

Another remarkable property of (non-alternant) PAH is their ability to undergo well-
defined skeletal reatrangements/conversions under high temperatute conditions. In the case of
CP-PAH, these rearrangements mostly proceed ua ring-contraction/ting-expansion processes
involving 1,2-H and 1,2-C shifts and carbene intermediates, and ultimately lead to the formation of
the thermodynamic more stable isomer (Scheme 3).11:12 A vivid example is the rearrangement of
aceanthrylene into acephenanthrylene and finally fluoranthene with increasing temperature
(Scheme 3).97 Detailed insight in these rearrangements was obtained by performing FVT
experiments at different temperatures followed by pyrolysate analysis.!# Tt has become clear that
the occurrence of skeletal rearrangements may seriously affect the overall composition and, as a

consequence the genotoxic properties of the combustion exhausts.?8 Moreover, these processes
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rationalize that during (incomplete) combustion processes only a distinct set of CP-PAH, varying
with temperature, is formed. Besides build up and rearrangements, breakdown can occur via C;- or
CyHs-extrusions from E-PAH or CP-PAH whereupon the original PAH core is recovered. 4
Although, in recent years much insight has been obtained in the high temperature
chemistry of CP-PAH, many issues still remain unresolved. For example, the viability of the
ethynyl-ethylidene equilibration and C-H insertion of the ethylidene carbene has been questioned
recently on the basis of ab initio calculations.®? The intermediacy of carbene-like species in the
skeletal rearrangement is not without flaws. Their reactivity renders them difficult to detect
experimentally and hampers the assessment of their properties experimentally. Furthermore,
computation of their properties is also not a simple task; in many instances a single configuration
is not sufficient, ze. static and dynamic correlations have to be taken into account. From a more
practical perspective a question remains why besides CP-PAH no other non-alternant PAH have
yet been identified in combustion mixtures, since accretion of other C,-fragments should be
feasible.” Apparently, not all pathways operational under high temperature conditions have yet

been elucidated.

H
a a . 1,2H-shift followed ‘
1,2H-shift " 1,2C-shift by 1,2C-shift
G

12 13 6

Scheme 3. Skeletal rearrangement of aceanthrylene (8) to acephenanthrylene (9) and

cyclopentalgd]fluoranthene (10) 2z 1,2-H and 1,2-C shifts involving carbene intermediates.

1.2.6  Properties of non-alternant PAH

The annelation of an odd-membered ring, such as a pentagon, to an alternant core considerably
affects the properties of the T-conjugated molecule. This is clear from several observations. For
example, in some cases the 'H-NMR chemical shifts of a CP-PAH are shifted up-field with respect
to the 'H-NMR chemical shifts of the related alternant PAH.1>>* This indicates that upon
cyclopenta-fusion the overall aromaticity (global aromaticity) of the molecule will be reduced.
Recent theoretical evaluations of the magnetic properties of CP-PAH confirm this observation.*8

Furthermore, CP-PAH have significantly less negative first reduction potentials than the
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corresponding PAH.!* Several CP-PAH give in addition rise to anomalous S, fluorescence, which

is not obsetved for the alternant PAH.71-73

1.3 Fullerenes

The first idea for a hypothetical spherical molecule with 60 carbon atoms arose already in 1970 in a
theoretical study related to 'superaromaticity’.”*7> In 1985, the formation of Cg and Cro was for
the first time proposed, when persistent features positioned at 720 and 840 a.m.u. in the mass
spectrum were observed during laser vaporization of graphite.> When the groups of Kritschmer
and Huffman produced carbon particles by evaporating graphite in an arc generating soot, under
certain experimental conditions additional UV- ('the camel humps') and IR-features were observed
in the soot that were not recognized at that time. Later, 'the camel humps' and IR-features were
indeed identified as absorption bands of Cg.’® Unequivocal evidence for the structure of Cg and
Cr0 was eventually obtained after their isolation from this soot by simple extraction followed by

characterization.677

1.3.1  Fullerene formation

Although, Cg and Csp can now be obtained in reasonable quantities from the soot obtained by
arc-vaporization of graphite, the mechanism by which the fullerenes are formed is still not clear.
Several mechanisms have been put forward, but up till now no mechanism can account for all the
experimental observations. Two of the proposed mechanisms are the ‘pentagon road’ and ‘the
fullerene road’.’®7 The first involves the introduction of cyclopenta-fused rings in graphitic
sheets under high temperature conditions. This leads to curling up of the surface, which will
reduce the amount of undesited dangling bonds. Hereupon, the curved graphitic sheet can give
closed carbon spheres.

In the fullerene road mechanism, the proposed intermediates are not (curved) graphitic
sheets but small closed carbon cages consisting of 30-58 carbon atoms. These small carbon cages
are proposed to grow by accretion of C; fragments to the cyclopenta-rings.

As stated above, a large set of (CP)-PAH is invariably formed under high temperature
conditions in the gas phase, for example in flames. Remarkably, under certain conditions, such as
in acetylene and benzene flames, besides (CP)-PAH, fullerenes are also formed. 180 Furthermore,
the fullerenes Cgo and Cyg are also formed upon pyrolysis of PAH as naphthalene, corannulene.8!-
84 Hence, this strongly suggests that a relation exists between the formation of fullerenes and

(CP)-PAH under high temperature conditions.
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More recently, an even more spectacular relation between (CP)-PAH and fullerene
formation in the solid state was proposed, albeit with trepidation because it entails formidable
hurdles. This hypothesis is based on the following. On three different locations Cgo has been

identified in terrestrial hard rocks (geological samples) by geochemists.85-87

Initially, the presence
of Cg was explained by the fact that extraterrestrial bodies must have struck the earth on these
sites which led to the extreme conditions (forest fires) to transform carbonaceous matter into
fullerenes.3¢ Most recently, however, it was proposed that the presence of the fullerenes in the
hard rocks might also have a biologic origin with remnants of algae being the carbon source as
they could be formed by transformations in the solid state from algae 2z PAH to fullerenes.®®
Hence, under different conditions (solid state »5. gas phase and high pressure »s. high temperature)

similar chemistry is proposed to be operational.

1.3.2  Properties of fullerenes

Several aspects of the formation and properties of fullerenes have been or still are subject of
intensive research. For example, the fact that 'sphetical' molecules are stable under the extreme
conditions under which they are formed. The answer to this question appears to have a kinetic
origin. Once fullerenes are formed, the barrier to convert them to other constitutional isomers is
very high.8’

The question whether fullerenes have to be considered as 3D aromatic Tt-conjugated
systems or not, has been subject of debate since their initial discovery. Due to the presence of
both pentagons (paratropic contributions) and hexagons (diatropic contributions), predictions
concerning the global aromaticity of Cg were not easy to make. Magnetic indicators such as NMR
chemical shifts seem to indicate that cyclic electron delocalization is present in fullerenes.
However, fullerenes are prone to undergo addition reactions, ze. possess alkene-like behavior.”-%0

In addition, a fascinating property of fullerenes is their high electron affinity, Ze. their
ability to take up six electrons under mild conditions, forming hexa-anions. This behavior was
initially interpreted by considering fullerenes to be build up of 6 pyracylene units. These units can
take up two electrons forming cyclopentadienide sub-structures each containing six T-electrons.”!
An important question is whether the facile reduction of Cg and Cy is due to their non-alternant
character or due to the curvature. As will be shown in this thesis several aspects of fullerene
chemistry can be readily interpreted by studying the properties of the smaller (planar) key sub-

structures of which they are composed.
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1.4 Fullerenes by design; The Schlegel-match proposition

Although, Cs and C7 can now be prepared in reasonable quantities, the arc-vaporization of
graphite is reluctant to modification and therefore the properties of these molecules cannot be
altered.9? This initiated the quest to design selective syntheses for, in first instance, Cgo and Coo.
One approach put forward, is to synthesize (curved) CP-PAH with the aim to subsequently link
several together. Various synthetic strategies were developed to obtain these curved sub-structures,
i.e. "buckybowls'.1093 Despite the fact that the linking of these large buckybowls has not yet been
achieved,?*? these molecules are interesting model compounds to study the effect of curvature
on aromaticity.?’

Another approach is based on the idea that cyclic polyynes also may be important
intermediates in the build up of fullerenes under high temperature conditions. Note that the
formation of Cyo from an zn-situ generated cyclic Csp polyyne has been observed to occur under
mass spectrometric conditions.”® Therefore, large cage-like polyynes were designed (Figure 2),
which were proposed to rearrange in the mass spectrometer to fullerenes.”8193 A problem
concerning these large cage-like polyynes is their lack of stability. As a consequence, they can only
be generated zn-situ inside the mass spectrometer from a protected precursor. Furthermore, neither
experimental nor theoretical proof has been provided that under these conditions the drastic
rearrangement of the carbon skeleton takes place as proposed in a unimolecular fashion and that

ultimately a closed carbon surface is indeed obtained.””

Figure 2. Proposed Cyo polyyne precursor.

A different approach to access proper unimolecular fullerene precursors is to start with a
2D progenitor that already contains the correct carbon topology as the fullerene that has to be

formed. ze. non-alternant PAH (Schlegel-match). Such a precursor for Ce is the CooHzo CP-PAH
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Benzo[1,2-¢3,4-¢":5,6-¢"|tribenzo[]acephenanthrylene (Figure 3c).!0% To determine the correct
carbon topology, a two dimensional projection of the desired fullerene has to be made, ze a
Schlegel map (Figure 3b). In this thesis it will be shown that a prerequisite for the successful
conversion of a CP-PAH precursor into a fullerene under relatively mild conditions and without
the occutrence of fragmentation, is the presence of this ‘Schlegel-match’.

A tantalizing objective is ultimately the preparation of hitherto unknown materials with
closed carbon surfaces of which the properties can be varied by introduction of hetero-atoms,
other odd-membered rings or the selective preparation of endohedral materials. In this respect, the
synthesis of novel azafullerenes or azafulleranes is of worthwhile objective.!0>16 The presence of
nitrogen atoms is expected to have a huge effect on the properties of the molecule. Upon
replacement of one catbon atom by one nitrogen atom, an open-shell system is obtained.
Therefore, mono-azafullerenes were isolated as either dimers or as their hydroazafullerene
(azafullerane) derivatives.'97-109 Whilst fullerenes have high electron affinities, Z¢. are good n-type
materials, the presence of nitrogen atoms might render these molecules electropositive, ze. add p-

type character.

Figure 3. a. Cy b. its 2D projection, ze. Schlegel diagram and c. the unimolecular non-alternant precursor

CsoHjp.

141 Carbon nanotubes

Shortly after the discovery of the fullerenes, also (multi- and single wall) carbon nanotubes were
prepared and identified by a modification of the original procedure.!® These robust structures
combine a set of extraordinary properties, such as a high tensile strength, high thermal
conductivity, high current carrying capacity and electronic properties ranging from metallic to sezz-

conducting depending on the helicity of the tube.!1¥ In the miniaturization in electronics zia the
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‘bottum-up’ approach, ie the formation of electronic structures from well-defined nano-scale
molecular building blocks, carbon nanotubes are promising candidates.!!-113 The great challenge
in carbon nanotube chemistry is still the selective preparation and isolation of tubes with the same
length, diameter and helicity.

Carbon nanotubes consist of folded graphene sheets. However, it recently has been
shown that bending and coiling in these tubes have their origin in the presence of both a pentagon
and a heptagon.!”>%114 Whereas, the pentagon is responsible for positive curvature, the heptagon
is hereby thought to be responsible for the negative curvature (see Figure 4).

These seemingly unwanted defects can lead to interesting modification of the properties
of the structure.!1%115 For example, the combination of a pentagon and a heptagon can introduce
a junction between two carbon nanotubes with different helicity. Hereby, forming metal - sezi-
conductor, metal - metal or semi-conductor - semi-conductor molecular nano-scale junctions.110
Furthermore, calculations predict that in the pentaheptide modification of the graphite sheet in
which all hexagonal rings are replaced by pentagons and heptagons, carbon might be metallic.!!>-
117

Although, the key sub-structures of classical fullerenes, cyclopenta-fused PAH, have
drawn much attention, the other sub-structures of bended and folded nanotubes, cyclohepta-fused
PAH, have not. Thus also from this perspective, insight in their structure, stability and electronic
properties is of interest to selectively obtain carbon-nanotubes with ‘defects’ and tune their

properties.

Figure 4. Examples of the effect of the presence of heptagons on the structure of closed carbon surfaces.
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1.5 Corollary

The chemistry of 2D (non)-alternant PAH and 3D closed carbon surfaces as fullerenes, carbon
nanotubes and materials yet to be discovered is, as has been shown, intimately related. This
connection is present in the gas phase, where both non-alternant PAH and fullerenes can be
formed under similar conditions. Hence, study of the build up and rearrangements of non-
alternant PAH in the gas phase is of topical interest since it could give information concerning
‘missing links’ connecting the 2D and 3D structures. The relationship between the formation in
the gas phase also inspired the quest for the selective synthesis of the fullerenes Cgo and Cro
starting from non-alternant PAH. This might result in syntheses were the structure and thereby the
properties can be tuned. The relation between non-alternant PAH and closed carbons surfaces is
also present on a more fundamental level: non-alternant PAH as sub-structures and model
compounds to study the effect of odd-membered rings and curvature on the properties of the

system.

1.6 Outline of this Thesis

The aim of this thesis is to study several aspects of the (2D) chemistry of non-alternant PAH with
the objective to gain insight in the chemistry of the larger (3D) closed carbon surfaces.

. In Part I of this thesis (Chapter 2 and 3) some fundamental rearrangements of alternant
PAH and non-alternant CP-PAH in the gas phase are studied.

. In Part IT (Chapters 4 — 6) the selective syntheses of closed carbons surfaces, ze. Coo, Cro
and new azafulleranes starting from non-alternant PAH are described.

. In Part III (Chapters 7 — 9) the electronic and magnetic properties of two classes of
sub-structures of fullerenes and bended carbon nanotubes, Ze. cyclopenta- and cyclohepta-fused
PAH are discussed.

In Chapter 2, the mechanism by which CP-PAH are formed in the gas phase, Ze. the
rearrangement of ethynyl-substituted PAH to CP-PAH, is studied by FVT of selectively ono-
deuterated ethynyl-substituted PAH. Besides support for the Brown mechanism, 2z ethynyl-
ethylidene equilibration followed by C-H insertion of the ethylidene carbene, previously
unidentified migrations of the hydrogen along the perimeter of the molecule under FVT
conditions were observed. The results affect the interpretation of mechanistic studies of (CP)-

PAH under high temperature conditions where deuterium-labels have been employed.
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In Chapter 3 it is shown that a similar process as observed for non-alternant PAH in
Chapter 2, »z. hydrogen migration along the perimeter of a molecule, is also operational in
alternant PAH.

In Chapter 4, the synthesis of Cg under MALDI TOF-MS conditions is described by
“Zipping up’ of the non-alternant CosoHso PAH benzo[1,2-¢:3,4-¢"5,6-
¢"|tribenzo[Jacephenanthrylene, which fulfills our Schlegel-match proposition critetion. The
zipping up process is studied by comparison with two sub-structures of the CeoHso precursor,
benzo[1,2-¢:3,4-¢%6,5-¢"|triacephenanthrylene (CysHz4) and decacyclene (CssHis). Semz-empirical
and ab initio calculations corroborate the experimental results.

In Chapter 5, two possible Cyo progenitors, based on the results obtained in Chapter 4
are proposed and their conversion into Cy is studied by semz-empirical and ab initio calculations.
The results show that the progenitors can indeed be converted into Cgo, which makes their
syntheses worthwhile.

In Chapter 6, the Schlegel-match proposition is applied to obtain a novel material with a
closed carbon surface; the ionic azafullerane Cs7;N2Hj3. Its synthesis is achieved by “zipping up’ the
Cs7H33N3 Schlegel-match precursor under MALDI TOF-MS conditions.

In Chapter 7, the redox properties of 23 PAH, mono-CP-PAH and bis-CP-PAH are
studied. In contrast to previous studies, a linear correlation between the first reduction potential
and the -€rumo energy derived from Hickel (HMO) theory is found. It is shown that the
cyclopenta-moiety in externally-fused CP-PAH acts as a peri-substituent. A simple HMO model
can be used to explain the behavior of mono- as well as bis-substituted CP-PAH upon reduction.
The applicability of HMO theory is validated by ab initio calculations.

In Chapter 8, the syntheses and rearrangements under FVT conditions of novel CH-
PAH are described. The formation of CH-PAH and CP-PAH in the gas phase is interrelated. CH-
PAH are shown to be susceptible to oxidation and therefore expected to induce p-type character
to the compound. A linear correlation between first oxidation potential and the -€gomo energy
derived from HMO theory is found.

Finally, in Chapter 9 the magnetic properties of a set of CH-PAH are investigated. The
presence of CH-moiety leads in most cases to an overall up-field shift of the 'H-NMR chemical
resonances, due to the presence of strong paratropic ring currents in the CH-moiety. It is shown
that the presence of both a cyclopenta- and a cyclohepta-moiety in one molecule leads to

interesting new properties.
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CHAPTER 2

Unexpectedly Facile Hydrogen Migrations in
Cyclopenta-Fused Polycyclic Aromatic Hydrocarbons

under high Temperature Conditions

Abstract

Flash Vacuum Thermolysis (FVT) of selectively mono-deuterated 9-H-ethynylphenanthrene [1(9-
ZH)], 1—ZH—ethynylnaphthalene [4(1-°H)] and 1-(1-chloroethenyl)-4-2H-naphthalene [6(4-2H)]
gave, according to 'H-, 2H- and BC-NMR in combination with (GC)-MS and GC-cryo-FT-IR,
initially the corresponding cyclopenta-fused polycyclic aromatic hydrocarbons (CP-PAH) expected
on the basis of the mechanism proposed by Brown e /. Unexpectedly, however, migration of the
deuterium atom within the cyclopenta-moiety and from this unit to the aromatic core and vice versa
takes place. Ab initio calculations (B3LYP/TZ2P) were petformed on the possible carbene
intermediates. The occurrence of these facile hydrogen migrations has important consequences for
the interpretation of mechanistic studies on (CP)-PAH under high temperature conditions where

deuterium-labels were employed.



Chapter 2

2.1 Introduction

Experiments have shown that two processes are of main importance for the chemistry of
polycyclic aromatic hydrocatbons under high temperature conditions; build up and skeletal
rearrangements.!> One of the pathways leading to build up is C,H, accretion. Upon accretion of
C2H, to small polycyclic aromatic hydrocarbons ethynyl-substituted PAH (E-PAH) are formed.08
These E-PAH have been identified in combustion mixtures, and are considered to be important
intermediates in combustion processes since they are direct precursor for cyclopenta-fused PAH
(CP-PAH). This is supported by Flash Vacuum Thermolysis (FVT) experiments in which
(‘masked’) E-PAH were found to rearrange to CP-PAH in the dilute gas phase under high
temperature conditions.»>10 Brown e a/. proposed that CP-PAH are generated from their ethynyl-
substituted precursors zza ethynyl-ethylidene carbene equilibration followed by C-H insertion of
the ethylidene carbene.!! However, the intermediacy of ethylidene carbenes was recently refuted
on the basis of ab initio BLYP/6-311G** calculations. It was found that affer zero point energy
corrections the transition state leading to this carbene is lower in energy than the ethylidene
carbene itself.1?

Another important phenomenon is that CP-PAH may further rearrange to isomeric CP-
PAH or PAH zia skeletal rearrangements.!? This was rationalized by the occurrence of a ring
contraction/ring expansion mechanism involving consecutive 1,2-H/1,2-C shift ot vice versa 1314
Experimental evidence for this mechanism was provided by 13C-labeling experiments.!>17 Besides
a scientific curiosity, these skeletal rearrangements are of practical relevance since non-mutagenic

45,18 Hence, build-up and rearrangements of

(CP)-PAH can be converted into mutagenic isomers.
CP-PAH under high temperature conditions contribute to the overall toxicity of the combustion
mixture formed.

The objectives of this Chapter are twofold. Firstly, the theoretically refuted ethynyl-
ethylidene catbene equilibration followed by C-H insertion of the ethylidene carbene is
reinvestigated by FVT of selectively mono-deuterated E-PAH. Secondly, this approach opens up
the opportunity to assess the fate of the deuterium atoms attached to the core of the CP-PAH.
Although the behavior of the carbon atoms in (CP)-PAH have been studied by '3C-labeling

16,1920 the behavior of hydrogen atoms has not been considered explicitly.?!

experiments,
Therefore, selectively deuterated 9—ZH—ethynylphenanthrene [1(9-2H)], 1—ZH—ethynylnaphthalene
[4(1-2H)], and 1-(1-chloroethenyl)-4->H-naphthalene [6(4-2H)], a ‘masked’ E-PAH, are subjected
to FVT in the temperature range 700°C - 1000°C (Schemes 1 - 3). The mono-deuterated precursors
1(9-?H), 4(1-°’H) and 6(4->H) are according to the Brown mechanism expected to give the mono-

deuterated CP-PAH 2-2H-acephenanthrylene [2(5-2H)],2? 1-2H-acenaphthylene [5(1-2H)]?3 and 5-
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2H-acenaphthylene [5(5-2H)], respectively (Schemes 1 - 3).11 Unexpectedly, the results
unequivocally show that that besides the formation of the mono-deuterated CP-PAH 2(5-2H), 5(1-
2H) and 5(5-2H) via cthynyl-ethylidene carbene equilibration followed by C-H insertion of the
ethylidene carbene, previously unnoted deuterium migrations do take place within the cyclopenta-
moiety, from this moiety to the aromatic core and vice versa. Hereupon, a set of mono-deuterated

isotopomers is formed.

2.2 Results & Discussion

2.21  FVT of 9-2H-Ethyny1phenanthrene [1(9-2H)]

The selectively mono-deuterated 9-2H-ethynylphenanthrene [1(9-2H)] was obtained from natural
abundance 9-ethynylphenanthrene (1) via treatment with #-butyllithium and subsequent quenching
with D,O. The degtee of deuteration of 1(9-2H) (98%) was established using 'H-, 2H, 3C-NMR
and mass spectrometry (GC-MS, direct inlet MS). It is noteworthy that PAH and especially E-
PAH as well as CP-PAH readily undergo extrusion of hydrogen atoms and C;H; fragments under
mass spectrometric conditions.?420 As a consequence, even after reduction of E.I. from 70 eV to
16 eV, the isotope pattern of onfy the molecular ion of 1(9-2H) could still not be obtained, since
hydrogen extrusions are descernible Fortunately, however, the molecular ion of the mono-
deuterated compounds possesses the largest intensity and we observed that the degree of
hydrogen extrusion from this ion for the different reference samples measured under similar
conditions is nearly constant (GC-MS, E.I. 70 eV, for further details see Experimental Section).
Hence, throughout this Chapter the isotope patterns of the precursors and the pyrolysate
constituents are compared to those measured for the corresponding natural abundance
compounds. In line with the presence of one deuterium atom, the isotope pattern of 1(9-2H) is
shifted by one mass unit (7/z 203) with respect to that of natural abundance 1 (/3 202), but
displayes the same intensities. FVT of 1(9-2H) at 700°C [p = 1-10 mm Hg, sublimation (subl.) T
= 70 °C, subl. rate 50 mgh] yields the starting compound (90%) and three acephenanthrylene
isotopomers (2) (10%) [mass recovery 100%, Table 1, M+ »/% 203 no increase in [M-1]* and
[M+1]* is found in comparison with natural abundance 2 (m/z 202)]. Spectroscopic analyses show
that the minor amount of acephenanthrylene has muost of the deuterium at position C5 [2(5-2H),
80%, Table 1]. This is evident from 'H-NMR where predominantly a broad singlet is present at
7.23 ppm [J] (H4 - 2H5) < 1Hz, Figure 1A] and from 2H-NMR [7.12 ppm, 2(5-H)|. The
formation of 2(5-2H) is in accordance with the Brown mechanism (Scheme 1). In contrast to 2,
the starting material [1(9-2H)] recovered after FVT at 700°C remains unaltered (H-, 2H- and 3C-
NMR); the deuterium atom is still positioned in the ethynyl-moiety. This is in agreement with the
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Table 1. Product composition of the pyrolysates obtained after FVT of 9-2H-ethynylphenanthrene [1(9-2H)].

T(C) Products formed (%o) Recovery (%)
1(9-2H) 2(4-2H) 2(5-2H) 2(core-2H)x 3

700 90 1 8 1 - 100

800 55 4 40 1 - 98

900 trace 20 56 22 2 96

1000 - 30 50 16 4 94

22(core-2H) represents the different isotopomers of2 containing one deuterium in thePAH core 2(1-2H) — 2(3-2H) and
2(6-?H) — 2(10-2H), Scheme 2].

‘f‘ﬂ

2(4-2H) 2(Core

Scheme 1. Rearrangement of 1(9-2H) into mono-deuterated isotopomers of 2 upon Flash Vacuum

Thermolysis (FVT).

occurrence of equilibration between the ethynyl and the ethylidene carbene (1,2-H shift, Scheme 1)
at high temperatures. Interestingly, the broad, low intensity signal in between the original doublet
at 7.12 ppm in '"H-NMR reveals that besides 2(5-2H) also a small amount of 2 with deuterium at
C4 [2(4-?H)] is formed. This is confirmed by the presence of a 2H-NMR resonance at 7.2 ppm.
Additionally, also a weak AB pattern ['H-NMR: [,; = 5.1 Hz| reveals the presence of
acephenanthrylene (2) with two hydrogen atoms attached to the cyclopenta-moiety! In the 800°C
pyrolysate the amount of isotopomers of 2 has increased [1: 55%, 2: 45%, mass recovery 98%, M-+
m/% 203 no increase in [M-1]* and [M+1]* is found in comparison with natural abundance 1 (/3
202) and 2 (m/% 202)]. As can be seen from Table 1, slightly more of 2(4-2H) is formed. Upon
FVT at 900°C the pyrolysate predominantly contains 2(5-2H) and 2(4-2H) (sum 76 %), a trace of
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Ha

H5

Figure 1. Expansions of the signals of the cyclopenta-moiety of 2 (7.3 - 7.0 ppm) in the "H-NMR spectra of
pyrolysates obtained after FVT of 1(9-2H) at a. 700°C, b. 800°C, c. 900°C and d. 1000°C.

1(9-2H), and some fluoranthene (3) (2%) [mass recovery 96%, M-+ 7/% 203 no increase in [M-1]*
and [M+1]* in comparison with natural abundance 1, 2 and 3]. A considerable increase in the
amount of 2(4-2H)) is observed [ca. 20%, Figure 1C and Table 1]. 2H-NMR spectroscopy confirms
that deuterium has migrated within the cyclopenta-moiety (signal at 7.4 ppm). Furthermore, the
broadened signals between 7.4 and 8.7 ppm indicate that a deuterium atom in the aromatic core is
present. The relative ratio in 2H-NMR between the deuterium in the cyclopenta-moiety of 2 [?H-
NMR: sum of the resonances at 7.1 and 7.2 ppm] and deuterium in the aromatic core [?H-NMR:
sum of the resonances between 7.4 - 8.7 ppm] is similar to the ratio in 'H-NMR between the
broad singlets and the AB-pattern [between 7.3 and 7.0 ppm, see Figure 1]. Hence, it has to be
concluded that in 2 deuterium migrates from the cyclopenta-moiety # the aromatic core [2(core-
2H), Scheme 1]. From the data reported in Table 1 it is evident that the amount of 2(core-2H)

formed is substantial (22%).
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It is noteworthy that the pyrolysate obtained after FVT at 900°C only contains a small
amount (2%) of mono-deuterated fluoranthene (3). This demonstrates that the migration of the
deuterium atom from the cyclopenta-moiety to the aromatic core is not directly connected to the

known skeletal 1rear1ra1ng_:;ernents,22

Ze. it thus represents a distinct process, which operates at lower
temperatures than the migration of carbon atoms.

In the 1000°C pytolysate 2 (96%) and 3 (4%) ate present (mass recovery 94%, M+ m/z
203 no increase in [M-1]* and [M+1]* is found in comparison with natural abundance 2 and 3).
Different isotopomers of 2 are present, from which 50% has the deuterium on the original
position [2(5-2H)], 30% has migrated within the cyclopenta-moiety [2(4-2H)| and 16% of the
deuterium is present in the core [2(core-?H)|. 2H-NMR indicates that a// possible mono-deuterated
isotopomers with a deuterium atom positioned in the aromatic core are present. Unfortunately, the
ratio between the different 2(core-2H) isotopomers could not be determined since the spectral
resolution in 2H-NMR was insufficient. From 900°C only a small amount of 3 is formed. Broad
signals positioned in between the original AB-type resonances of natural abundance 3 at 7.96
(H1,6) and 7.86 (H3,4) ppm in '"H-NMR show that 3(2-2H) is present. These broad signals are a
result of the proton-deuterium coupling of H1 with 2H2 and H3 with 2H2 (] < 2Hz). The presence
of 3(2-2H) is readily explained since at this temperature 56% of 2(5-2H) is present in the
pyrolysate, which is zia skeletal rearrangement a direct precursor for 3 with the deuterium atom
positioned at C2 [3(2-2H), Scheme 1]. The 900°C pyrolysate contains in addition 20 % 2(4-2H)
and 22% 2(core-?H), which would result in the formation of other mono-deuterated isotopomers
of 3. Unfortunately, these isotopomers of 3 could not be detected due to the small amount present
(3% of the pyrolysate) and the spectral resolution in 2H-NMR.

From these results it can be concluded that upon FVT initially the primary product, Ze.
2(5-?H), is formed which is in line with the Brown mechanism (Scheme 1).!' However, already at
low temperature small amounts of other mono-deuterated isotopomers [2(4-2H) and 2(core->H)]
are formed signaling that deuterium migration readily occurs under these conditions. The
migration initially takes place within the cyclopenta-moiety and subsequently from this moiety into

the aromatic core.

222 FVTof 1-2H-Ethynylnaphthalene [4(1-2H]

To assess whether the observed deuterium migration in acephenanthrylene (2), also takes place in
other CP-PAH, the selectively mono-deuterated 1—ZH—ethynylnaphthalene [4(1-2H), 97 % mono-
deuterated according to 'H-, 2H-, 3C-NMR and GC-MS M+ /% 153] was subjected to FVT

under similar conditions. Although, deuterium migration in the cyclopenta-moiety of 5 will be
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degenerate due to its C,, symmetry, the assighment of momo-deuterated isotopomers, after
deuterium migration into the naphthalene core will be facilitated. The FVT results of 4(1-2H)
[1110-3 mm Hg, subl. T = 50 °C, and subl. rate 60 mgh-'] are summarized in Table 2.

Table 2. Product composition of the pyrolysates obtained after FVT of 1-2H-ethynylnaphthalene [4(1-2H)].

T (°C) Products formed (%) Recovery (%)
4(1-2H) 5(1-2H) 5(3-2H) 5(4-2H) 5(5-2H)
700 77 23 - - - 98
800 30 70 - - - 96
900 - 70 10 10 10 93
1000 - 40 20 20 20 85
’H
Ho . ’ 12

(> @

v otise
P, Z

] L\
H
O — | CO|— 0 ¥ - U
6 7 4
3 4 5 6 5 2
H

4(1-2H) 5(1-2H) 5(3-2H) 5(4-2H) 5(5-°H)

+

Scheme 2. Rearrangement of 4(1-2H) into mwno-deuterated isotopomers of 5 upon Flash Vacuum

Thermolysis (FVT).

Upon FVT of 4(1-2H) initially acenaphthylene (5) with a deuterium at C1 [5(1-2H)] is formed
(Scheme 2). The 700°C pyrolysate (mass recovery 98% ) consists of 4(1-2H) [73%, M-+ /% 153,
isotope pattern in agreement with that of natural abundance 4 (#/3 152)] and 5 [23 %, M-+ /%
153, isotope pattern in agreement with that of natural abundance 5 (/3 152)]. In line with
expectation, the deuterium in 5 is indeed present in the cyclopenta-moiety ['H-NMR: 8 7.12 ppm,
integral = 1H; 2H-NMR 7.12 ppm, Figure 2A]. FVT at 800°C (mass recovery 96 %) leads to an
increase of the amount of 5 formed [70%, M+ /3 153, no increase in [M-1]" and [M+1]* is
found in comparison with natural abundance 5]. Still, most of the deuterium is positioned in the
cyclopenta-moiety. However, close scrutiny of 2H-NMR spectrum of the 800°C pyrolysate reveals
the presence of three additional low intensity peaks (7.8, 7.7 and 7.6 ppm, Figure 2B). These extra
deuterium signals are in agreement with the resonances of H5 (7.8 ppm), H3 (7.7 ppm) and H4
(7.6 ppm) of natural abundance 5 in 'H-NMR.
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CH,CI,
4(1-H) 5(1-’H)

4(1-*H)

5(1-"H) 5(1-°H)
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5(4-"H
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5(5-"H)—
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Figure 2. 2H-NMR spectra (9.0 — 2.0 ppm) of the pyrolysates obtained after FVT of 4(1-2H) at a. 700°C, b.
800°C, c. 900°C, d. 1000°C. The different mono-deuterated acenaphthylene (5) isotopomers are

discernible.

Thus, in combination with the MS results, which indicate that only mono-deuterated compounds
are present, it can be concluded that three isotopomers of 5 with deuterium in the aromatic core
[5(3-*H), 5(4-*H) and 5(5-*H)] are formed.

FVT at 900°C of 4(1-2H) (mass recovery 93 %) again only gave mono-deuterated 5 [M-+
m/z 153, isotope pattern in agreement with that of natural abundance 5]. The constitutional
isotopomers with deuterium in the aromatic core [5(3-2H), 5(4-2H) and 5(5-2H)] are present [H-
NMR: 7.7, 7.6 and 7.8 ppm; sum ca. 30%, Figure 2C]. These isotopomers, 5(3-2H), 5(4->H) and
5(5-?H), are formed in similar amounts (Table 2). At 1000°C (mass recovery 85 %) 60% of 5 [M-+

m/ % 153, isotope pattern is in agreement with that of natural abundance 5] has a deutetium atom
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in the aromatic core. The isotopomers 5(3-2H), 5(4-H) and 5(5-2H) are also at this temperature
formed in the same ratio. The "H-NMR integral ratios show that indeed deuterium has migrated
from the cyclopenta-moiety #0 the aromatic core since the intensity of the singlet at 7.12 ppm gains
intensity with respect to the signals corresponding to the hydrogen in the aromatic core.

Since 5(3-2H), 5(4-*H) and 5(5-?H) are already discernible upon FVT at 900°C, these
isotopomers of 5 cannot be formed by skeletal rearrangements. Flash Vacuum Pyrolysis (FVP) of
selectively 13C-labeled 5 has demonstrated that skeletal rearrangements take only place at elevated
temperatures (T> 1000°C).20 Interestingly, already at this temperature a// possible isotopomers are
formed. This is substantiated by FVT of 1-(1-chloroethenyl)-4->H-naphthalene [6(4-2H)].

2.2.3  FVT of 1-(1-chloroethenyl)-4->H-naphthalene [6(4-2H)]

To establish whether the reverse process as described for 1(9-2H) and 4(1-2H), z.¢ deuterium
migration from the aromatic core to the cyclopenta-moiety takes place, 1-(1-chloroethenyl)-4-2H-
naphthalene [6(4-?H)] was subjected to FVT (Scheme 3). Compound 6(4-2H), a 1-chloroethynyl-
substituted PAH, is a 'masked" derivative of the E-PAH 4(4-2H).?7 Selectively mono-deuterated
6(4-2H) was prepared as depicted in Scheme 3 (see also Experimental Section). The degree of
deuteration of 6(4-?H) was found to be 98% ['H-, 2H-, 3C-NMR and GC-MS: M-+ /3 189,

isotope pattern in agreement with natural abundance 6].

(o} Cl Cl
- -~ 0 "~ Cco
Br Br Br 24

8 7 6(4-2H)

H

I 2 1 2“1. . -
2 ! 7. 3 ‘ 8 — H

CO 00 =0 OOF . O
3 7 % 6 4 5 - 7 4

H 2y

4(4-2H) 5(5-2H) 5(1-2H) 5(3-2H) 5(4-°H)

Scheme 3. Synthetic route towards 6(4-2H) [. CH;COCI/AICl;, 7. PCls/PCls, 7. n-BuLi/D,O, iv FVT/-
HCI] and subsequent rearrangement of 6(4-2H) into mono-deuterated isotopomers of 5 upon

Flash Vacuum Thermolysis (FVT).
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Table 3. Product composition of the pyrolysates obtained after FVT of 1-(1-chloroethenyl)-4-2H-
naphthalene [6(4-2H].

T (°C) Products formed (%) Recovery (%)
6(4-2H) 4(4-°H) 5(1-2H) 5(3-2H) 5(4-2H) 5(5-2H)

700 trace 70 30 100

800 trace - 5 - 5 90 95

900 - - 10 10 10 70 92

1000 - - 10 10 10 70 80

Upon FVT of 6(4-2H) at 700°C [p = 1103 mm Hg, subl. T = 45°C, subl. rate 50 mgh!, mass
recovery 100 %] HCI elimination takes place, which results in formation of 4(4-2H). The
formation of 4(4-2H) (70%, Table 3, M+ /% 153, isotope pattetn in agreement with natural
abundance 4) is evident from the appearance of the ethynyl-signal at 3.54 ppm ('"H-NMR). The
position of the deuterium is determined from the reduced integral of the resonance in 'H-NMR at
7.90 ppm [H4,5 (1H instead of 2H)], the presence of broad peaks in the AB-pattern at 7.45 ppm
(due to Jiron, H3) and the signal at 7.9 ppm in 2H-NMR. At 700°C the pyrolysate contains besides
4(4-2H) (70%), of acenaphthylene (5, 30%). The deuterium in 5 is located at C5 [5(5-2H)] ['H-
NMR: reduced integral 3 7.84 ppm, 1H instead of 2H; 2H-NMR resonance at 8 7.9 ppm (broad)].
This is in line with the initial formation of product upon ethynyl-ethylidene carbene rearrangement
followed by C-H insertion of the ethylidene carbene (Scheme 3). In the 800°C pyrolysate more
acenaphthylene (5) is formed [85%, mass tecovetry 95%, GC-MS: M-* /% 153, isotope pattetn in
agreement with natural abundance 5 (7/z 152)]. ZH-NMR shows an intensive signal at 7.9 ppm,
which cotresponds to the presence of 5(5-2H). In addition, low intensity peaks wete present at 7.6
ppm and 7.1 ppm indicating that 5(4-2H) and 5(1-2H) (5 with one deuterium in the cyclopenta-
moiety) are present. A small amount of 5(3-2H) might be present, but the resonance of 5(3-2H) at
7.8 ppm peak could not be observed due to the width of the intensive peak of 5(5-2H) at 7.9 ppm.
This means that besides migration to a neighboring site [from 5(5-2H) to 5(4-2H)], indeed
deutetium migration from the aromatic core to the cyclopenta-moiety takes place [from 5(5-2H)
to 5(1-2H)]. FVT of 6(4-2H) at 900°C (mass recovery 92%) yields 5 as the only product [M:+ /3
153, isotope pattern in agreement with natural abundance 5 (7/z 152)]. In the 2H-NMR besides
5(5-2H), 5(1-H), is now clearly detected (7.15 ppm 10 %). From the 'H-NMR spectra of the
900°C pyrolysate it is deduced that 5(3-2H) is present, as an extra broad peak is visible between

the doublet for H4 at 7.76 ppm. The 1000°C pyrolysate (mass recovery 80%) contains increased
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Figure 3. a. 'TH-NMR spectrum (7.9 — 7.5 ppm) of the pyrolysate obtained after FVT of 6(4-2H) at 1000°C.
b. 2H-NMR spectrum (9.0 — 5.0 ppm) of the pyrolysate obtained after FVT of 6(4-2H) at 1000°C.

amounts of rearranged isotopomers of 5 (Table 3, sum 30%, M~ /% 153, isotope pattern in
agreement with natural abundance 5). The presence of all possible mono-deuterated isotopomers of
5 [5(1-2H), 5(3-?H), 5(4-*H) and 5(5-2H)] is now evident from the 'H-NMR spectrum, where
additional broad signals are present at 7.84, 7.71 and 7.58 ppm (Figure 3A) and the ?H-NMR
spectrum, which displays three additional signals at 8 7.8, 7.6 and 7.1 ppm (Figure 3B).

These results provide unequivocal proof that indeed migration of deuterium from the
aromatic core to the cyclopenta-moiety takes place. In addition, this migration to the cyclopenta-
moiety does not seem to be more difficult than migration of deuterium to a neighboring-site; all

mono-deuterated isotopomers are formed in comparable amounts at the same temperature.

2.24  GC-cryo-FT-IR spectroscopy

To obtain further support for the occurrence of deuterium migrations, in addition to NMR, GC-
cryo-FT-IR analyses were performed on the pyrolysates obtained after FVT of 4(1-2H). This
technique can give useful information since the products are first separated on a GC-column and
the IR spectra are measured at -196° (see Experimental Section), which generally yields well-
resolved vibrations.?® In addition, the spectra can be readily interpreted making use of computed
(RHF/6-31G**) hatmonic vibrations of all possible mono-deuterated isotopomers of 529,30 and

visualization of the vibrational modes using MOLDEN.?!
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Figure 4. Expansion (region: 1435 - 1364 cm™) of the GC-FT-IR spectra of 5 formed upon FVT of 4(1-2H)
at 700°C, 900°C and 1000°C. a. in-plane bending vibration of H1 and H2 of 5. b. in-plane bending

vibration of isomer 5(1-2H). Vibrations are normalized on v = 1425 cm-.

As discussed above FVT of 4(1-2H) in the temperature range 700°C - 900°C yields
starting material and mono-deuterated 5. The IR spectrum of the 4(1-2H) contains a distinct
vibration at 2576 cm!, which corresponds to the =C-2H stretch vibration (calc. 2537 cm™). The
spectra of 4(1-2H) before and after FVT are identical, which is in line with the occutrence of the
proposed ethynyl-ethylidene carbene equilibration mechanism (see also Scheme 2).11

All spectra of the mono-deuterated isotopomers of 5, obtained after FVT of 4, contain low
intensity peaks at 2307 cm! corresponding to =C-?H stretch (calc. 2291 cm). The reduced
intensity of this vibration compared to the counterpart in natural abundance 5 [calc. 3042 cm!
(asymmetric) and 3066 cm™' (symmetric)] is a consequence of the mass of the deuterium atom.
Although, the spectra of 5 obtained after FVT of 4(1-2H) at different temperatures are very
similar, careful examination reveals some profound differences in the range 1400 cm™ — 1300 cm™!
(=C-H in-plane bending) and between 900 - 700 cm™ (=C-H out-of-plane bending).

The two hydrogen atoms attached to the cyclopenta-carbon atoms (C1 and C2) in natural
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Figure 5. Expansion (region: 884 - 711 cm!) of the GC-FT-IR spectra of 5 formed upon FVT of 4(1-2H) at
700°C and 900 °C. Vibrations are normalized on v 1425 cm-l. a. symmetric out-of-plane bending
=C-H. b. shifted symmetric out-of-plane bending =C-H, due to presence of deuterium in CP-
moiety. ¢. asymmetric out-of-plane bending =C-H. d. symmetric out-of-plane bending of H1, H2,

H5 and Ho6.

abundance 5 have an in-plane bending vibration at 1388 cm! (a, o in-plane veae = 1379 cmt)
(Figure 4). This vibration is absent after FVT at 700°C, but replaced by a new signal at 1378 cm™!
(b). This new signal corresponds to the in-plane bending vibration of isomer 5(1-2H) (8 in-plane
Vale= 1363 cm™). In the spectra obtained after FVT at higher temperatures, the vibration at 1378
cm! is reduced and the vibration at 1388 cm! regains intensity. This gives further support that
constitutional isotopomers with deuterium in the aromatic core and two hydrogen atoms attached
to the cyclopenta-moiety are present in the pyrolysates after FVT at T > 900 °C, Ze. that migration
of the deuterium atom from the cyclopenta-moiety to the aromatic core takes place.

A comparable change in the IR-spectra in the wavenumber range 900 cm™ — 700 cm! is
shown in Figure 5. The IR spectrum of 5 displays in this region three major vibrations [exp.
831(a,), 776(c), 729(d) cm]. The signal (a) at 831cm! corresponds to the symmetric out-of-plane
bending of all =C-H. The signal (c) at 776 cm™ is an asymmetric out-of-plane bending and the
vibration (d) at 729 cm! is a symmetric vibration of the hydrogens H1, H2, H5, H6 (see Scheme
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2). From Figure 5 it is clear that the intensity of the vibration (a) at 831cm! is reduced after FVT
of 4(1-2H) at 700°C. The new peak at 821 cm™ (b) is caused by the symmetric out-of-plane
vibration of 5(1-2H) (calc. shift: 831 cm™ — 818 cm!; exp. shift 831 - 821 cm). Again, upon FVT
at higher temperature the shifted peak (821 cm) is reduced and the original peak at 831 cm!
regains intensity. This is in line with the presence of constitutional isotopomers of 5 with a
deuterium atom in the core and two hydrogen atoms attached to the cyclopenta-moiety.

In summary, the GC-cryo-FT-IR-results substantiate that the pyrolysates obtained after
FVT in the temperature range 700°C to 900°C consist of mono-deuterated 5 with a deutetium atom
in the cyclopenta-moiety. The IR spectra obtained after pyrolysis at 1000°C can only be explained
if also constitutional isotopomers of the mono-deuterated PAH are present with a deuterium atom

in the aromatic core.

2.3 Mechanistic implications

The results of our experiments show that the initial product formed upon FVT of 1(9-2H) is the
CP-PAH 2(5-2H). The position of the deuterium in 2(5-2H) is in agreement with the mechanism
in Scheme 1.1 However, as discussed above the intermediacy of ethylidene-carbene 9 presented in
Scheme 1, has been refuted. Calculations at the BLYP/6-311G** level of theory have indicated
that, affer zero point energy corrections, the transition state leading to 9 is lower in energy than 9
itself.12 Hence, a one-step mechanism in which 1,2-H shift and insertion of the catbene in the C-H
bond occurs was proposed.'? Although various other mechanisms were also proposed, in none of
these the initial step consisted of a 1,2-H shift.!? Since FVT of 1(9-2H) proofs that 1,2-H shift has
to take place before insertion into the C-H bond of the aromatic core, the intermediacy of
ethylidene-carbene 9 is the only viable explanation.32-34

Unexpected outcomes of the FVT-experiments are that at 700°C and 800°C the E-PAH
[1(9-H), 4(1-*°H) and 4(4->H)| remained unaltered, ze with the deuterium atom on the original
position. This is in accordance with the reversible character of the ethynyl-ethylidene carbene
rearrangement (Scheme 1). Furthermore, the FVT-experiments performed on the selectively #ono-
deuterated 1(9-2H) show that migration of the deutetium within the cyclopenta-moiety takes
place. In a theoretical study on the topomerization of benzene several unimolecular mechanisms
that could be operational under high temperature conditions, »7z. the benzvalene mechanism, the
1,2-H shifts mechanism involving carbenes intermediates and the dyotropic shift mechanism, have
been explored.?® Of these unimolecular mechanisms ox/y the 1,2-H shift mechanism vz carbene
intermediates could account for the experimentally observed migration within the cyclopenta-

moiety of CP-PAH. Hence, the most likely rationalization of our results is migrations #a such
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carbene intermediates.” In Scheme 4 the deuterium migration in 5 involving carbene 11 is

exemplified.

2 2 2
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Scheme 4. Proposed mechanism for the migration of deuterium within the cyclopenta-moiety and for the

migration of deuterium from the cyclopenta-moiety to the aromatic core.

The carbene 11 has a singlet ground state at the B3LYP/TZ2P level of theory. However, the open-
shell triplet is only 2.6 kcalmol! and the open-shell singlet only 9.4 kcalmol! higher in energy
(Table 4).30 The relative energy of the closed-shell singlet of 11 with respect to 5 is 64.2 kcalmol-!
at the B3LYP/TZ2P level of theory. However, the small energy differences make the use of higher
levels of theory warranted in order to determine the proper ground state of this carbene.
Notwithstanding, the B3LYP/TZ2P optimized geometties of the singlet, open-shell singlet and
open-shell triplet of 11 show that in both open-shell species the carbon-carbon bond between the
carbene and the aromatic core is significantly shortened with respect to the carbon-carbon bond in
the closed-shell singlet (Figure 6). This indicates that in both open-shell species the carbene is in
resonance with the aromatic core, which will facilitate migration of a hydrogen atom. Furthermore,
both closed-shell and open-shell carbene species of 11 have a lower E. than possible radical
intermediates formed i homolytic C-H cleavage (Exer ca. 100 kcalmol’l).37
From the FVT experiments of 1(9-2H), 4(1-2H) and 4(5-2H) it is clear that migration of
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Table 4. Relative Energies (kcalmol!) at BSLYP/TZ2P level of theory of carbenes 11 and 12 and 13 relative

to 52
Era
11 12 13
closed-shell singlet 64.2 76.1 89.9
open-shell triplet 66.8 64.8 89.7
open-shell singlet 73.6 68.5 82.9

*5: Eow(B3LYP/TZ2P) =-462.189486 a.u.

Figure 6. The B3LYP/TZ2P optimized geometties of a. acenaphthylene (5). The numbers in patenthesis ate
the RHF/6-31G** bond lengths. b. closed-shell singlet 11, c. open-shell triplet 11 and d. open-shell
singlet 11.
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deuterium to the aromatic core takes place. The most likely pathway presumably involves carbene
intermediates.3® Hence, from 11 1,3-H shift will lead to hydrogen migration from the aromatic
core to the cyclopenta-moiety. Hereby carbene 12 is formed, in which the carbene is located on C3
(Scheme 4). Subsequent 1,4-deuterium shift from the cyclopenta-moiety to the aromatic core,
results in an overall migration of a deuterium atom to the aromatic core, ze. conversion of 5(1-2H)
into 5(3-2H). Similarly, via 1,5-H shift from 11 the catbene 13 (with carbene on C5, Scheme 4)
could be generated and subsequent 1,6-deuterium shift results in the overall conversion of 5(1-2H)
in 5(5-2H). Note that no 1,4-H shift from 11 is possible and therefore 5(4-2H) has to be formed
from either 5(3-2H) or 5(5-2H) (see Scheme 4). This implicitly denotes that 1,2-H shifts in the
aromatic core should also be viable. Supporting evidence that this is indeed the case is found in the
FVT experiments of 6(4-2H). Here, migration of the deuterium atom to a neighboring position in
the aromatic core was observed. B3LYP/TZ2P calculations on carbene 12 (Table 4) show that this
intermediate has a triplet ground state at the B3LYP/TZ2P level of theory. This triplet is lower in
energy than the triplet of 11 and has a comparable energy as the closed-shell singlet of 11. Hence,
carbene 12 should be accessible from 11. For compatison, the enetgy of the closed-shell singlet,
open-shell singlet and the open-shell triplet of carbene 13 were calculated (Scheme 4 and Table 4).
This intermediate has to be formed before skeletal rearrangements can take place. The calculations
show that the energy of carbene 13 is indeed considerably higher than both 11 and 12 (89.9 »s. 64.2
and 76.1 kcalmol"!, respectively). This is good agreement with the observation that migration of
the deuterium atom takes place in a lower temperature range than skeletal rearrangements.

In passing we stipulate that further experiments and calculations are warranted in order

to firmly establish the details of the perimeter hydrogen migration process.

2.4 Conclusions

FVT experiments on the selectively mono-deuterated 1(9-2H), 4(1-H) and 4(5-2H) have shown
that 1,2-H shift, ze. ethynyl-ethylidene rearrangement, takes place before insertion of the
ethylidene carbene in the C-H bond. This is in agreement with the proposed Brown-mechanism.!!
Surptisingly, subsequent hydrogen/deuterium migtration takes place within the cyclopenta-moiety
and from this moiety to the aromatic core and zice versa. Consequently, all possible #ono-deuterated
isotopomers are ultimately formed. All results strongly indicate that deuterium migration takes
place in a unimolecular fashion at temperatures significantly lower than those needed for
rearrangements of the carbon skeleton (ca. 800°C #s. 1000°C). A mechanism involving carbene-like

intermediates is proposed. In general, it can be concluded that the hydrogen atoms of non-

alternant CP-PAH are much more mobile than previously considered. Theses results observations
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will affect the interpretation of several mechanistic studies on the rearrangement of CP-PAH
under high temperature conditions where deuterium labels have been utilized.%*1-383% Tn these
studies the mobility of the labels themselves was disregarded in the interpretation of the product

composition!

2.5 Experimental section

All reactions were cartied out under a Ny atmosphere. All solvents were purified and dried by standard
procedures. Melting points are uncorrected. Column chromatography: Merck kieselgel 60 silica (230 - 400
ASTM). 'H (300.13 MHz) and 3C (75.47 MHz) NMR spectra were recorded in CD2Cly, 2H (46.07 MHz)
NMR spectra were recorded in CH;Cly, unless stated otherwise. All chemical shifts reported are in ppm
(reference CD2Clz 8 = 5.32 ppm) and [ values in Hz. For the "TH-NMR spectrum multiplicity is denoted as
following: s = singlet, d = doublet, t = triplet, dd = double doublet, m = multiplet. In 13C-NMR the signals
are indicated with q = quaternary carbon, t = tertiary catbons and s = secondary carbon. GC-MS spectra
were measured on an ATI Unicam Automass System 2 quadrupole mass spectrometer (column J&W
Scientific DB-5, length 30 m, ID 0.32 mm and film thickness 0.25 Wm; injector temperature 300°C,
temperature program 2 min 100°C - 10°Cmin! - 280°C, carrier gas He; mass spectrometer EI 70 eV.)

GC-cryo-FT-IR28: GC separations (column: HP-5MS, length 25 m, ID 0.25 mm and film thickness 0.25 pm;
injector temperature 275°C, temperature program, 2 min at 80°C and then increased to 290°C (10°Cmin-t);
carrier gas He). Cryotrap IR detection was carried out with a Digilab FTS-40 Fourier transform instrument
equipped with a Digilab Tracer GC interface and A SPC 3200 computer for data acquisition. The temperature
of the transfer line and the deposition tip was 275°C; cooling of the IR transparent trapping window to -
196°C was carried out with liquid Nz at a vacuum of 10> Torr. Spectra of the trapped GC-cluates were
recorded ‘on-the-fly’, ze., a few seconds after deposition by averaging four scans (resolution 8 cmx!) every 2s.
In addition, post-run scanning (512 scans cs-added) of trapped components were performed after completion
of the GC-run by repositioning the corresponding window coordinates, Ze., retention times (%), into the IR

beam (optical resolution 2 cmx?). Cantion: (Non)-alternant (CP)-PAHs are potential genotoxic compounds.

9-2H-Ethynylphenanthrene [1(9-2H)]%2

To an ice-cooled orange solution of 9-ethynylphenanthrene (1) (0.34 mg, 1.7 mmol) in diethyl ether (15 ml),
#-butyllithium (1.7 ml of a 1.6 M solution in #-hexane) was added using a syringe; the reaction mixture turned
brown after addition. The reaction mixture was stirred for 1 hr. at room temperature after which a gray
suspension was obtained. The reaction mixture was cooled in an ice-bath and DO (2 ml) was added. The

organic layer was separated and concentrated iz vacno. Yield 0.31 mg (1.5 mmol, 90%) of a brown solid (m.p.
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53 - 55°C). TH-NMR (8, ppm): 8.74 - 8.66 (2H, m, H4+5), 8.50 - 8.44 (1H, m, H1), 8.08 (1H, s, H9), 7.90
(1H, dd, ] 1.4/7.7, H8), 7.76 - 7.60 (3H, m, H2+3+6+7). 2H-NMR (8, ppm): 8 3.57 (s). 3C-NMR (§, ppm): &
133.2 (v), 131.3 (g), 131.2 (q), 130.7 (q), 130.3 (q), 128.8 (1), 128.1 (1), 127.5 (v), 127.5 (v), 127.4 (v), 126.9 (o),
123.1 (1), 122.9 (t), 118.8 (q). GC-MS /% 203 (M+). v 3284 (=C-H stretch), 3059 (=C-H stretch), 2576 (=C-
2H stretch), 2103 (C=C-2H stretch) cm!. Degree of deuteration 98% according to 'H-NMR and GC-MS.

1-2H-Ethynylnaphthalene [4(1-2H)]*"

To an ice-cooled solution of 1-ethynylnaphthalene (4) (0.28 g, 1.84 mmol) in diethyl ether (5 ml) »-
butyllithium (1.8 ml of a 1.6 M solution in #-hexane) was added with a syringe. After addition the reaction
mixture became a dark red solution. The reaction mixture was stirred for 2 hr. at room temperature after
which DO (4 ml) was added. The organic layer was separated and concentrated in vacuo. Yield 0.23 g (1.57
mmol, 85.0 %) of a reddish oil. 'TH-NMR (3, ppm): 8.40 (1H, d, J 8.2), 7.91 (2H, d, ] 8.4), 7.78 (1H, d, ] 7.1),
7.64 (2H, m), 7.49 (1H, t, ] 7.4), 3.56 (s). 2H-NMR (§, ppm): & 3.61 (s). 3C-NMR (5, ppm): 133.7 (q), 133.4
(@), 131.5 (1), 129.6 (v), 128.6 (1), 127.3 (v), 126.8 (1), 126.1 (1), 125.4 (1), 120.0 (). GC-MS /3 153 (M-+) v
3282 (=C-H stretch), 3057 (=C-H stretch), 2576 (=C-2H stretch), 2103 (C=C-2H stretch) cm!. Degree of
deuteration 97% according to TH-NMR and GC-MS.

1-(1-Chloroethenyl)-4-2H-naphthalene [6(4->H)]

A solution of 1-(1-chloroethenyl)-4-bromonaphthalene (9) (0.51 g, 1.9 mmol) in THF was cooled to -40°C. #-
Butyllithium (2 ml of 1.6 M solution in #-hexane) was added using a syringe. After stirring for 6 hr at -40°C
D20 (4 ml) was added. The organic layer was separated and concentrated iz vacno. The resulting oil was
purified by column chromatography (silica, eluent #-hexane). Yield 0.21 g (1.1 mmol, 60%) of a colotless oil.
H-NMR (8, ppm): 8.22 (1H, dd, ] 2.1, 7.4) 7.92 (1H, dd, ] 2.2/7.8), 7.61 (4H, m), 5.88 (1H, d, ] 1.3), 5.60
(1H, d, ] 1.2). 2H-NMR (8, ppm): 7.9 (s). 3C-NMR (3, ppm): 138.7 (q), 137.0 (q), 133.9 (q), 129.5 (1), 127.0
®, 126.9 (v), 126.5 (v), 125.5 (v), 125.2 (¢), 118.1 (q). GC-MS m/z 187 (M:*). Degree of deuteration 98%
according to 1TH-NMR and GC-MS.

1-(1-Chloroethenyl)-4-bromonaphthalene (7)

A mixture of 1-(1-acetyl)-4-bromonaphthalene (8) (2.00 g, 8.0 mmol) and PCl; (2.5 g, 12.0 mmol) in PCl3 (60
ml) was stirred at room temperature for 24 hr. The reaction mixture was hydrolyzed by pouring it on ice (150
g). The organic layer was separated, washed with a saturated solution of sodium bicarbonate (50 ml) and
water (50 ml), dried over magnesium sulfate, filtered and concentrated 7# vacno. Crude 1-(1-chloroethenyl)-4-
bromonaphthalene (7) (1.96 g, 7.3 mmol, 91%) was purified by flash chromatography (silica, eluent #-hexane:
dichloromethane 9:1). Yield 1.8 g (6.7 mmol, 84%) of a yellow oil. 'H-NMR (3, ppm): 8.28 (1H, m), 8.17 (1H,
m), 7.73 (1H, d, ] 7.7), 7.59 (2H, m), 7.32 (1H, d, ] 7.7), 5.82 (1H, d, ] 1.2), 5.52 (1H, d, ] 1.2). 13C-NMR (5,
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ppm): 137.7 (q), 136.8 (), 132.0 (q), 131.6 (q), 129.2 (1), 127.7 (t) 127.6 (t), 127.4 (t), 126.9 (1), 125.9 (1), 124.4
(), 118.3 (s).

1-(1-Acetyl)-4-bromonaphthalene (8)

To a cooled suspension (0 °C, ice bath) of anhydrous AICl; (8.48 g, 62.8 mmol) in dichloromethane (125 ml),
acetylchloride (4.17 g, 53.1 mmol) was added under stirring. When a clear solution was formed, 10.0 g (48.3
mmol) of 1-bromonaphthalene was added from a dropping funnel. After stirring the reaction mixture
overnight 125 ml of a 0.5 M HCI solution was added. The organic layer was separated, washed with a
saturated sodium bicarbonate solution (75 ml) and water (75 ml), dried over magnesium sulfate, filtered and
concentrated 7z vacno. Crude 1-(1-chloroethenyl)-4-bromonaphthalene (8) was obtained in a yield of 10.17 g
(40.8 mmol, 85%). The crude mixture was purified by recrystallization of its picric acid. The crude mixture
was dissolved in boiling ethanol (100 ml) after which picric acid (9.5 g, 41.4 mmol) was added. Upon cooling
to room temperature yellow crystals precipitated, which were filtered off and recrystallized from ethanol (1
gml1). To obtain pure 8 its picric salt was dissolved in CH,Cl, (100 ml) and washed with NH,OH (4 x 50 ml).
The organic phases were separated and concentrated 7z vacuo. Compound 8 was obtained as a white solid.
Yield 6.1 g (24.5 mmol, 60%, m.p. 47 - 49°C). TH-NMR (§, ppm): & 8.72 (1H, m), 8.32 (1H, m), 7.81 (1H, d, ]
7.8) 7.71 (1H, d, ] 7.8), 7.64 (2H, m), 2.70 (3H, s). 3C-NMR (3, ppm): 8 201.0 (q), 135.4 (q), 132.4 (q), 131.2
(q), 128.7 (t), 128.7 (1), 128.3 (1), 128.2 (q), 127.8 (1), 127.6 (v), 126.4 (1), 30.0 (s).

Flash Vacuum Thermolysis General Procedure!?

A Thermolyne 21100 furnace containing an unpacked quartz tube (length 40 cm and diameter 2.5 cm) was
used for all FVT experiments Aliquots (ca. 50 mg) of the precursors were slowly sublimed into the quartz
tube at a pressure of 103 mm Hg. The pyrolysates were rinsed from the quartz tube with dry CHxCl» and
directly stored under N; atmosphere. The pyrolysate product composition was determined by 'H-, 2H- and

13C-NMR, capillary GC, GC-MS and GC-cryo-FT-IR.

ADb initio Calculations

The geometries of natural abundance and all mono-deuterated of 5 wete optimized at the RHF/6-31G** level
of theory. All geometries were minima since no negative vibrations were found in the Hessian calculations. A
scaling factor was applied to match the calculated to the experimental vibrations. This factor was 0.90 for the
region 4000 - 1200 ecm™ and 0.85 for the region 1200 - 600 cml. For a match with the experimental
vibrations, the calculated vibrations were assigned using the program MOLDEN.3! The match between the
experimental and calculated RHF/6-31G** spectra was in agreement with that reported for vibrations
calculated at the B3LYP/6-31G** level of theoty.29’30 The closed-shell carbene species were optimized at
B3LYP/TZ2P level of theory. The UB3LYP/TZ2P method was employed for open-shell singlets and
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1 augmented with two sets of

polarization functions; 0,(C) = 1.5, 0.375 and o,(H) = 1.5, 0.375.35 All calculations were performed using
the GAMESS-UK package.*2
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CHAPTER 3

FVT of 1-?H-naphthalene and 2-’H-naphthalene;
Hydrogen Migration along a PAH Perimeter

Abstract

Flash vacuum thermolysis (FVT) of 1-?H-naphthalene (1) or 2-2H-naphthalene (2) shows that in
the temperature range 800°C — 1000°C 1 is converted into 2 and vice versa with excellent mass
recoveries. Hence, hydrogen migration takes place presumably i 1,2-H shifts involving carbene
intermediates, but at higher temperatures than within the cyclopenta-moiety of the non-alternant
cyclopenta-fused polycyclic aromatic hydrocarbons (CP-PAH). This interpretation is supported by
ab initio BALYP/TZVP calculations.



Chapter 3

3.1 Introduction

In the previous Chapter we have shown for the first time that at elevated temperatures in the
diluted gas phase the hydrogen atoms of non-alternant cyclopenta-fused polycyclic aromatic
hydrocarbons (CP-PAH) migrate along the perimeter of the molecule. Remarkably, hydrogen
migration within the cyclopenta-moieties was already observed at a relatively low temperature
(700°C). At higher temperatures (900°C) the cyclopenta-hydrogen atoms wetre shown to migrate to
the aromatic core and wice versa. Moreover, the migration of the hydrogen atoms is a distinct
process that is not connected to well-known skeletal rearrangements that occur at higher
temperatures.!-2 These results have important consequences for the interpretation of mechanistic
studies on (CP)-PAH under high temperature conditions where 2H-labeling has been used.3-¢

An interesting question that remains to be addressed, is whether the hydrogen atoms
attached to the core of an alfernant PAH also possess a propensity to migrate along the PAH
perimeter under these similar conditions. Tentative evidence for the viability of this process is
provided by the results of the Flash Vacuum Thermolysis (FVT) experiments of 1-(1-
chloroethenyl)-4-2H-naphthalene, a precursor for acenaphthylene with one deuterium atom
present in the aromatic core. Upon FVT deuterium migration from the aromatic core to the
cyclopenta-moiety was observed (Chapter 2).

To elucidate if hydrogen migration along a PAH perimeter in the temperature range
700°C — 1000°C is feasible selectively mono-deuterated 1-°H-naphthalene (1) and 2-2H-naphthalene
(2) were subjected to FVT. Here, it is shown that hydrogen migrations along the alternant
perimeter indeed occur, under similar conditions as migration of the deuterium atom from the
cyclopenta-moiety to the aromatic core and zice versa in the in the related CP-PAH, acenaphthylene
(see Chapter 2). Ab initio B3LTP/TZVP) calculations indicate that also in this case 1,2-H shifts

and carbene intermediates play an important role.

2
6 54a4 8 6 54a 3
1 2

Chart 1
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3.2 Results & Discussion

3.21  FVT of 1?’H-naphthalene (1)

Selectively mono-deuterated 1->H-naphthalene (1) and 2-?H-naphthalene (2) were synthesized from
the corresponding mono-bromo-substituted naphthalenes by treatment with #-butyllithium
followed by quenching with D2O [95 - 98% 2H see Experimental Section]. The position of the
deuterium isotope and the degree of deuteration was unequivocally established by 2H-NMR and
the isotope induced shift 3C-NMR chemical shift (quantitative 3C-NMR).”# Further support was
obtained by direct inlet electron ionization mass spectrometry (direct inlet E.I. MS) performed at
16 €V (see Experimental Section).?

Compounds 1 and 2 were subjected to FVT [p = 1-10> mm Hg, sublimation (subl.)
temperature 30°C, subl. rate 60 mgh] in the temperature range 700°C — 1000°C; mass recoveries
were excellent (> 90%, Table 1). Pyrolysate analyses by capillary GC-MS and direct inlet E.I. MS
showed that only mwno-deuterated naphthalene is present after FVT of 1 at 800°C. Oanly the
molecular ion (M) at »/z is 129 is present with the cortect isotope pattern; no increase of the
signals of [M-1]* or [M+1]* is observed (Table 2). Hence, only mono-deuterated compounds are
present. Notwithstanding, the 2H-NMR spectrum of the 800°C pyrolysate shows two distinct
signals; positioned at 8 = 7.8 ppm of 1 and an extra signal at § = 7.5 ppm. The latter cotresponds
to the 2H-NMR resonance expected for 2-2H-naphthalene (2) (Chart 1).

Table 1. Pyrolysate composition after FVT of 1 and 2.

T (°C) FVT of 1 FVT of 2 mass recovery (%)
% 2 %1
700 trace - 98
800 4 trace 95
900 10 5 95
1000 25 30 90

With increasing temperature the intensity of the §(H) = 7.5 ppm tesonance increases
(see Table 1 and Figure 1A). At 1000°C the pyrolysate contained 25 % of 2. Additional support for
the presence of 2 in the 1000°C pyrolysate of 1 was obtained by quantitative >*C-NMR in the
presence of Cr(acac)s as a relaxation agent. A triplet at & = 125 ppm with the characteristic Jcon (J
24 Hz) is visible as expected for the presence of 2 (see Experimental Section). The integral ratio

between the triplets of C1-?H (127 ppm) and C2-2H (125 ppm) shows that . 25% of 2 is present.
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Table 2. Pyrolysate composition (massa %) determined by Direct Inlet EFMS (E.I. 16 eV).

FVT of 1 FVTof 2
deuterium content 0a monob dic 02 monoP dic
T (°C)
700 - 100 - - 100 -
800 - 100 - - 100 -
900 5 90 5 6 88 6
1000 10 80 10 10 80 10

* natural abundance naphthalene.® zono-deuterated naphthalene. < di-deuterated naphthalene.

Inspection of the data in Table 2 indicates that while in the 700°C and 800°C pyrolysates only
mono-deuterated naphthalene is present, after FVT at 900°C and 1000°C some natural abundance
and di-deuterated naphthalene is formed. This is established from isotope pattern analysis of the
direct inlet E.I MS spectra. A minor increase in both [M-1]* and [M+1]* was observed. This
suggests that whereas in the lower temperature range only unimolcular processes occur, at higher

temperatures additional bimolecular processes have to contribute.
p p

3.2.2  FVT of 2-2H-naphthalene (2)
To validate the occurrence of hydrogen migration along the naphthalene perimeter, 2-?H-
naphthalene (2) was subjected to FVT. Again, in the 2H-NMR spectrum an additional signal
cotresponding to 1 [8 = 7.8 ppm, 1 ca. 5%] was present after FVT of 2 at 900°C. Direct inlet E.I.
MS and detailed isotope pattern analysis shows that this pyrolysate mainly consists of mono-
deuterated naphthalenes. However, in addition small amounts of natural abundance naphthalene
and di-deuterated naphthalene are present. After FVT at 1000°C the signal in 2H-NMR
corresponding to 1 increased to 30% (Table 1 and Figure 1B). At this temperature still mainly
mono-deuterated naphthalene isotopomers are present. Further support for the presence of 1in the
1000°C pyrolysate of 2 was again obtained by quantitative '*C-NMR spectroscopy. Here, a triplet
(Jc2n 24Hz) is visible at 127 ppm, which corresponds to C1 in 1 and the integral of §(13C) at 127.2
ppm (C2) was reduced. The integral ratio between the two triplets indicates that ca. 30% of 1 is
present.

These observations indicate that hydrogen migrations along the perimeter are indeed also
feasible in alternant PAH. These migrations take place at higher temperatures (800°C for 1 and

900°C for 2) than the migrations of the deutetium atom within the cyclopenta-moiety of the non-
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alternant CP-PAH (cz. 700°C), but at similar temperatures as the migration of the cyclopenta-

moiety to the alternant core.

ppm ppm

Figure 1. 2H-NMR spectra (8.2 — 7.2 ppm) obtained after pyrolysis of a. 1-2H-naphthalene (1) and b. 2-2H-

naphthalene (2) at different temperatures.

3.2.3  GC-cryo-FT-IR spectroscopy

Further support for the occurrence of deuterium migrations is provided by GC-cryo-FT-IR
spectra of 1, 2 and the 1000°C pyrolysates of 1 and 2. GC-cryo-FT-IR spectroscopy is an excellent
method to obtain well-resolved IR spectra, since the IR spectra are recorded at -196°C (see
Experimental Section).!?

In Figure 2A and 2B, GC-cryo-FT-IR-spectra (range 600 cm™! — 1400 cm™) of 1 and 2 are
shown. The presence of the deuterium atom at either C1 or C2 leads to clear-cut differences
between the two IR spectra (characteristic vibrations for 1 are marked with *, for 2 with ). From
Figure 2C, whete the IR spectrum of the 1000°C pyrolysate of 1 is displayed, it can be seen that
mainly 1-°H-naphthalene (1) is present. However, additional vibrations are discernible at, for
example, vV 760, 905, 923 and 1272 cm! (marked with *). These new peaks correspond to
vibrations of 2-2H-naphthalene (2) (Figure 2B). The IR spectrum of the 1000°C pyrolysate of 2
shows similar features (Figure 1D). The major component is 2, but new vibrations that are present
at 780, 807 and 815 cm-! (marked with *) can be assigned to 1 (Figure 1A). Besides the formation
of the corresponding mono-deuterated isomer by migration of the deuterium atom, IR analyses also
reveals the presence of a small amount of natural abundance naphthalene in the pyrolysates
obtained after FVT at 1000°C [v 960, 1007, 1388 cm! (marked with x), cz. 10%)]. Since the IR

spectra of the pyrolysates can be fully accounted for by the presence of 1, 2 and some natural
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abundance naphthalene, this provides strong evidence that a distinct process should be tesponsible

for the deuterium rnigration.ll
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Figure 2. GC-cryo-FT-IR spectra (range 1400 — 700 cm™ ) of a. 1-2H-naphthalene (1) (characteristic peaks
are marked *), b. 2-2H-naphthalene (2) (characteristic peaks are marked with ), c. 1000°C
pyrolysate of 1 (peaks corresponding to 2 are marked with *, peaks corresponding to natural
abundance naphthalene with x) and d. 1000°C pyrolysate of 2 (peaks corresponding to 1 are

marked with *, peaks corresponding to natural abundance naphthalene with x).

3.3 Mechanistic considerations

An important question to account for the observed deuterium migrations is whether the processes

taking place are unimolecular. Radical processes in the case of naphthalene would give naphthyl
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radicals, which by recombination are known to give the three isomeric 1,1-, 1,2- and 2,2-
binaph‘cyl.u’13 Investigations, also in our group, have shown that under FVT conditions, radical
processes take place from 1100°C and indeed result in the formation of all possible isometic
binaphthyls.

The high mass recoveries (Table 1) indicate, however, that no radical processes take
place. Notwithstanding, the presence of some natural abundance napthalene and di-deuterated
naphthalene in the 900°C and 1000°C pyrolysates (Table 2) indicate that in the high temperature
region additional (bimolecular) processes have to contribute. Therefore, all pyrolysates were
checked for the presence of trace of amounts of binaphthyl compounds by capillary GC-analysis
using all possible binaphthyls as reference compounds (see Experimental Section). However, no
trace of any of the binapthyls (< 0.05%) were detected in all pyrolysates. These observations
indicate that the additional processes that contribute at high temperatures do not proceed viz free
radical intermediates.

The most likely unimolecular process that accounts for our observations in the low
temperature regime, are 1,2-H shifts and the involvement of carbene intermediates (Scheme 1).
Here, the 1,2-H shifts and carbene intermediates responsible for the migration of the deuterium
are shown. The different closed-shell carbenes 3, 4 and 5, and the transition states (IS) are
calculated at the B3LYP/TZVP level of theoty (Table 3). As can be seen, the relative enetrgies of
carbenes 3 and 4 are similar (E.q 83.5 and 82.6 kcalmol'!, respectively, relative to naphthalene).
The corresponding transition states are only slightly higher in energy (TS3: 88.0 and TS4: 86.7
kcalmol ™). Carbene 5 is considerable higher in energy than 3 and 4 (E:q 94.5 kcalmol™!), which is in
accordance with the fact that here the aromaticity of two rings is destroyed.

Note that all carbenes have significant higher relative energies (ca. 20 kcalmol!) than the
carbene intermediates of the CP-PAH discussed in Chapter 2. This is in line with the observation
that deuterium migration in alternant PAH (from . 900°C) takes place at higher temperatures
than deuterium migration within the cyclopenta-moiety of CP-PAH (from ¢a. 700°C). This is also
in agreement with the occurrence of deuterium migration from the cyclopenta-moiety to the
aromatic cote, which takes place from 900°C (Chapter 2). The formation of all isotopomers with
deuterium in the aromatic core in similar amounts could only be explained when 1,2-H shifts in
the alternant core are feasible.

The presence of some natural abundance and d-deuterated naphthalene in the 900°C and
1000°C pyrolysates, cannot be accounted for by the carbene mechanism. The fact that the total
deuterium content of the pyrolysate does not change (Table 2) suggests that at higher temperature

bimolecular processes (H, 2H transfer) begin to contribute.
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Table 3. Relative energies (kcalmol?) at the B3LYP/TZVP level of theory of the closed-shell singlets of

carbenes 3 - 5 and transitions states 3 - 5 relative to natural abundance naphthalene?

carbene Erel TS Erel

3 83.5 3 88.0
4 82.6 4 86.7
5 94.5 5 99.6

*Eoral naphthtalene =-386.015583 a.u.
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Scheme 1. Proposed mechanism for the migration of the deuterium along the perimeter of the alternant

PAH naphthalene.

3.4 Conclusions

These observations give the first experimental evidence that hydrogen atoms in alfernant PAH are
mobile and migrate under FVT conditions from ¢ 800°C, when no skeletal reatrangements are
operational.!* This gives further support for the mechanism proposed in Chapter 2 for the
migration of the deuterium atom from the cyclopenta-moiety to the aromatic core and wvice versa;
1,2-H/1,2-?H shifts in the alternant core ate feasible. Further research in the field of the high

temperature chemistry of deuterated PAH is warranted.
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3.5 Experimental section

Reactions were carried out under a N atmosphere. Solvents were dried and purified using standard
procedures. Commercially available reagents were used without further purification. 'H (300.13 MHz) and 13C
(75.47 MHz) NMR spectra were recorded on a Bruker AC 300 spectrometer and a Varian 300 NMR using
CD,Cl, as the solvent. Chemical shifts (in ppm) are given relative to CD>Cl, (5.32 ppm) in the case of H-
NMR and 53.00 ppm in the case of 13C-NMR. ] values are given in Hz. 2H (46.07 MHz) NMR spectra were
recorded in CH,Cly, with the natural abundance 2H present in CHyCly as the reference (5.32 ppm).
Quantitave C-NMR was performed in CD>Cl; with Cr(acac); to enhance relaxation processes and d1 = 20
s, at = 0.8s. In PC-NMR the signals are indicated with q = quaternary carbon, t = tertiary carbon. GC-
analysis was performed using a Varian 3800 (column: J&W Scientific DB-5, lenght 30m, ID 0.3 mm, film
thickness 0.1um) with FID detection. Flow control assured reproducibility of the retention times.
GC—cryo—FT—IRm: GC separations (column: HP-5MS, length 25 m, ID 0.25 mm and film thickness
0.25 Wm; injector temperature 275°C, temperatute program, 2 min at 80°C and then increased to 290°C
(10°C mint); carrier gas He). Cryotrap IR detection was carried out with a Digilab FTS-40 Foutier transform
instrument equipped with a Digilab Tracer GC interface and A SPC 3200 computer for data acquisition. The
temperature of the transfer line and the deposition tip was 275°C; cooling of the IR transparent trapping
window to -196°C was carried out with liquid Nz at a vacuum of 10> Torr. Spectra of the trapped GC-eluates

were recorded ‘on-the-fly’, ze., a few seconds after deposition by averaging four scans (resolution 8 cm)

every 2 s. In addition, post-run scanning (512 scans co-added) of trapped components were performed after
completion of the GC-run by repositioning the corresponding window coordinates, ze., retention times (#r),
into the IR beam (optical resolution 2 cm'!).

Direct Inlet Electron Ionization (EI) mass spectrometry was carried out using a JEOL JMS
SX102/102A fout-sector mass spectrometer (Akishima Tokyo, Japan), coupled to a JEOL MS/MP700 data
system. The samples were introduced into the ion source with a direct insertion system (probe temperature

between 45°C and 70°C). The electron energy was 16 ¢V; the ion source temperature was 150°C.

Cantion: PAH are potential genotoxic compounds.

General Flash Vacuum Thermolysis Procedure !°
A commetcial Thermolyne 21100 tube furnace containing an unpacked quartz tube (length 40 cm and
diameter 2.5 cm) was used in all FVT experiments. The pressure during all FVT-experiment was 1-10-3
mmHg. Two consecutive cold traps (N2 (1)) were used to trap all naphthalene formed. The products were
rinsed from either the tube or the cold-traps with distilled CH2Cly, after which the pyrolysate composition
was determined by capillary GC and 'H-NMR and GC-MS.
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AD initio Calculations
The carbene species and the cortesponding transition states were calculated at the B3LYP/TZVP level of
theory. Minima and transitions states were identified by harmonic analysis. All calculations were performed

using the GAMESS-UK package.16

1-2H-naphthalene (1)®

To an ice-cooled solution of 1-bromonaphthalene (2.3 g, 11.0 mmol) in diethylether (50 ml) #-butyllithium (9
ml, 14.0 mmol of a 1.6 M solution in #-hexane) was added. After stirring the reaction mixture at room
temperature for 2 hr., DO (5 ml) was added. The organic layer was separated, dried and concentrated iz
vacno. The resulting white solid was purified by flash chromatography (silica, eluent #-hexane). Yield 1.2 g of a
white solid (80%, 9.4 mmol, 98% 2H).

IH-NMR (8 in ppm): 7.87 (3H, m), 7.50 (4H, m).

13C-NMR (@ in ppm): 132.8 (q, C4a), 132.8 (q, C8a), 127.3 (¢, Cl, triplet ] 24), 127.3 (s, C4 and C5), 127.2 (s,
C8), 125.2 (t, C3, C6 and C7), 125.1 (¢, C2).

2H-NMR (8 in ppm): 7.8 (broad s)

EI-MS: /% 129 (M-, 100%), 130 (M+1]*, 11.06 %), 128 ((M-1]*, 6.93 %)

2-2H-naphthalene (2)

A similar procedure as used for 1 was followed, this time starting from 2-bromonaphthalene. Yield 95% (96%
2H).

IH-NMR (3 in ppm): 7.87 (4H, m), 7.50 (3H, m)

BC-NMR (8 in ppm): 132.9 (g, C4a and C8a), 127.3 (t, C4, C5 and C8), 127.2 (t, C1), 125.3 (¢, C2, triplet |
24),125.2 (t, C6 and C7), 125.1 (t, C3).

2H-NMR (8 in ppm): 7.5 (broad s)

EI-MS: 7/5 129 (M-, 100%), 130 ((M+1]* ,11.04 %),128 ([M-1]*, 8.48%).
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CHAPTER 4

Benzo[1,2-e:3,4-¢':5,6-¢''|tribenzo[/]acephenanthrylene
(C¢oHj): a Progenitor of Cgy. Its Stepwise Conversion

into Cg,.

Abstract

The CqHs PAH benzo[1,2-¢:3,4-¢"5,6-¢"|tribenzo[Jacephenanthrylene (4, C;) which possesses a
carbon topology that is a Schlegel-match for Cqo, is converted into Cgo by fifteen-fold Hy losses
and ring closures. This conversion of 4 in Cgo is achieved by matrix-assisted-laser-desorption-
ionization time-of-flight mass spectrometry [MALDI TOF-MS (positive-ion mode)] at various
laser fluences. The in-source and post-source decay MALDI TOF mass spectra show that 4 'zipps up'
in a stepwise fashion. In this 'zipping up' process (Ha loss followed by ring closure) the inner core
hydrogen atoms are climinated first as is demonstrated by comparison with its sub-structures
benzo[1,2-¢:3,4-¢%6,5-¢"|triacephenanthrylene  CysHz4 (3) and decacyclene CssHis (2). The
occurrence of fifteen-fold consecutive intramolecular Hy losses and ring closures is supported by
semi-empitrical RHF/AM1 and UHF/AM1 and ab initio (RHF/6-31G*//RHF/AM1, B3LYP/6-
31G*//RHF/AM1, UB3LYP/6-31G*//UHF/AM1) calculations.
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4.1 Introduction

Although substantial amounts of Cg and C7p can be obtained by atc/laser vapotization of
graphite,!-? the underlying mechanism of fullerene formation is still not fully resolved and from a
synthetic perspective not readily amendable to modifications. This obstructs the development of
the selective preparation of Cgy, C70 and ultimately other fullerenes.3 Hence, a quest for rational
fullerene syntheses was instigated.

Hitherto, various approaches have been put forward. In one approach the synthesis of
‘bucky-bowls’, ie. large bowl-shaped polycyclic aromatic hydrocarbons (PAH), is pursued.*!!
Although, the conversion of 'bucky-bowls' into closed catbon sutrfaces has not yet been
achieved,!214 these molecules are of interest in their own right since they possess curvature and
represent topological fullerene sub-structures.!?

More recently, unimolecular fullerene progenitors became synthetic targets. For example, a
cage-like CqoHe polyyne was proposed as a penultimate precursor for Ce. This polyyne, which
could only be generated sn-situ, gave Cg after six-fold hydrogen losses under FT-ICR LD or LDI
TOF-MS conditions.!” However, the unimolecular nature of the conversion process is questioned
as both build-up and degradation of the CsoHs carbon skeleton occurs in the mass spectrometer.
Additionally, it is still ambiguous to what extent the proposed drastic cyclization of the polyyne
skeleton into the icosahedral Ceo closed carbon sutface is feasible.18 Notwithstanding, iz a similar
approach Css was prepared from an sn-situ generated polyyne CsCls.'? Following a similar
approach, compelling evidence was given that the smallest possible fullerene, Ca, is accessible
from a per-brominated dodecahedrane cage.?"

In a completely different approach, two polycyclic aromatic hydrocarbons, which already
contain the #ght carbon atom topology of the Cg Schlegel diagram, were envisaged as
unimolecular precursors for Ceo, ze. 1,3,5-(tribenzo[dphenanthren-5-yl)benzene [CeoHszs (C;
symmetry)]?! and benzo[1,2-¢:3,4-¢%5,6-¢"|tribenzo[]acephenanthrylene [CooHso (4, C)].2%2 The
proposal of these PAH precursors was inspired by the fact that in suitable flames the formation of
PAH and the fullerenes Cgy and Cso appear to be interrelated.?3 Unfortunately, the CgoHse
precursor, containing a 1,3,5-substituted benzene core, readily decomposed under the conditions
needed for the requited consecutive cyclodehydrogenations, #z. Hj losses and ring closures that
will lead to increased curvature and, finally, a closed carbon surface.2!

Initially, the synthesis of the other unimolecular progenitor, 4 (Chart 1), was attempted
via the Sg-mediated trimerization of the dihydroPAH 4,5-dihydro[]benzacephenanthrylene.
Unfortunately, however, this yielded predominantly the isomer 5 (C,) and only to a minor extent

the desired 4 (C;) isomer (Chart 1). This is attributed to the lack of regio-chemical control of the Sg-
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mediated trimerization reaction that involves radical intermediates.?? Since these large PAH are
sparingly soluble, the separation of the two isomers was not achieved. Note, however, that if no
rearrangements of the carbon skeleton take place under the zip up conditions, the C, isomet is no
suitable precursor for Cg (Chart 1). Indeed, it was shown that 5 could not be converted in Cgo by
matrix-assisted LDI TOF-MS [MALDI TOF-MS (positive-ion mode)] but only yielded curved
CooHi2/CgoHio PAHs.

Chart 1

Recently, however, two regio-controlled synthesis of 4 have been reported. One based on
the application of the Pd-catalyzed intramolecular arylation on a derivative of truxene 1 (Chart 1)
by the group of Echavarren in Spain.2* Another synthesis of 4 was reported by Scott and c-
workers, which is based on the trimerization of 5H-benzo[flacephenanthrylen-4-one catalyzed by
TiCly.2> The synthesis of Scott ¢/ al was later applied for the preparation of a chlorinated

derivative of 4 in 11 steps from 1-bromo-4-chlorobenzene.?¢ Although, their initial objective was
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chlorine substitution at positions a (Chart 1), this failed due to severe steric congestion at this
position.?> Hence, hitherto only a derivative with chlorines at positions ¢ could be prepared. Upon
FVT of this chlorinated derivative of 4, the pyrolysate was shown to contain Ce in only 0.1 - 1.0%
which could be isolated after laborious preparative HPLC.2® This indicates that chlorine
substitution at position ¢ has a minor beneficial effect.

In this Chapter the results of the collaboration between the group of Echavarren and our
group, which resulted in the controlled and stepwise conversion of 4 (C;) into Ceo by fifteen-fold
consecutive intramolecular H losses under MALDI TOF-MS conditions is described.?’ The
results are compared with those independently reported by the Boston-Warwick group, who
achieved the conversion of 4 into Cgo under DI TOF-MS conditions?> and by FVT.26

It is shown that the correct carbon topology of 4 is a prerequisite for its conversion into
Ceo by fifteen-fold intramolecular cyclodehydrogenations. The sub-structures of 4, CysHz4 (3, C))
and CseHis (2, D;) (Chart 1), which possess similar inner cores, but lack distinct parts of the outer
annelated hexagons, are shown to undergo besides initial cyclodehydrogenations also
fragmentation reactions. In addition, a comparison of the initial cyclodehydrogenation behavior of
3 and 2 with those of 4 reveals that curling up of the surface of 4 occurs from the inside outwards
in consecutive steps. This is cotroborated by semi-empirical (RHF/AM1 and UHF/AM1) and ab
initio (RHF/6-31G*//RHF/AMI, B3LYP/6-31G*//RHEF/AM1, UB3LYP/6-
31G*//UHF/AMT1) calculations.

4.2 Results & Discussion

421  Zipping up of CeHsp to Cso by MALDI TOF-MS

To induce fifteen-fold consecutive Hy losses and ring closures, 4 was subjected to MALDI TOF-
MS conditions at different laser fluences.?” At a laser fluence of 1800 (ca. 8 W pulse?) only the
radical cation of 4 (4*) (m/% 750) is observed [natural isotope pattern: calk. 72/ 750 (100 %), 751
(67 %), 752 (22 %) and 753 (6 %o); found m/z 750 (100 %), 751 (70 %), 752 (33 %) and 753 (10 %0)].
When the laser fluence is increased to 1900 (ca. 12 Upulse!) 4+ undergoes up to three-fold Ha
losses giving CeoHas ™, CooHas™ and CeoHoa™ [72/3 748 (11 %), 746 (3 %) and 744 (2 %)] (Figure
1A). A further increase of the laser fluence to 2200 (ca. 440 WUJpulse) leads to consecutive
cyclodehydrogenations from /% 750 down to 72/% 720, z.e. Coo [m2/3 748 (85 %), 746 (72 %), 744
(43 %), 742 (23 %), 740 (10 %), 738 (6 %), 736 (5 %), 734 (4 %), 732 (3 %), 730 (2 %), 728 (1 %),
726 (2 %), 724 (2 %), 722 (6 %) and 720 (5 %) (Figure 1B). Isotope pattern analysis in the mass
range 7/% 720 to m/z 725 shows that both Ceo* and CeoHa* are fomed [ratio 1 : 1, natural isotope
pattern: cale. m/3 720 (4.9%), 721 (3.3%), 722 (6.0%), 723 (3.5%), 724 (1.1%) and 725 (0.3%); found
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Figure 1. In-source MALDI TOF mass spectra of 4 a. laser fluence of 1900 (positive-ion mode), b. laser

fluence of 2200 (positive-ion mode) and c. laser fluence of 2200 (negative-ion mode).28

m/z 720 (5.0%), 721 (3.5%), 722 (6.0%), 723 (3.6%), 724 (2.0%), and 725 (0.9%)]. As can be seen
from Figure 1B two distinct mass clusters are present around /5 734 and /3 724. Notice that
the fifteen-fold consecutive cyclodehydrogenations are only visible in the positive-ion mode mass
spectra. This is illustrated by the MALDI TOF-MS (negative-ion mode) ##-source spectrum of 4~ at
a laser fluence of 2200 (ca. 440 WJpulse') (Figure 1C); only the molecular ion is found. Hence, the
formation of the radical cation of 4 is essential for its conversion into Ceo.

For the zipping up of 4+ to Ceo two distinct thresholds are present. At the first threshold
4+ and its cyclodehydrogenation products CsoHog ™, CsoHag™, and CeoHay* are discernible, whereas
at the second threshold cyclodehydrogenations occur from 4+ down to Ceo*. In our experiments
neither skeletal fragmentation nor build up, such as incorporation of fragments or ion-molecule
reactions, take place as is apparent from the ‘clean’ MS-spectra. It is documented that PAH are
susceptible to loss and accretion of H Hz and C;Hy, while fullerenes generally only undergo

extrusion and build up involving ‘Cy’-units.29-32
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Unambiguous evidence for the unimolecular transformation of 4+ into Cy is obtained
from post-source-decay (PSD) experiments. In these experiments 4% is isolated prior to TOF-MS
analysis (Figure 2A). The PSD spectrum is neatly identical to the corresponding zn-source spectrum.
This demonstrates that the consecutive cyclodehydrogenation products all originate from 4-+. Also
in the PSD spectrum the three distinct regions are discernible; from /3 750-744, m/ 3 734-730
and /% 722-720. This well-defined pattern, which displays a gradual dectease in intensity, implies
that the cyclodehydrogenations indeed take place in a controlled and stepwise fashion. Additional
compelling evidence is provided by the PSD specttum of an intermediate ion, ze. CooHas (72/3
746), which is formed after two successive Hy losses and ring closures from CgHso* (72/ 3 750)
(Figure 2B). Upon isolation of this ion, the same pattern of cyclodehydrogenations leading to Cgo
is discernible. Hence, under the given MALDI TOF-MS conditions (positive-ion mode) Cg is
formed from 4+ without any skeletal rearrangements. These results rationalize that in our previous
experiment the wrong isomer 5 (C)) only gave the curved PAHs CgHiz and CsHip under similar
MALDI TOF-MS conditions.??

o
v
100 ~
o~
100 g A2
0
N
™~
z z
(2] =
c © @
g% = L 50
= =
°
X ° .
g
©
Ry 2 &
ASAA AV, 0
692 714 736 758 692 714 736 758
Mass (m/z) Mass (m/z)

Figure 2. Post-Source Decay (PSD) MALDI TOF mass spectra of 4% at a laser fluence of 2200 (positive-ion
mode). a. Isolation of m/z 750 (CeoHszp*) and b. isolation of m/z 746 (CeoHos ).

4.2.2  The effect of laser fluence

An unexpected difference between our results described here and those reported by the Boston-
Warwick group25 is that they observed, besides the formation of Cg, extensive fragmentation and
build-up reactions under their apparently similar LDI TOF-MS conditions (N3 laser 337 nm, laser

pulse 3 ns).25 The only variation is that in the LDI TOF-MS experiments no matrix was used. It is
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Figure 3. Post-sonrce decay (PSD) MALDI TOF mass spectra of 2-+ (positive-ion mode). a. at a laser fluence
of 2300, b. At a laser fluence of 3000.

known that the use of a matrix can have an effect on the extent in which fragmentation and build
up take place during (MA)LDI TOF-MS.3?> Therefore, we repeated the (MA)LDI TOF-MS
experiments on 4+ without a matrix and using different matrices. In all cases similar results were
found. Therefore, we attribute the apparent discrepancy to differences in the employed laser
fluence.

This prompted us to subject key sub-structures of 4 with comparable innercores, Ze.
benzo[1,2-¢:3,4-¢%6,5-¢"|triacephenanthrylene (3, C4sHz4, C;) and decacyclene (2, C3sHis, D) (Chart
1) to MALDI TOF-MS conditions. For 3 and 2 it is expected that the cyclodehydrogenations of
the first six hydrogen atoms will occur under similar conditions as for 4.

MALDI TOF-MS on the smallest sub-structure of 4, decacyclene (2), shows that at a
laset fluence of 1900 the radical cation 2+ is obsetved [#/5 450 (100%), 451 (41%), 452 (9%)].
Upon increase of the laser fluence to 2300 three-fold H; losses and ring closures occur giving
CssHie ™, CssHiat, CseHiz™ [m/ 3 448 (100%), 446 (75%), 444 (30%)]. However, already at this laser
fluence additional low intensity mass clusters are observed [7/3 436 CssHig, '-CH', i.e. CoHy loss
followed by nH, loss, 16% and /3 424 CssHis, -CoHa, 16%]. Their presence indicates that

fragmentation already sets in. A PSD experiment (laser fluence 2300) in which 2+ (»/z 450) was

81



Chapter 4

isolated, shows that the fragmentation processes originate from the molecular ion (Figure 3A).
Further increase of the laser fluence to 2600 results in a more pronounced appearance of the
additional mass clusters. At a laser fluence of 3000 a regular pattern of mass clusters attributed to
consecutive 'CH,' and C,H, fragmentation is cleatly present (Figute 3B). This fragmentation
pattern consists of clusters with comparable intensities separated by 14 a.m.u.. Apparently, at this

laser fluence breakdown of 2+ takes place by elimination of C;H; followed by nH; loss.
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Figure 4. Post-sonrce decay (PSD) MALDI TOF mass spectra of 3+ (positive-ion mode) a. at a laser fluence of
2300, b. at a laser fluence of 2600.

MALDI TOF-MS experiments (positive-ion mode) using various laser fluences on the
larger sub-structure of 4, e.g. CygHos 3, gave comparable results. At a laser fluence of 1850 the
radical cation 3+ is obsetved [7/z 600 (100%), 601 (48%), 602 (2%)]. Howevet alteady minor
traces of one-fold Hj loss are discernible, which become more clearly visible at a laser fluence of
1950 [/ % 600 (100%), 598 (10 %)]. The products formed upon the three possible H; losses and
ring closures giving CasHop™, CysHoo* and CysHis™ are present at a laser fluence of 2300 [/ 600
(100%), 598 (93 %), 596 (73%), 594 (18%). At this laser fluence additional mass clusters appear
positioned around /% 586 (C47Hao*, -'CHy' 21%) and at 72/ 574 (CagHoo*, -CoHa, 15%). Again a

PSD experiment (laser fluence 2300) assures that these new mass clusters originate from the PAH
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precursor (Figure 4A). A regular repeating pattern due to fragmentation with mass clusters
separated by 14 a.m.u., comparable to that observed for 2%, is formed at a laser fluence 2600
(Figure 4B).

Next we turn to the MALDI TOF mass spectra of 4+ obtained using higher laser
fluences. Only, when a laser fluence of 2500 is applied, the appearance of the MALDI TOF-MS
spectrum changes from that discussed in paragraph 4.2.1. The mass clusters possess a less defined
pattern. Increase of the laser fluence to 2600 gives a comparable fragmentation pattern as
observed for both 3+ and 2+ (Figure 5). From a PSD experiment (laser fluence 2600) on the 4-*

m/z 750 it is clear that this fragmentation has its origin in the PAH precursor.
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Figure 5. Post-sonrce decay (PSD) MALDI TOF mass spectrum of 4+ (positive-ion mode) at a laser fluence of
2600.

4.3 Corollary

From these experiments it can be concluded that the threshold for the zipping-up process for 2+,
3+ and 4 is nearly identical in all cases (laser fluence 2200 - 2300). At this threshold all possible
cyclodehydrogenations are observed. This means that three-fold H; losses and ring closures occur
in the case of both 2+ and 3* while 4% is converted into Cgyt. It can be concluded that
consecutive intramolecular H; losses and ring closures occur from the inner core outwards.
Futthermote, the PSD experiment in which /3 746 is isolated prior to TOF-MS analysis, proofs
that hydrogen losses occur stepwise. Already at the threshold, fragmentation is observed for 2-+

and 3, whereas fragmentation is absent at this laser fluence for 4*. PSD experiments elucidate
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that fragmentation takes place from the radical cation of the PAH-precursors. At a laser fluence of
¢a. 2600 a distinct fragmentation pattern is observed for all compounds due to subsequent loss of
CoH; followed by nHy loss. Apparently, the PAH precursors 2+, 3+, and 4+ are stable up to this
laser fluence (see Experimental Section). These observations explain the different results obtained
by Scott ez al?> The laser fluence in their experiment must have been above the threshold for

fragmentation.

4.4 The Zipping-up Process of CsoH3o to Ceo

Insight into the conversion of 4 into Cg is obtained by both semi-empricial and ab initio single
point calculations on the possible intermediates. Interestingly, the results indicate that
cyclodehydrogenations occur with r¢gio-chemical control. From Scheme 1 it can be seen that 4 has
a propeller-like structure in which the innermost symmetry related non-bonded hydrogen atoms
H. are sterically congested [He H 1.89 A]. Similar as in the optimized geometry of 4, the
innermost hydrogens of 2 and 3 are also congested [2: He Ha 1.90 A, 3: He-- H 1.90 A] Thus, in
line with the experimental results the hydrogen Ha of 4 will be susceptible to undergo ting-closure
giving the bowl-shaped CeHzs (6, C;) in which three other non-bonded hydrogen pairs Hb [6:
Hy- H 201 A] become congested (Scheme 1); this will facilitate CooHis (7, C;) formation. In
CeoHis the hydrogen He [7: He- H 2.14 A] are prone to undergo cyclodehydrogenation towards
CeoHi2 (8, Cy). Other possible isomers of CoHas and CgoHis formed upon loss of He respectively
instead of Ha and Hp all possess considerably higher energies.*

The energy needed (AH,) for the three-fold H, losses in the five consecutive
cyclodehydrogenation cycles is depicted in Table 1. The first three dehydrogenation cycles from
CooHzo (4) to CeoHazs (6), CeoHis (7) and finally CsoHi2 (8) have comparable AH, values of 134.5,
144.7 and 151.5 kcalmol”, respectively. The AH, value per H; loss and ring closure (Table 2) is
between 40 and 50 kcalmol!. Similar values for AH; per H; loss and ring closute are found for 2
and 3 (Table 3 and 4). This supports our contention that 2, 3 and 4 possess similar inner cores and,
thus, will behave similarly under the applied cyclodehydrogenation conditions.

Cyclodehydrogenation from CgHi2 (8) to CeoHg could either yield a ring-opened isomer
of CeoHg, via ring-closure and three-fold Hy losses, or a ring-closed isomer of CsHs (9), via a
2+2+2 cycloaddition (Scheme 6).27 The ring-closed isomer 9 is a fullerane of which several
representatives have been synthesized by hydrogenation of Cgo.3%%0 It is known that in the case of
fulleranes the AM1 results (AH,) may be unreliable.3” Therefore, single-point ab initio calculations
were performed [RHF/6-31G*//RHF/AM1, B3LYP/6-31G*//RHF/AM1 and UB3LYP/6-
31G*//UHF/AM1] on the structures that can be formed upon three-fold H; losses and ring
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4 CGOH30y C3 6 C60H24y C3

8 CGOH121 CB

Scheme 1. Optimized RHF/AMI structures of 4 and 6 - 10.
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Table 1. Semi-empirical AM1 (AH,) and single point ab #nitio AE, values (in kcalmol!) for the five
cyclodehydrogenation cycles of 4 (Cj).

Compound AM1 6-31G*
) ) radical cation

(symmetry) neutral (RHF) radical cation (UHF) RHF B3LYP UB3LYP

AH, AH, AE, AE, AE,
CeoHso (4, Cs) a b
CooHa4 (6, C5) 134.5 148.0¢ 146.1 117.3 129.7
CeoHis (7, Cs) 144.7 146.2 145.1 130.1 118.7
CeoHiz (8, C5) 151.5 155.5 149.2 120.3 132.7
CeoHs (9, C3,) tcd 88.1 97.6 100.8 88.9 85.7
CsoHg (C3,) rod 97.1 108.5 118.5 97.5 100.2
CosoHy (C5) rcd 26.9 219 29.1 23.1 18.0
CooHz (C3y) rcd 39.0 40.8 20.9 14.3 36.7
Ceo (10, 1)) 42.1 () 50.0 28.8 21.9 19.2

* AHe[CeoHzo (4, C5)] RHF/AM1 = 346.5 kcalmol!
b AHe(CeoHso ) UHF/AM1 = 496.5 kcalmot!
< In the case of UHF/AM1 no symmetry was found.

drc = ring-closed isomer; ro = ringopened isomer.34'

closures from CgoHso (4) [CsoHa4 (6), CooHis (7), CeoHiz (8) and CeoHs (9) and Ceo (10)] to validate
the results (Table 1 and Scheme 1).

Both the AM1 and ab initio results predict that the ring-closed isomer of CgoHg (9) is more
stable than its ring-opened isomer (RHEF/AM1: 9.0 kcalmol! and B3LYP/6-31G*//RHF/AMT:
8.6 kcalmol! and RHF/6-31G*//RHF/AM1: 17.7 kcalmol). The conversion of CeHi, (8) into
the ring-closed fullerane CeoHs (9) and the subsequent conversion of 9 into Ce (10) have a
significantly lower AH, than the previous cyclodehydrogenation steps [RHF/AM1: 88.1 and 108.0
kcalmol!, tespectively; B3LYP/6-31G*//RHF/AM1: 88.9 and 59.3 kcalmol”!, respectively and
RHF/6-31G*//RHF/AM1: 100.8 and 78.8 kcalmol !, respectively]. This is due to the less drastic
skeletal rearrangements that have to take place. Hence, this supports that in going from CsHi2 to
CeoH, ring closure via a 2+2+2 cycloaddition will occur.

Since all cyclodehydrogenations are only discernible in the positive-ion mode under
MALDI TOF-MS conditions, radical cations are involved in the ‘“zipping-up’ mechanism.

Therefore, computations were also performed on the radical cations of compounds 2 and 6 — 10
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Table 2. Semi-empirical RHF/AM1 AHe and AH; values in (kcalmol!) for the products obtained v stepwise

Hj loss and ring closure from 4 (C;).

Compound? (symmetry) neutral (RHF)

AHpe AH,
CsoHszo (4, Cj) 346.5
CeoHas (Cy) 387.0 40.5
CsoHag (Cy) 436.0 49.0
Ceolls (6, C5) 481.0 45.0
CeoHaz (Cy) 528.9 47.9
CeoHzo (Cy) 577.1 48.2
CooHig (7, Cs) 625.7 48.6
CeoHies (Cy) 675.2 49.5
CooHis (Cy) 725.7 50.5
CooHiz 8, C) 777.2 515
CosoHio (Cy) 810.0 32.8
CeoHs (Cy) 842.7 32.7
CooHs(ro)> (9, C5) 865.3 22,6
CeoHg(ro)P (C3,) 874.3 9.0
CooHi(xo) (C) 892.2 26.9
CooHa(rc) (C2) 931.2 39.0
Ceo (10, 1) 973.3 421

* Only the most stable isomers are reported; for a complete overview of all possible isomers (63Hx) and their optimized

RHF/AM1 geometries >

bre = ring-closed isomer; ro = ringopened isomer.34

Table 3. Semi-empirical RHF/AM1 AHp and AH, Table 4. Semi-empirical RHF/AM1 AHp and AH,

values (in kcalmol!) for the products values (in kcalmol!) for the products
obtained zia stepwise H; loss and ring obtained za stepwise H loss and ring
closure from 3 (C}).34 closure from 2 (D;).34

Compound (symmetry) Neutral (RHF) Compound (symmetry)  Neutral (RHF)

AHY AH; AHe AH,

CysHzs (3, C5) 274.6 CssHis (2, D3) 228.8

CysHazz (Cy) 316.6 42.0 CssHis (Cy) 270.0 41.2

CygHzo (Cy) 367.8 51.2 CssHig (Cy) 321.0 51.0

CysHis (C5) 415.4 47.6 CssHiz (C5) 369.1 48.1
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depicted in Scheme 8. Their geometries wete re-optimized at the sewi-empirical UHF/AM1 level
of theory. In addition, energy differences (AE;) wete also re-calculated at the UB3LYP/6-
31G**//UHF/AM1 level of theoty to verify if the observed trends found by RHF/AMI1 for
closed-shell species still hold when radical cations are considered.

Table 1 indeed shows that similar results are attained for the corresponding radical
cations. Again, the first three dehydrogenation cycles (from 4 to 8) have higher AH,/ AE, values
than the following dehydrogenation cycles. Moreover, the formation of the ring-closed, fullerane
intermediate [CeoHg (9)] is favoured (UHF/AM1: 10.9 kcalmol™!, UB3LYP/6-31G*//UHEF/AM1:
14.5 kcalmol ).

4.5 Conclusions

In a collaboration, the selective and stepwise conversion of the non-alternant PAH CgH3o (4) into
Coo is achieved. PSD experiments on the molecular ion show that the processes take place in a
unimolecular fashion. Furthermore, evidence is provided for the stepwise nature of the Hj losses
and ring closures from a PSD experiment in which an intermediate ion 6+ (CeoHos™ 72/ 3 746) was
isolated which also converted into Cgo (10). A comparison of the behavior of 4+ under similar
MALDI TOF-MS conditions with that of its sub-structures 2-* and 3-* revealed that the innermost
hydrogen are eliminated first. This observation is confirmed by the calculations on the subsequent
H: losses from 4, 2 and 3. Whereas in the case of 2 the threshold for zipping up is significant
lower than the threshold for fragmentation, this is not the case for 3+ and 2-*. The correct carbon

topology seems therefore essential for the succesfull conversion of CsoHzo (4) into Cqo (10).

4.6 Experimental Section

Compounds 3 and 4 were synthesized by the group of Echavarren (Spain); details of the synthesis of 1 — 4 are

described elsewhere 3839

MALDI TOF-MS

Matrix-Assisted-Laser-Desorption-lonisation (MALDI) Time-of-Flight mass spectrometry (TOF—MS)4O
experiments were done using a Voyager-DE-RP MALDI-TOF mass spectrometer (Applied
Biosystems/PetSeptive Biosystems, Inc., Framingham, MA, USA) equipped with delayed extraction! A 337
nm UV N laser producing 3ns pulses was used and the mass spectra were obtained in the linear and

reflectron mode. Samples were prepared either by mixing 10 Ul of a toluene solution of the sample with 30 pl
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of a solution of 3 mgl! 2,5-dihydroxybenzoic acid in toluene or by using the toluene solution without the
matrix. One U of the solution was loaded on a gold-sample plate, the solvent was removed in warm air and
the sample transferred to the vacuum of the mass spectrometer for analysis. Post-Source-Decay (PSD)
experiments were obtained by adjusting the voltage applied to the reflector (Mirror Ratio setting).

MALDI/PSD spectra record the fragment ions of spontaneously decomposing ions.

Computational Methods

Semi-empitical computations (RHF/AM1) were performed using MOPAC 7.0 to optimize the geometries
of all the possible intermediates formed from CeHszo (4), CasHos (3) and CsHis (2) upon consecutive
cyclodehydrogenations (Hz losses and ring closures). Ab initio calculations were performed on the AM1
geometries at either RHF/6-31G* or B3LYP/6-31G* levels of theory using GAMESS-UK.*3 The geometries
of the radical cation species wete optimized using open-shell UHF/AM1. With UHF/AM1 substantial spin
contamination was observed (s> > 4). In addition, single point ab znitio calculations were performed on these
geometries using UB3LYP/6-31G*. In the case of the senz-empitical AM1 method AH; is defined as AAH{.
Note that the experimental AH¢ value for Hz (0.0 kcalmol!) is used. In the case of the single point ab znitio
calculations AE; = [Eww(PAH — 3Hs) + 3Ew(H2)] — Eww(PAH). Eww(Hz) RHF/6-31G*//RHF/AM1 = -
1.124471 au. Eww(z) B3LYP/6-31G*//RHF/AM1 = -1.172050 au., Ewwz) UB3LYP 6-
31G*//UHF/AM1 = -1.172050 au. The hydrogen bond distance after RHF/AM1 (UHF/AM1)
optimisation is 0.667 (0.979) A.42
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CHAPTER 5

Identification of C,, Progenitors

Abstract

Two unimolecular progenitors for Cy are proposed, vz, the CzoHao corannulene derivative 1 and
the C70Hs belt-like compound 2. Semi-empirical (RHF/AM1 and UHF/AM1) and ab initio
(RHF/6-31G** and (U)B3LYP/6-31G**) calculations on closed-shell intermediates and theit
related open-shell radical cations indicate that both progenitors can be converted into Cyo by
cyclodehydrogenations, e consecutive Hy losses and ring closures. Hence, these results make the

syntheses of 1 and 2 worthwhile to pursue.



Chapter 5

5.1 Introduction

In Chapter 4 it has been shown that non-alternant polycyclic aromatic hydrocarbons (PAH) with
the cotrect carbon topology are valuable precursors for closed carbon sutfaces. This exact carbon
topology can be determined from a 2D projection of the desired 3D molecule, ze. the Schlegel
diagram proposition. Conversion of the 2D non-alternant PAH into the closed carbon surface was
in the case of the Cgo precursor, CsoHszo, achieved by fifteen-fold consecutive H; losses and ring
closutes induced by matrix-assisted-laser-desorption-ionization time-off-flight mass spectrometry
(MALDI TOF-MS) in the positive-ion mode. The congestion of the innermost non-bonding
hydrogen atoms makes these hydrogen susceptible to undergo elimination and ring closure. As a
consequence, cyclodehydrogenation leads to curling up of the carbon skeleton, whereupon the
next set of inner-core non-bonded hydrogen atoms become sterically congested and, thus,
susceptible to undergo the next set of cyclodehydrogenations (zipping up'). Therefore, this
“zipping up process’ occurs with regio-chemical control from the inside outwards.!-?

This exciting achievement renders the identification of unimolecular PAH precursors for
other known and ultimately unknown fullerenes a topical issue. Progenitors for Cyg are the subject
of this Chapter.

The most favorable unimolecular precursor for Cy is anticipated to be a non-alternant
PAH, which contains the same carbon topology as the C7o Schlegel diagram. Therefore, we
propose the still elusive corannulene derivative (1, Cs0Hao) (Chart 1) as a progenitor for Cyo and
scrutinize the required consecutive cyclodehydrogenations computationally by semi-empirical
(RHE/AM1) and ab initio (RHF/6-31G** and B3LYP/6-31G**) methods. Since under MALDI
TOF-MS conditions radical cations are essential for the conversion of CeoHjo into Ceo,! the radical
cations of selected intermediates were also studied using UHF/AM1 and UB3LYP/6-31G**. As a

corollary a second Cro progenitor, ze. belt-like compound 2, is identified.

5.2 Results & Discussion

5.2.1  Semi-empirical AM1 calculations

As required CxoHyo (1) (C, symmetry) has the exact carbon atom topology as the Cso Schlegel
diagram and the structure is based on the corannulene-cap of Cy (Chart 1). Although 1 still
remains elusive, the synthesis of a part of its structure is currently subject of investigation.?*

Hence, it is envisaged that 1 will ultimately be a viable synthetic target.

94



Identification of C;9 Progenitors

CooHao (1) Top view

C7oHyo (1) Side view

CooHao (2) Side view

Chart 1. Cyo Schlegel diagram containing CroHao (1), and B3LYP/6-31G** optimized structures of CroHao (1)
and CroHao (2).

The optimized geometry of 1 is depicted in Figure 1. The inner-most non-bonded
hydrogen atom pairs HaHa are positoned within the sum of their Van der Waals radii
[HeHagnay 1.83 A]> and therefore expected to be susceptible to undergo Ha loss and ring
closure.! The dotted lines in the C7o Schlegel diagram represent the carbon-carbon bonds that
have to be formed in the four distinct cyclodehydrogenation cycles involving Ha, Hp, He and Ha,
respectively (Chart 1). Notice that fivze H losses and ring closures per cycle are needed. Hence,
within each cycle different possibilities exist for the sequence of these consecutive Hz losses and
ring closures. After the formation of one carbon-carbon bond, the next bond can be formed at

either a neighboring or at a non-neighboring site. This will result in the formation of two different
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CroHy isomers after the second as well as the third H; loss and ring closure in each distinct cycle
(Table 1, see also ref. 25 for plots of the optimized AM1 structures of all possible intermediates).

Upon the first formal H; loss and ring closure from CsHao (1), C7oHss is obtained, which
is ca. 47 kcalmol! higher in energy. The introduction of an extra six-membered ring leads to
further deformation of the initial bowl-shaped structure. The remaining non-bonded hydrogen
atom pairs HaHa, however, are still positioned within the sum of their Van der Waals radii
[He+Ha ca. 1.90 A] A second H; loss and ring closure may result in two different C70Hsg isomers;
one isomer with the new six-membered rings at a neighboring position, while the other will have
the new six-membered rings at a non-neighboring position. According to the AM1 results the two
CroHs6 isomers are almost equally stable [AAH{ (neighboring — non-neighboring) = 0.5 kcalmol',
Table 1]. The AH; for the conversion of C70Hjss into the different C70Hse isomers is similar to the
AH; for the conversion of CyHso into CsoHsg (ca. 47 kcalmol!l, see Table 1). In analogy, two
CroHs4isomers, which again have comparable AHg values [AAH{(neighboring — non-neighboring)
= 0.7 kcalmol!, Table 1], can be formed from the two Cs0Hss isomers (AH, ¢a. 47 kcalmol ). In
the next step only one isomer of CyHs; is accessible (AH; = 45.8 kcalmol!). The important
outcome for the initial cyclodehydrogenation cycle is that the neighboring and non-neighboring
isomers of C70Hzs and CyoHas, respectively, have comparable energies. In addition, independent of
the sequence of Hy losses and ting closures, the next set of hydrogen atoms from the Ha seties will
be positioned within the sum of their Van der Waals radii due the increase in curvature and,
therefore, will be susceptible to undergo further cyclodehydrogenations. This makes the loss of the
non-bonded Ha paits followed by six-membered ring formation feasible from all different isomers.
Overall five-fold H; losses and six-membered ting formations will lead to the 'cup-shaped' CroHso
(C, symmetry; overall conversion AH, = 230.8 kcalmol!, Figure 1 and Table 1).

In this cup-shaped structure the inner-most, non-bonded hydrogen atoms [He-Hp ca.
1.90 A, Chart 1] are sterically congested. Another five-fold cyclodehydrogenation cycle now
involving Hp, which is comparable to the five-fold H; losses and ring closures of H,, will give the
‘egg-shaped’” CsoHzo (C, symmetry). Interestingly, AH; values for these cyclodehydrogenations are
significantly smaller [¢ca. 11 - 28 v5. 45 - 47 kcalmol! per Hz loss and ring closure (Table 1)]. This is
attributed to the fact that in the conversion of CsoHyo to CsoH3p the imposed deformation of the
carbon skeleton is more severe (‘bowl-like’ to ‘cup-shaped’) compared to the transformation of
CroH3z0 into CroHazo (‘cup-shaped’ to ‘egg-shaped’). The overall conversion of CsoHsg into CsoHag
has an overall AH; of 92.8 kcalmol-..

In CroHzo both the non-bonded hydrogen atoms He+He (ca. 2.12 A) and HeHa (¢ca. 2.00

A) become sterically congested. Five-fold Hy losses of neighboring He atoms will lead to carbon-
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Table 1. RHF/AM1 AH, values (in kcalmol!) for consecutive Hy losses and ring closures from C;oHy (1)

down to Cyo (see text).

Ring-opened pathway Ring-closed pathway
Neighboring Non- Neighboring Non-
Neighboring Neighboring
Sym AH, Sym AH, Sym AH, Sym AH,
CroHao(1)« G
CroHss C 46.9
CroHse C; 474 C; 46.9
CroHszs C 46.2 C 47.4
CroHs, C, 45.8
CroH3o C 445
CroHog G 17.6
CroHag C 17.7 C 28.8
CroHos G 18.5 G 26.3
CroHoz C 28.1
CroHao G 10.9
CroHig C, 20.0 C, -3.3
CroHig G 27.3 G 19.8 C, 9.5 C; 5.0
CroHis C, 26.3 C 26.2 C, 9.0 G, 19.5
CroHiz C; 25.7 C, 35.2
CrHo Cs, 31.7¢ Cs, -19.6°
C70Hs G 14.3 37.4
Cr0Hg C, 25.3 C, 21.0 C, 41.0 G, -39.9
CroHy4 C, 24.8 C, 34.9 40.5 C; 411
CroHa C, 12.7 C, 40.8
Cro Ds, 26.4 Ds, 44.0

“AH{(C7oHao) = 504.2 kcalmot!; “Ring-opened CroHio (C7oHioa in text and Figure 1 with AH® = 958.5 kcalmol'); ‘Ring-
closed CroHio (C7oHion in text and Figures 1 and 2 withAH¢# = 858.5 kcalmol!).

carbon double bond formation and finally the ring-opened isomer C7oHig, (C5, symmetry). In
conttast, loss of Ha followed by five-fold six membeted ring formation will give the ring-closed
isomer CyoHiop, (C;, symmetry). In line with the sezzi-empirical AM1 and ab initio results discussed in
Chapter 41 the ring-closed isomer CHiop is more stable than its ring-opened counterpart

(C70Hu10s, Figure 1 and Table 1). The first H loss and ring closure from CzHazo to ‘ring-closed’
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1 CyoHap, Cy

CroHz0, C1

C70H201 Cs

CroH10a, Csy 4 / CroHiob, Csy

CroH20, Cs

Figure 1. B3LYP/6-31G** optimized structures of 1 (C7oHao) and the derived intermediates CroHszo, C70Hao,
Cr0Hi0a and C70Hyop, and Cro.
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Cr0His is even predicted to be exothermic (Table 1). Notice that ring-closed C;oHiop tepresents a
Cro fullerane (hydrofullerene)®!! that consists of two distinct parts; an egg-shaped n-conjugated
system topped of by a [5]radialene cap.

From ring-opened C70Hjo, five-fold cyclodehydrogenations involving Ha will result in the
formation of the corannulene cap of Cro, Ze. the formation of six six-membered rings and one five-
membered ring. To convert ring-closed CsoHigp into Cro five-fold Hy losses have to take place.
Notice that there is a large difference in AH; for the conversion of C70Hio, and CroHyg into Cqo
[Table 2; RHF/AM1: 103.5 and 203.7 kcalmol™, respectively] (vide infra).

The available experimental results on the cyclodehydrogenation of CsHsp to Ceo using
MALDI TOF-MS have shown that only cyclodehydrogenations occurred from the radical cation
CeoHszo* (Chapter 4); no cyclodehydrogenations were observed for the related radical anions
(MALDI TOF-MS negative-ion mode).!:'2 Therefore, the radical cations of the intermediates
displayed in Figure 1 were also studied using UHF/AM]1. From Table 2 it can be concluded that in
accordance with the RHF/AMI1 results, the UHEF/AM1 calculations show that the first five-fold
cyclodehydrogenation cycle is the most endothermic [AH; = 231.4 kcalmol!]. Notice, however,
that UHF/AMT1 gives considerable spin contamination (s2 > 4). Furthermore, the conversion of
Cs0Hao to the ring-closed isomer CroHio, is found to be more favorable than the ring-opened
isomer (C70Hjyo,). Previous computational studies on fulleranes have shown that semi-empirical
methods, such as AM1, are not always capable to correctly predict the (relative) energy order of
fullerane isomers.!>14 Therefore, we were prompted to petform ab initio RHF/6-31G** and
B3LYP/6-31G** calculations on all proposed intermediates depicted in Figure 1 in order to
establish if the formation of the ring-closed isomer C70Hjop, is indeed more favored. In addition for
the related radical cations the UB3LYP/6-31G** method was used.

5.22  Ab initio calculations

In Table 2 the semi-empirical reaction enthalpies (AH,) and the ab initio reaction energies (AE,) for
the cyclodehydrogenations of both neutral as well as radical cations species of the intermediates
depicted in Figure 1 are presented.

First, RHF/6-31G** and B3LYP/6-31G** calculations on the closed-shell intermediates
were performed. The results at both ab initio levels of theory are in reasonable agreement and show
similar trends as found using the sewi-empirical AM1/RHF method. Only a marked difference is
observed for the AE, values of the last step in the cyclodehydrogenation cycle forming Cro from

the fullerane-type intermediate C7oH1op. This conversion is considerable less endothermic at the ab
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Table 2. Reaction energies (AH, and AE, in kcalmol!) for the closed-shell intermediates and the related

open-shell, radical cations derived from CyoHyo (1) and CroHaot (1), respectively, as depicted in

Figure 1.
Reaction Closed-shell intermediate Open-shell radical cation
AH, AE, AE, AH, AL,
RHF/AM1» RHF/6- B3LYP/6- UHF/AM1*  UB3LYP/6-
31GH+ 31GH 31G#H
CroHao (1) » CroHso 230.8 253.1 244.6 231.4 245.9
CroHso » CroHzo 92.8 108.8 135.8 100.6 95.9
CroHazo p  CroHiee | 1309 96.2 102.3 113.0 56.7
Cr0Hao — » GooHinf [ 308 58.6 82.0 20.0 45.2
CroH10a — 5 Cu 103.5 83.7 91.8 120.8 69.0
CroHion » Cro 203.7 127.7 112.2 210.0 80.6

2CroHao (1): RHF/AM1, AH{ = 504.2 kcalmol and CroHao* (1+): UHF/AM1, AHP = 668.7 kcalmol; PEor CroHao (1,
RHF/6-31G**) = -2674.063906 a.u.; “Eiow CroHao (1, BALYP/6-31G**) = -2691.524743 a.u.; ‘Eiora CroHao* (14,
UB3LYP/6-31G**) = -2691.295990 a.u. ‘Ring-opened CroHio (CroHuoa in text and Figure 1). Ring-closed CoH1o (CroHion
in text and Figure 1).

initio level of theory (RHF/6-31G** 127.7 and B3LYP/6-31G** 112.2 kcalmol™'), which is in
agreement with experimental observations that fulleranes more readily expel hydrogen atoms.10:15

The corresponding radical cations were calculated using the UB3LYP/6-31G** method.
The five-fold cyclodehydrogenation cycle required for the conversion of CroHio into CroHjzo is
again found to be the most endothermic cycle [AE, = 245.9 kcalmol™!, compare UHF/AM1: AH,
= 231.4 kcalmol!, Table 2]. However, the following cyclodehydrogenation cycles from C70Hjzo to
Co require considerable less energy when radical cations are calculated by the UB3LYP/6-31G**
method. In general, the ab initio results confirm that the formation of the ring-closed isomer
CroHiop from CsoHzo is more favorable than the formation of the ring-opened isomer CoHip,
(Table 2). The lower AE, values in comparison to the related AH, (AM1) values computed for Csg
formation from the fullerane C;oHiop at the ab initio level in combination with its more facile
formation indicates that C7oHio, will be an important intermediate.

The energy needed for each Hy loss and ring closure in the first cyclodehydrogenation
cycle, which is the most energy-demanding cycle, is comparable to that found for

cyclodehydrogenation of CsoHzo to CooHz4 (AM1: 47 25, 40 kcalmol™! per Hj loss and ring closure,
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Table 3. Reaction energies (AH, and AE, in kcalmol!) for the closed-shell intermediates and the related

open-shell radical cations derived from CioHyo (2) and CroHaot (2F), respectively, as depicted in

Figure 2.

Reaction Closed-shell intermediate Open-shell radical cation
AH; AE, AE, AH; AE,
RHF/AM12  RHF/6- B3LYP/6- UHF/AM1:  UB3LYP/6-

31 Gokb 31 GHoke 31 G#kd

C70H4o (2) —> C70H30 30.2 56.7 41.6 31.6 46.7

CroHso —»  CyHy 29.6 73.2 39.5 28.3 44.8

CroHzo —»  CyHig, | 1942 93.9 65.7 202.9 85.6

CoHiob —» Cp 203.5 127.7 112.2 213.8 80.6

*CroHao (2): RHF/AM1, AH¢ = 604.5 kcalmol! and CroHao* (2): UHE/AM1, AH¢ = 757.9 kcalmol!; “Eor CroHuao (2,
RHF/6-31G**) = -2673.752468 a.u.; ‘Ewa CoHao (2, BALYP/6-31G**) = -2691.221150 a.u.; ‘B CroHao*
(2+,UB3LYP/6-31G**) = -2691.028027 a.u.

Chapter 4).! For the following cyclodehydrogenation cycles the AH, per H, loss and ring closure
in the conversion of CrHg into finally C;0 are even lower (Table 1). After each
cyclodehydrogenation cycle the next series of hydrogen atoms become sterically congested and,
thus, susceptible to undergo Hz loss and ring closure. Hence, different routes, proceeding through
different intermediates might occur, but all will eventually lead to Cr.

The results of these calculations show that cyclodehydrogenations towards ring-closed
Cr0Hiob are more facile. Presumably, while a [5]radialene-like cap is formed. As a corollary another
pathway to Czo becomes conceivable in which these types of intermediates play a more
pronounced role. The amount of curvature that has to be introduced in going from Cr0Hyo to
CroHiob is another factor that will influence the ease with which a precursor can be converted into
Cro. In view of these considerations another isomer of Cs0Hio (2), which does not fit the Cyo
Schlegel diagram, but has a belt-like structure, might also be a progenitor for Cso (Figure 2). The
AH, and AE; values for the conversion of 2 into Cyg ate computed following the above mentioned
approach; the results are depicted in Table 3. The first cyclodehydrogenation cycle from 2 into
Cr0H30 is noticeably less endothermic than the corresponding cycle in the conversion of 1 [AH, =
230.8 »s. 30.2 kcalmol! (RHF/AM1) and AE, = 244.6 »s. 41.6 kcalmol! (B3LYP/6-31G*¥)].
Clearly, this marked reduction in both AH, and AE; is due to the fact that in the case of 2 the belt-
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2 CqoHao, Cy CroHz0, C1 CroH20, Dsn

C70H10b1 C5v C701 D5h

Figure 2. B3LYP/6-31G** Optimized structures of the belt-like C7oHyo (2) and the derived intermediates
CroH30, C70Hzo and C70Higp, and Cro.

like structure already contains substantial strain energy. The last two steps from CoHyz into
CroHio, and, CsoHyg into Cqo have AH, and AE; values that are comparable to those found for the
conversion of 1into Cr. The C;oHzo isomer contains a belt composed of biphenyl-units closed by
two [5]radialene caps.

Belt-like structures were recognized previously as interesting synthetic targets.!0-18 These
belt-shaped molecules are of relevance because of their structural similarity to carbon nanotubes
and their utility in host-guest chemistry. Furthermore, compound 2 also represents a small, rim-
functionalized fullerene pipe.l() Recently, rim functionalization of fullerene pipes, has shown to
lead to soluble materials.2%-2! With the proper functionalities attached to the rim this may provide

a tool to convert pipes into tubes.

102



Identification of C;, Progenitors

5.3 Conclusions

The computational results presented in this Chapter indicate that the CsoHio corannulene
derivative (1) might be a proper progenitor for Cro, which can be converted stepwise iz
consecutive cyclodehydrogenations. Although, the initial steps in the zipping up process from
CroHao to CroH3o and, finally, to CsoHao are strongly endothermic processes, the conversion of
C70Hzo into the ring-closed C7oHjop, is considerable less endothermic. A similar phenomenon was
observed in the conversion of CgHsp into Ceo; the formation of a ring-closed CgoHg intermediate
was favored.?* The relative stability of the ring-closed intermediates points to another progenitor
for Cro, ze belt-like compound 2. If extended homologues of 2 will become synthetically
accessible, for example, by selective functionalization of the rims of recently identified fullerene
pipes, closed tube-like structures will be accessible by design. This is of interest for the selective

synthesis of endohedral fullerenes and carbon nanotubes.
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5.4 Experimental Section

Computational Methods

All intermediates formed upon consecutive H; loss and ring closure from CroHso were optimized
by semi-empirical computations (RHF/AM1) using MOPAC 7.0 untl GNORM < 0.0522 Minima were
characterized by Hessian calculations; no imaginary vibrations were found. Selected intermediates were
subsequently studied at the ab nitio level of theory using Gamess-UK Hartree-Fock (RHF) and DFT
(B3LYP) calculations in the 6-31G** basis.23 Related radical cation species were further studied using
UHF/AM1 and UB3LYP/6-31G** methods. UHF/6-31G** was not applied since it is known to give severe
spin contamination. As shown below and in line with recent reports UB3LYP is a good method for the
calculation of open-shell species as no spin contamination is observed2* Plots of all RHF/AMI1 optimized
geometries reported in Table 1 are shown in the Supporting Information of ref. 25. Cartesian coordinates of
all ab initio optimized geometries depicted in Figures 1 and 2 [closed-shell intermediates (RHF/6-31G** and
B3LYP/6-31G**) and telated open-shell radical cations (UB3LYP/6-31G**¥)] ate also presented in the
Supporting Information of ref. 25. Comparable geometries were found for both closed-shell intermediates

and their related open-shell, radical cation species calculated at similar levels of theory (RHF/AMI1 us.
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UHF/AM1 and B3LYP/6-31G** 5. UB3LYP/6-31G**). When the senzi-empirical AM1 method was used
AH, is defined as [AHP(PAH-xH,) + xAHP(H,)] - AHO(PAH) where AHP(H,) = 0 kcalmol'! (RHF/AMI:
H; bond length = 0.667 A; UHF/AM1: Hy* bond length = 0.979 A) In the case of ab initio methods AL, is
defined as [AE.(PAH-5H) + 5AE.(Hy)] - AE,(PAH). RHF/6-31G**: Eioa(Hz) = -1.131333 a.u, H, bond
length = 0.733 A.; B3LYP/6-31G**: Ey(Hz) = -1.178538 a.u., Hz bond length = 0.742 A.; UB3LYP/6-
31G**; By (Hz) = -1.178538 a.u, H, bond length = 0.742 A.2>
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CHAPTER 6

Synthesis by Design of the Novel Triaza-Fullerane
C;;H,N, by ‘Zipping up’ of its Schlegel-Match
Progenitor C,;H;;N;

Abstract

The first selective synthesis of the ionic triazafullerane, Cs7H2N3, is teported by 'zipping up' its
Cs7H33N3 (1) non-alternant PAH progenitor. Successive Hj losses accompanied by ring closures
were induced by matrix-assisted-laser-desorption-ionization time-of-flight mass spectrometry
(MALD TOF-MS) both in the positive-ion and negative-ion mode and were shown to proceed
from the inside outwards. Additional proof was obtained by the behavior of a deuterated analogue
(Cs7H272HgN3, 1-ds) under similar MALDI TOF-MS conditions, as well as semi-empirical (AM1)
and ab initio (RHF/6-31G** and B3LYP/6-31G*¥) calculations on the cationic and anionic species

of the possible intermediates.



Chapter 6

6.1 Introduction

One of the most promising approaches to modify the electronic properties of fullerenes is by
substitution of carbon atoms by hetero-atoms. This will render heterofullerenes of interest for
application in superconductivity, photoinduced electron transfer and organic ferromagnetism.!
When one carbon atom is replaced by a nitrogen atom an open-shell (radical) system is obtained.
As a consequence, azafullerenes are difficult to prepare and isolate. However, the dimers and
hydroazafullerene (azafullerane) precursors can be prepared and isolated. Previously, besides the
usual procedure of laser ablation of graphite-hetereoatom composite rods,>> defined syntheses of
(C59N)2, CsoNH, (CeoN)2 and CsoN* have been reported.(”m In these syntheses, C¢o or C7o were
taken as the starting compound and subsequently modified. However, no azafullerene has yet been
synthesized from a non-fullerene precursor where more than one carbon atom is replaced by
nitrogen atoms. Hitherto only circumstantial evidence for the preparation of CsgNy from an sn-situ
generated hetero-polyyne has been reported.!1-12

In Chapter 4, the conversion of a unimolecular non-alternant CsoHso polycyclic aromatic
hydrocarbon (PAH) progenitor for Ceo, which possesses the same carbon atom topology as the
Cso Schlegel diagram, into Cgo was reported.!31> Under proper MALDI TOF-MS conditions, the
'zipping up' of this CeoHzo PAH precursor proceeds v fifteen-fold consecutive Hy losses and ring
closures from the inside outwards, without the occurrence of either rearrangement or degradation
of the original carbon skeleton. 1410 A prerequisite for the successful conversion of CgHsp into Ceo

was shown to be the exact carbon topology as in the Cgo Schlegel diagram, ze. our Schlegel-match

proposition. We have shown that if no closed carbon surface can be obtained, break down does
16,17

become an important side-reaction.

Chart 1
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In this Chapter, we report the preparation of the hitherto unknown ionic triazafullerane
Cs7HaN3s, based on our Schlegel-match proposition. In this Ceo-related structure, three carbon
atoms are replaced by three nitrogen atoms. Note that as a consequence of the presence of the
three nitrogen atoms, their neighboring carbon atoms (sp*-hybridized) possess two hydrogen

atoms, Ze. they are CH, moieties.

6.2 Results & Discussion

Both Cs7H33Nj; (1) and a deuterated analogue Cs7H72HgN3 1-dg were obtained in three steps from
3 (see Chart 1 and Schemel) by the group of Echavarren (University of Madrid, Spain).

Reductive (deutero)debromination of 2 gave the triindoles 3 and 3-ds, respectively,!8:1°.
N-alkylation of 3 and 3-dgs, with 1-bromo-2-bromomethylnaphthalene gave 4 (92%) and 4-ds
(85%), which were subjected to arylation conditions [100 mol% Pd(OAc),, KoCOs3;, DMF, 110°C]
to give 1 (64%) and 1-ds (60%) as yellow powders (see Experimental section).

Br. Br X X

o O

For 2: EtsNH HCO,

H H
N NH Pd/C, MeOH N NH Br
(95%)
o)
e
Br

X —_—
For 2-dg: formic acid-d, HN Q X KOH, THF
EtsN (88%) X (92% for X = H
Br X 85% for X = 2H)

2 3 X=H
3-dg: X=2H

Pd(OAc);, BnMe3sN 1. X= £-|

K,CO3, DMF 1-dg: X="H

(64% for X =H
60% for X = 2H)

4: X=H
4-dg: X =H

Scheme 1. Synthetic route to C57H33N3 (1) and C57H262H(,N3 (1-d(,)
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6.2.1 Cyclodehydrogenations from CsH33Nj3 (1) and Cs;Hx?2HN3 (1-dp).

Compound Cs;H33N;5 (1) is an analogue of the non-alternant PAH CgHs (Chapter 4)1410 in
which three nitrogen atoms replace three carbon atoms. As a consequence, three CHs-units are
present in the molecule (see Chart 1). Ab nitio RHF/6-31G** and B3LYP/6-31G*¥) calculations
show that Cs7H33N3 (1, C;) has a propeller-like structure, in which the inner core hydrogen, Ha, are
positioned within the sum of their Van der Waals radius (He~H 1.82 and 2.20 A). This renders
these hydrogen atoms susceptible to undergo cyclodehydrogenation, ze. Hy loss accompanied by
ring closure.

To establish if cyclodehydrogenations can occur, 1 was subjected to MALDI TOF-MS
conditions (see Experimental Section). At a laser fluence of 2100 (positive-ion mode),
predominantly the precursor ion 1+ is obsetved [Cs7H33Ns* 72/z 759, Figure 1A; natural isotope
pattern: cale. 759 (100%), 760 (65%), 761 (21%), 762 (5%); found 759 (100%), 760 (64%), 761
(23%), 762 (6%)]. In addition, however, the closed-shell cation Cs;H3Ns* ([M-1]*, 7/% 758, ca. 40
%), most likely formed zia loss of H- from the precursor ion (1), is present. Although, the peak at
m/z 758 could also be attributed to the 3C-isotope of Cs7H3 N3+ (12Cs6!3CH3 N3), the intensity
of this signal is too high since no formation of Cs;H3 N3 (/3 757) via Ha loss and ring closure
from 1%, is yet observed. Upon increase of the laser fluence to 2200 ca. 80% of 11is converted into
Cs7H3N3t ([M-1]*, not shown). This tendency to undergo facile H- loss is characteristic for
azafullerenes. Hitherto, all mass spectra in the reports where the syntheses of CsoINH, CsoN* and
CeN* were described,”8 display intensive peaks corresponding to [M-1]*. Even the 'shrink-wrap'
process for (aza)fullerenes, Ze. subsequent loss of CN- and Cp-fragments, was found to take place
from this [M-1]* ion. In our case, loss of H- most likely occurs from the CHz-unit next to the
nitrogen atom (see Chart 2). Hereupon, an iminium ion is formed, which will contribute to the
delocalization of the positive charge into the neighboring naphthalene and benzene moieties of

one of the 'propellet'-blades.

o+

Chart 2
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Figure 1. In-source MALDI TOF mass spectra of 1+ in the positive-ion mode: a. laser fluence 2100, b. laser
fluence of 2300 and c. laser fluence of 2400.

At a higher laser fluence of 2300, three-fold H; losses and ring closures from Cs7H32N3*
(IM-1]*), which is now predominantly formed (70%), takes place leading to the closed-shell species
Cs7H30N3", Cs7HosN3™ and Cs7HagN3* [2/3 759 (44%)), 758 (87%), 756 (13%), 754 (5%), 752 (3%),
Figure 1B]. Analysis of the isotope pattern reveals that still some cyclodehydrogenations occur
directly from the molecular ion (M*) Cs7H33Ns* (ca. 30%) via the open-shell radical cationic
species [Cs7H3N3* /5 757 (10%), Cs7HaoN3s* /3 755 (2%), Cs7Ho N3+ /5 753 (0.9%)].20 Tt is
noteworthy that cyclodehydrogenations s the radical cations appear to be more facile than zia the
closed-shell cationic species, which is due to their higher internal energy.?! This can be deduced
from the increase in the ratio between the peaks at odd and even masses upon

cyclodehydrogenation with respect to the initial M-+/[M-1]* ratio.
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Figure 2. In-sonrce MALDI TOF mass spectra of 1-dg+ in the positive-ion mode: a. laser fluence 2100 and b.
laser fluence of 2400.

To assess whether the innermost non-bonded hydrogen indeed undergo Hs loss and ring
closure first,!%16 a deuterated analogue of 1, with the deuterium atoms positioned at carbons b and
c (see Chart 1) [Cs7H2?HgN3, 1-ds deuterium content . 90% according to FAB-MS] was
subjected to similar MALDI TOF-MS conditions. In the positive-ion mode (laser fluence of 2100)
again predominantly Cs7Ha2HeN3* (M-H]*, 7/ 764) is present, formed upon loss of H- of 1-dg*
(m/ % 765), but in addition already three-fold H, losses and ring closures are visible [Figure 2A; 7/3
764 (100%), 762 (35%), 760 (11%), 758 (2%)]. Since no loss of deuterium atoms is yet observed,
this corroborates that indeed the inner core hydrogen atoms (Ha) are eliminated first. As expected,
cyclodehydrogenations #ia the radical cationic species is also favored for 1-dg*.

Complete fifteen-fold cyclodehydrogenations of 1+ ziz the two possible pathways, Ze.
through open-shell radical cation and closed-shell cationic species starting from 1+ and [M-H]*
respectively, will result in the closure of the catbon surface forming either CsyH3Ns+ (/% 729) or
Cs;HoN3t (/7 728). This is indeed what is obsetved at a laser fluence of 2400. Fifteen-fold Ha
losses and ring closures giving cyclodehydrogenation products down to 7/% 728 are visible (Figure
1C). The isotope pattetn can only be interpreted when both pathways, Ze. from /3 759 down to
m/ % 729 via open-shell radical cationic species and from #/z 758 down to 7/ z 728 via closed-shell
cationic species contribute (see Figure 1C). The presence of two regions with near zero peak
intensities (#2/% 750 - 746 and 736 - 732) in the case of 1*/[M-H]* is in accordance with the

stepwise character of the consecutive cyclodehydrogenations (see Chapter 4).14:16
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In line with this observation, the MALDI TOF-MS spectrum of 1-dg+ at a laser fluence
of 2400 shows cyclodehydrogenations down to 7/% 728 (Cs7HoNs*, Figure 2B). This indicates that
ultimately 1-ds* zipps up to the azafullerane Cs7HoN3* (/% 728), and, hence, the deuterium loss
must have occurred in one of the intermediate stages. Remarkably, the appearance of the
cyclodehydrogenation pattern in Figure 2B differs from that found for the corresponding
cyclodehydrogenations of 1+ (Figure 1C). The two regions with near zero peak intensities during
the zipping-up of 1+ (/% 750 - 746 and /3 736 - 732, Figure 1C) do contain low intensity peaks
in the case of cyclodehydrogenations from 1-ds* (m/5 756 — 750 and /% 740 — 738, Figure 2B).
The presence of these near zero intensity regions in the case of 1+ are rationalized by the fact that
cyclodehydrogenations from Cs7H27Nj3 to Cs7Hi9N3 and from Cs;Hi12Ns to Cs7HgN3 occur more
facile. Apparently, in the case of 1-dg* due to the deuterium-isotope effect cyclodehydrogenation
of ’Hp and “He are less facile.

Note that under the applied MALDI TOF-MS conditions, no ‘shrink-wrap’ process, Ze.
loss of either CN- or Cp- fragments, is visible at a laser fluence of 2400. This denotes that the
closure of the carbon surface is achieved under very mild conditions. Notwithstanding, from laser
fluences > 2300 additional mass clusters are present at 7/3 774 and »/% 1518 in the case of 1+
and at m/z 780 and m/z 1524 for 1-ds+.22 These clusters are not due to an impurity in the
precursors; they are absent in the spectra obtained after MALDI TOF-MS at low laser fluence
(1900 - 2200). However, they appear in FAB-MS spectra (matrix ¢-nitro-phenyloctylether). These
extra mass clusters are attributed to the occurrence of a competitive ion-molecule side-reaction
followed by a disproportionation side-reaction. This is substantiated by the following results. In
MALDI TOF-MS (laser fluence > 2300) besides cyclodehydrogenations, low intensity mass
clusters at 7/z 1518 of 1+ and /5 1524 for 1-dg+ are found indicative for cluster formation due
to ion-molecule reactions between Cs;H3Ns*, Cs7HzsN3* and Cs;H3N5*.2324 Subsequent
disproportionation of the ion-molecule cluster in which a fragment of ¢rea 15 a.m.u. (CH3 or NH)
is transferred, leads to two mass clusters centered at 7/3 774 and m/ 3 745 for 1+ and similarly at
m/ %780 and /% 750 for 1-ds*

The clusters at 7/3 774 and 72/% 780 ate cleatly visible in the same MALDI TOF mass
spectra (Figure 1C and 2B). The presence of the other mass cluster can be inferred from the
appearance of the pattern around /3 745 in the case of 1+ and »/z 750 in the case of 1-dg*;
unfortunately the patterns of the cyclodehydrogenation process and the disproportionation side-
reaction coincide. This is substantiated by the post-source-decay (PSD) spectrum of 1-*, in which the
m/z 759 ion is isolated prior to TOF-MS analysis (laser fluence is 2400, Figure 3). The mass cluster
at /% 774 is absent and the pattetn around /3 745 looks much 'cleanet'. This PSD specttum
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Figure 3. Post-source-decay MALDI TOF mass spectrum of 1+ in the positive-ion mode at a laser fluence of

2400. Isolation of /3 759.

also shows that the ion-molecule reactions are competitive side-reactions and that all proper
cyclodehydrogenations originate from the precursor ions.

In contrast to what was obsetved for the "zipping-up' of the all-catbon/hydrogen CsoHso
precursor down to Cgo,'* complete cyclodehydrogenation of 1+ does a/so occur in the negative-ion
mode. When the computed electron affinities (EA) of 1 and CsoH3p are compared [1.5 ¢V and 1.8
eV, respectively (AM1)], it is apparent that C¢oHso has the higher EA. This suggests that not the
formation of the open-shell radical anion (1), but the subsequent formation of the closed-shell
anion CsyH3Nj ([M-1]) might facilitate cyclodehydrogenations in the negative-ion mode,

probably since then delocalization of the charge is possible (Chart 3).

Chart 3
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Figure 4. In-source MALDI TOF mass spectra of 1- in the negative-ion mode: a. laser fluence
2100, b. laser fluence of 2400.

The conversion of Cs7H33N3- (17) into Cs7H3N3 2z loss of H- indeed appears to be facile in the
negative-ion mode. Already at a laser fluence of 2100 Cs7H3Ns ([IM-H]) is predominantly present
(Figure 4A). Furthermore, two-fold H; losses and ring closures occur, giving Cs;H3Ns~ and
Cs7HagNs [/ 3 758 (100%), 756 (28 %), 754 (8%)]. Again, cyclodehydrogenation proceed from 1-
via radical anion intermediates and from Cs;H3Ns ([M-HJ, /3 758) via closed-shell anionic
intermediates. The process #a radical anionic species is again favored. Complete
cyclodehydrogenation takes place at a laser fluence of 2400 giving the cyclodehydrogenation
products down to /g 729 (Figure 4B). The occutrence of competitive ion-molecule and
disproportionation side-reactions are also discernible in the negative-ion mode (laser fluence >
2300). This provides additional evidence that the ion-molecule reactions are indeed side-reactions.
To establish that cyclodehydrogenations takes place from the precursor ions, PSD spectra in
which both 1~ (/3 759) or Cs7H32N3 ([M-1]*, 7/ 3 758) were isolated ptior to TOF-MS analysis,
were measured at different laser fluences. They are indeed nearly identical to the corresponding -
source spectra, with the difference that the mass cluster centered at 7/ 774 is absent. Hence,
cyclodehydrogenations, ze. intramolecular Hy loss and ring closure, originates from the precursor

ions.

6.2.2  Semi-empirical (AM1) and ab initio (B3LYP/6-31G*¥) calculations
In Chapter 4 it was shown that the driving force for the cyclodehydrogenation reactions to

proceed with regio-chemical control is the steric congestion of the innermost hydrogen atoms. !¢
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Table 1. Semi-empirical (AM1) AHg and AH, values (in kcalmol?) for the conversion of Cs7H33Nj3 (1) into

Cs7HoN3 (1) for both cationic and anionic species.?

Compound Cations Anions
AHpe AH, AHpe AH,
Cs7H33N3 (Db 493.5 301.4
Cs7H3N; (5)¢ 510.4 69.0 324.3 75.0
Cs7H26N3 (6) 644.5 134.1 441.2 116.9
Cs7H2N; (7) 773.9 129.4 596.7 155.5
Cs7H14N;3 (8) 934.8 160.9 705.2 108.5
Cs7HgNsy, (9)d 1038.8 104.0 796.4 91.2
Cs7HgNs, (10)e 1029.9 95.1 789.3 84.1
Cs7HoN3 (11) 1146.8 108.04/116.9¢ 889.4 93.04/100.1¢

* Only the thermodynamic most stable isomers are considered? The radical cationic and anionic species ofl are calculated
at the UHF/AM1 level of theory, for the closedshell species of 1: AH¢ = 357.2 kcalmol! (RHF/AM1).¢ 1+ -> 6 + H;;
AHe(H) = 52.1 kealmol!. ¢ ro = ring-opened. € rc = ring-closed.

Table 2. Ab initio (B3LYP/G6-31G**¥) AE, values (in kcalmol!) for the conversion of Cs;H3N3 (5) into

Cs7HoN3 (1) for both cationic and anionic species.

Cations Anions
Cs7H3:N3 (5) --> Cs57HaN3 (6) 112.2 108.6
Cs7H26N3 (6) --> Cs7H20N3 (7) 125.5 119.7
Cs7H20N3 (7) --> C57H14N3 (8) 115.7 102.1
Cs7H14N3 (8) > C57HsNs,, (9)2 96.9 89.1
Cs7H14N3 (8) --> C57HgNs, (10)P 84.3 82.3
Cs7HsNiyo (9)2--> Cs7HoN; (11) 64.7 394
Cs7HgNis,e (10)P --> Cs57HoN3 (11) 52.0 46.2

*ro = ring-opened. " rc = ring-closed.

To validate that this is also the case here, both sem-empitical RHEF/AM1) and ab initio calculations

(B3LYP/6-31G**) were performed on the cations and anions of the products formed wia the

closed-shell pathway from ionic Cs7H3Nj3 (72/3 758). The main cyclodehydrogenation products,

z.e. compounds formed after three-fold Hy losses and ring closures are considered [Cs;H33N3* (1),
C57I‘I32N3,+ (5), Cs7I‘Iz()N3Jr (6), C57I_120N3,+ (7), (:571_114IQ3Jr (8), C57I_18N3Jr ring—opened (9), C57I_ISN3Jr
ring-closed (10) and Cs7H2N3* (11)]. Similar calculations were performed for the corresponding
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1 Cs7HasNs™ 5 Cs7HaoN3"

—>
6 (:57H26N3+

—>
8 Cs7H14N5" 9 Cs7HgN5(ro)"

—> —>
10 Cs;HgNs(rc)” 11 Cs7HoN35"

Scheme 2. Optimized (B3LYP/6-31G**) geometties of the cationic intermediates obtained by

cyclodehydrogenation of 1-+.
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anionic species. The B3LYP/6-31G** optimized geometries of the cationic species of 1 and 5 - 11
are depicted in Scheme 2. In addition, the reaction enthalpies (AH;, semi-empirical methods Table
1) or the reaction energies (AE. when using ab initio methods, Table 2) are calculated (see
Experimental Section). From the optimized geometries it can be deduced that indeed after each
cyclodehydrogenation cycle the new innermost hydrogen atoms become sterically congested.
Inspection of the AH,/AE;, values (Table 1 and 2, respectively) shows that at both levels of theory
formation of the ring-closed isomer Cs7HsNj(rc) (10) instead of the ring-opened isomer
Cs7HsN;(ro) (9) is more favorable, and hence, 2 + 2 + 2 addition takes place.!0 The first three
cyclodehydrogenation cycles, in which Cs;HaN3 (6), Cs7H20N3 (7) and Cs7H14Nj3 (8) are formed,
are more endothermic than the following. This is in accordance with the fact that in these steps

cutrvature is imposed.

6.3 Conclusions

The 'zipping up' process of the Schlegel-match triaza non-alternant PAH precursors, 1+/1- and 1-
ds*/1-ds~, to closed carbon surfaces is achieved. Interestingly, Cs7H33N3 (1) and the ionic
fulleranes Cs;HoN3 and Cs7H3N3 are more reactive than the corresponding carbon analogues
(CeoHzo, Co). This is appatent from the formation of [M-1]"/[M-1]- and the occutrence of
competetive ion-molecule and subsequent disproportionation side-reactions. Complete
cyclodehydrogenations yielding ionic Cs;H2Nj was possible both in the positive-ion and in the
negative-ion mode. The consecutive character of the cyclodehydrogenation reactions is
substantiated by PSD experiments, semi-empirical and ab initio calculations, and the

cyclodehydrogenation behavior of a deuterated analogue 1-ds.

6.4 Experimental Section

All reactions were carried out under a Ny atmosphere. Solvents were dried and purified using standard
procedures. Chemical shifts (in ppm) are given relative to TMS (0 ppm). / values are given in Hz. For the 1H-
NMR spectrum multiplicity is denoted as following: s = singlet, d = doublet, t = triplet, dd = double doublet,
m = multiplet.
Synthesis of 1
A mixture of 4 (50 mg, 0.05 mmol), Pd(OAc), (11mg, 0.05 mmol), BaMe;Nbr (23 mg, 2 mmol), and K,COj3

(69 mg, 5 mmol) in DMA (8 ml) was stirred at 110°C for 12hr. The mixture was cooled to 23°C and the solid
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was filtered off and washed with CH,Cl, and acetone. The solid was suspended in aqueous NaCN and stirred
for 1 hr. The solid was filtered off and washed with water and acetone to give 1 as a yellow powder (37 mg,
61%). IH NMR (1,1,2,2-tetrachloroethane-d,, 26 °C, 300 MHz,  in ppm) & 8.87 (d, 3 H, ] 8.8 Hz), 8.20 (d, 3
H, ] 8.6 Hz), 8.13 (d, 3 H, 7.1 Hz), 7.92 (d, 3H, ] 7.7 Hz), 7.86 (d, 3H, ] 8.7 Hz), 7.43 - 7.62 (m, 12 H), 5.73
(6 H). MALDI-TOF MS: /% 758 (100%) [M+-H].

Synthesis of 1-d;

1-dg was prepared following the same procedure. 'H NMR (1,1,2,2-tetrachloroethane-ds, 26°C, 300 MHz 8 in
ppm) 8.88 (d, 3 H, J 7.6 Hz), 8.20 (s, 3 H), 7.91 (d, 3 H, J 7.0 Hz), 7.84 (d, 3H, ] 7.2 Hz), 7.54 - 7.62 (m, 9H),
5.71 (s, 6H). MALDI-TOF MS: /3 764 (100%) [M*-H]. Note that compounds 1 and 1-ds readily oxidize
into the corresponding amides, and must be kept under Ar. Cantion: (CP)-PAH are potential genotoxic

compounds.

MALDI TOF-MS

Matrix-Assisted-Laser-Desorption-lonisation (MALDI) Time-Of-Flight mass spectrometry (T OF—MS)25
experiments were done using a Voyager-DE-RP MALDI-TOF mass spectrometer (Applied
Biosystems/PetSeptive Biosystems, Inc., Framingham, MA, USA) equipped with delayed extraction?® A 337
nm UV N laser producing 3ns pulses was used; the mass spectra were obtained in the linear and reflectron
mode. One Ul of a suspension of the sample in toluene was loaded on a gold-sample plate, the solvent was
removed in warm air and the sample transferred to the vacuum of the mass spectrometer for analysis. Posz-
source-decay (PSD) experiments were obtained by adjusting the voltage applied to the reflector (Mirror Ratio

setting). MALDI/PSD spectra tecord the fragment ions of spontaneously decomposing ions.

Computational Methods

Semi-empirical computations (RHF/AM1 and UHF/AM1) were petformed using MOPAC 7.027 Ab initio
calculations were perfomed at the B3LYP/6-31G** level of theory using GAMESS-UK.28 The geometries of
the radical cationic species and radical anionic species of Cs;H33N3 were optimized using the UB3LYP/6-
31G** methods. In the case of the sewi-empirical AM1 method AH, is defined as AAH®. Note that the
expetimental AH{ value for H, (0.0 kcalmol'!) is used and AHO(AM1, H) = 52.1 kcalmol! (RHF/AM1: H,
bond length = 0.667 A; UHF/AM1: Hy* bond length = 0.979 A), In the case of the ab initio calculations AE,
= [EwwPAH — 3Hy) + 3Eww(H2)] — EwwmPAH). Eow(Hy) B3LYP/6-31G** = -1.178538 a.u. with an
optimized hydrogen-hydrogen bond distance of 0.742 A. UB3LYP/6-31G** = -1.178538 a.u. with an
optimized hydrogen-hydrogen bond distance of 0.742 A.
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CHAPTER 7

Redox Properties of Non-Alternant Cyclopenta-Fused

Polycyclic Aromatic Hydrocarbons

Abstract

The redox properties of 23 PAH, mono- and bis-CP-PAH were characterized using Cyclic
Voltammetry (CV). The results show that external fusion of a cyclopenta-moiety leads to high
electron affinities. A linear correlation between the LUMO energy derived from Huckel Molecular
Orbital (HMO) theory and the first reduction potential is rationalized assuming that the
cyclopenta-moiety acts as an electron-withdrawing peri-substituent with Gy 0.4 £ 0.07. It is
proposed that upon reduction 67 cyclopentadienide sub-structures are formed. The interpretations
are validated by ab initio calculations [(U)B3LYP/6-31G**, (U)B3LYP/DZP** and CTOCD-
DZ/6-31G*¥].



Chapter 7

7.1 Introduction

One of the most intriguing properties of the fullerenes Cgp and Cro are their high and similar
electron affinities (ca. 2.7 eV).1>2 Both Cyp and Cyp were found to accept up to six electrons under
mild conditions,3> which renders these molecules n-type materials. The tendency to form hexa-
anions was initially rationalized by recognizing that Cey and Cyo consisted of several pyracylene
units (3, Chart 1). The pyracylene sub-structures were considered as 4nTl-electron perimeter
systems, which upon reduction with two electrons form G6m-electron 'cyclopentadienide' sub-
structures.> However, in this case a dodeca-anion is expected for Cg (Cgo!2). A group theoretical
analysis, however, shows that Cy is the first of an infinite family of fullerene isomers with six low
lying acceptor orbitals, split into two sets of degenerate orbitals (ti, + tig), spanning translational
and rotational symmetries and derived from bonding orbitals of the pentagons.’-3

The important role of the pentagons is also revealed by a comparison of the aromatic
properties of Cgo and Cro, using the magnetic criterion. Cgg is less aromatic than Cg, which is
rationalized by the larger fractional contribution of the paramagnetic five-membered rings, as Cgo
is composed of 12 pentagons and 20 hexagons and Cro of 12 pentagons and 25 hexagons.” ! On
the other hand, the hexa-anion of Cgy (Cs®) shows increased aromaticity compared to the hexa-
anion of Cyo (C70%). This is attributed to the fact that the added electrons reduce the paramagnetic
effect of the five-membered ﬂngs.lz’13 Fullerene chemistry, consequently, revived the interest in
(cyclopenta-fused) polycyclic aromatic hydrocarbons [(CP)-PAH], ze. CP-PAH are now regarded
as key sub-structures for fullerenes and their chemistry.!4-10

For their use as model compounds, it is of importance to understand the effect of
peripheral cyclopenta-fusion to an alternant PAH core. Since a large set of mono- and bis-CP-PAH

have been prepared in our laboratory,!”1?

a systematic study of the electronic properties
employing cyclic voltammetry (CV) has become possible.

In this Chapter we study the redox properties of the mono- and bis-CP-PAH displayed in
Chart 1. It will be shown that PAH with externally-fused cyclopenta-moieties are readily reduced

20,21 5 linear correlation is

and thus possess high electron affinities. In contrast to previous reports,
found between the LUMO energies derived from HMO theory and the first reduction potential.
This can be interpreted as if the cyclopenta-moiety in mono- and bis-CP-PAH acts as an electron-
withdrawing substituent. This is corroborated by determination of the Hammett constant G, for
the cyclopenta-moiety in structurally different CP-PAH. It is shown that upon reduction the
additional electron will be mainly located in the cyclopenta-moiety leading to a

6T cyclopentadienide sub-structure.
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Chapter 7

7.2 Results & Discussion

7.2.1 Cyclic voltammetry

Cyclic voltammograms of the alternant PAH 1, 4, 5, 9, 14 and 20, their non-alternant mono- and bis-
cyclopenta-fused congeners 2, 3, 6 - 8, 10, 11, 13, 15 - 17, 19 and 21 - 23, and the internally
cyclopenta-fused PAH 12 and 18 (Chart 1) were measured in CH3CN and the results are compiled
in Table 1 (see also Experimental Section). As an illustration, the cyclic voltammograms of
compounds 2, 6, 10 and 11 are presented in Figure 1. Although the anodic behavior of the (non)-
alternant PAH 1 - 23 is limited, ze. all compounds possess one zrreversible half-wave oxidation
potential [Eonsee(0/+1) in V 2. SCE] (Table 1 and see Experimental Section), their cathodic

behavior is considerably more varied.

I (nA)

-2.5 -2.0 -1.5 -1.0
V (V vs. SCE)

Figure 1. Reduction waves of 2, 6, 10 and 11 (in V »5. SCE, scan rate 50 mVs-).

All available (non)-alternant PAH possess a (pseudo)-reversible first half-wave reduction potential
[E1/2(0/-1) in V ws. SCE], each with a AE value (= Ej. - Ep, in V see Experimental Section) that
corresponds to a one-electron process, ze. the conversion of the neutral (non)-alternant PAH into
its radical anion (Table 1). It is clear that reduction [E1/2(0/-1)] of non-alternant PAH containing
externally-fused pentagons (¢f mono-CP-PAH 2, 6, 7, 10, 11, 19 and 22, and, 4is-CP-PAH 3, 13,15 -
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Table 1. Reduction and oxidation potentials for the alternant PAH and non-alternant mono- and bis-CP-PAH

depicted in Chart 1 and their Hiickel enomo and epumo energies.

Point Ei/2(0/-1) AE  Eip(-1/-2)  AE  eomo Eonsee(0/+1)  ehomo
group (V v5. SCE) (V) (V. SCE) (V) HMO @) (Vs SCE) HMO
®
1 Dy, 266 0.10 -0.618 1.61 0.618
2 Coy -1.80 0.10 -0.285 1.29 0.638
3 Dy, -1.06 0.11 -1.64 0.11 0.000 1.25 0.414
4 Dy -2.10 0.08 -0.414 1.23 0.414
5 Ca, 2,62 0.12 -0.605 1.44 0.605
6 Cs -1.47 0.09 -2.06 2 irrev -0.187 0.83 0.517
7 Cy -1.81 0.10 -0.270 1.36 0.586
8 Co -1.92 0.08 -0.371 1.46 0.618
9 Dy, 2.22 0.08 b -0.445 1.06 0.445
10 Coy -1.33 0.11 -1.86 0.11 -0.099 1.20 0.494
1 Cy -1.56 0.16 2.22a imev  -0.225 1.26 0.539
12 Coy -1.84 0.07 -0.378 1.44 0.618
13 Ca -1.33 0.07 -1.85a imev  -0.058 1.30 0.597
14 @) -2.41 0.08 -0.520 1.33 0.520
15 Ca -1.15 0.07 -1.63 007  -0.051 0.86 0.498
16 Co -1.02 0.07 -1.54 0.10 -0.040 0.86 0.454
17 Ca -1.32 0.07 2.062 imev  -0.163 1.26 0.593
18 Csy -1.99¢ 0.09
Ds, -0.477 0.738
19 C; -1.70 0.07 -2.262 irrey -0.263 1.26 0.559
20 D; -1.81 0.07 -0.347 0.85 0.145
21 C -1.45 0.07 -1.78 0.08 -0.128 1.36 0.570
22 Ca, -1.26 0.07 -1.78 007  -0.165 0.86 0.491
23 Dy, -0.93 0.12 -1.22 0.12 -0.000 0.86 0.508
3 Bonee(-1/-2); see Experimental Section.” Not detected in CH;CN, due to available potential window?2 < See also 23
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17, 21 and 23) occurs more readily than reduction of related PAH either lacking the peripheral
cyclopenta-moiety (¢f compounds 1, 4, 5, 8, 9, 14 and 20) or containing an internally-fused
cyclopenta-moiety [¢. compounds 8, 12 and 18 (Table 1)]. A compatison of the E1/2(0/-1) values
of related mono- and bis-CP-PAH (¢f compounds 2 vs. 3, 7 5. 13, 11 vs5. 15 - 17,19 5. 21, and, 22 .
23 in Table 1), furthermore shows that adding a second cyclopenta-moiety renders radical anion
formation even more facile. Notice, however, that cyclopenta-fusion topology in the case of
isometic bis-CP-PAH does affect the reduction potentials [¢f E1/2(0/-1) of 11 5. 15 - 17 in Table 1].
Since the half-wave teduction potential Eq/2(0/-1) will be proportional to the gas-phase electron
affinities (EA), ze. Bi/2(0/-1) o< EA2 the mono- and bis-CP-PAH in Chart 1 possess electron
affinities that are higher than, for example, corannulene (18) but are still significantly smaller than
that of Cgo (¢f Ei/2(0/-1) -0.26 V 2s. SCE?).

Besides the facile fitst reduction [E1/2(0/-1)] of the mono- and bis-CP-PAH depicted in
Chart 1, various representatives also display a second (psesudo)-reversible (compounds 3, 10, 15, 16 and
21 - 23) ot irreversible (compounds 6, 11, 13, 17 and 19) half-wave reduction potential [E/2(-1/-2)
that corresponds to the conversion of the radical anion into its related bzs-anion within the
accessible potential window (see Expetimental Section). For the sub-seties, Ei/2(-1/-2) in V .
SCE, AE (E;. - Ep, in V) and Eongee(-1/-2) in V o5. SCE values, ate reported in Table 1 (see also
Experimental Section). The results show that the reduction of the radical anion to the Jis-anion

again occurs more readily for the mono- and bis-CP-PAH.

7.2.2  Applicability of Hiickel theory
In standard Hiickel theoty [equal o (Coulomb integral) and equal P (exchange integral)], the
HOMO and LUMO orbitals of alternant PAH are symmetrical positioned around the O-level.
Hence, the first half-wave reduction potentals [E1/2(0/-1) in V »s. SCE] show a linear cotrelation
with the LUMO and the first half-wave oxidation potentials [Eq/2(0/+1) in V »s. SCE] give a
correlation with the HOMO energy of the parent neutral PAH [applying Koopmans theorem (—
eLumo o< EA and -€nomo o< 1P)?4).25

In contrast, for non-alternant PAH containing odd-membered rings similar correlations
were absent.?’-2! This was attributed to the fact that at the standard Hiickel level of theory, non-
alternant PAH have energy levels that are not symmetrically disposed about the o level, and, even
more importantly, atomic T charge densities that deviate from unity. In this case, the assumption
of equal o in standard Hiickel theory is untenable.2’> Indeed, for non-alternant PAH, satisfactory
linear correlations between Ei/2(0/-1) #s. -€Lumo could be obtained only when a modified Huckel

model was applied in which the Coulomb integrals 0 were adjusted iteratively to self-consistency
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Figure 2. Correlation between E/2(0/+1) (V vs. SCE) of the PAH, mono- and bis-CP-PAH (Chatt 1) and their

Hiickel -eponmo energies (Table 1).

E,,(0/-1) (V vs. SCE)

-2.8

——
0.1 0.2 0.3

HMO -, (B)

Figure 3. Linear correlation between Ei/2(0/-1) (V 2. SCE) of the PAH, mono- and bis-CP-PAH (Chart 1)

and their Hiickel epumo energies (Table 1).
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with 7 charge densities (@ technique).?1:20

the case of mono- and bis-CP-PAH will be found between E1/2(0/-1) vs. -€rumo and Eonse(0/+1) os.

-€nomo computed using standard Hiickel theory. Indeed, no correlation is obtained between

We therefore anticipated that no linear correlation in

Ei/2(0/+1) and the standard Hiickel -€nonmo energy; a scatter plot is obtained (Figure 2).

Unexpectedly, however, a satisfactory linear correlation was obtained between the
Ei/2(0/-1) values of 1 - 23 (Chart 1) and their standard Hickel -e;umo energies [¢f equation 1 in
which Bo represents the effective resonance integral between two neighboring 2p; orbitals, and Ca
solvation term, 72 = 0.958 with B¢ = -2.49 eV and C = -1.03 (Figure 3 and Table 1)].

E1/2(0/-1) = -BeeLumo + C @

Remarkably, this linear correlation clearly resembles that reported many years ago for only alternant
PAH By = -2.37 €V and C = -0.92).2% A similar, albeit less reliable, correlation is found when the
alternant parent PAH species are left out (#* = 0.916 with 8o = -2.16 ¢V and C = -1.07). Again, the
effective 8¢ value and solvation term C are in agreement with those obtained using Egn. 1. Hence,
standard Hiickel theory correctly describes both qualitatively and sez-quantitatively the properties

of mono- and bis-CP-PAH with regard to their first reduction process.

7.2.3  Peripheral pentagons in mono- and bis-CP-PAH act as a substituent
A rationalization for this intuitively unexpected outcome is suggested by the near constant shift of
E1/2(0/-1) in going from the alternant PAH to the related non-alternant CP-PAH [AE,,,, cp-pan ca.
0.5 - 0.7 V, Table 2 ]. Amongst the whole series, three CP-PAH display the largest AE,,, cp-pan
values, 2. acenaphthylene (2), acephenanthrylene (7) and benzo[jjacephenanthrylene (19). In
analogy, the shift in Ei/5(0/-1) upon annelaton of a second cyclopenta-moiety [AE,; cppan =
E1/2(0/-1).cp-pan - E1/2(0/-1),,,,,cp-pan] is tabulated (Table 2). Again, for most bis-CP-PAH similar
values are found (¢ 0.3 - 0.5 V), with the exception of pyracylene (3) [AE, cp.pan = 0.74 V]. This
similar positive shift suggests that annelation of the cyclopenta-moiety perturbs the core of the
topologically different alternant PAHs in a systematic fashion and, hence, that the cyclopenta-
moiety primarily acts as a peri-substituent. Notice that the AE, cppan values atre significantly
smaller than the AE,,, cp.pan values and that the CP-PAH with an internal pentagon all possess
nearly similar Ei,2(0/-1) [8: -1.92 'V, 12: -1.84 V and 18: -1.99 V].

To establish if peripherally annelated cyclopenta-moieties indeed act as peri-substituents

we determined the Hammett substituent constant Oy, for this perimeter annelated CP-moiety. For
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Table 2. Relationship between Ei/, (0/-1) values of PAH and the related mon0-CP-PAH  and  bis-CP-PAH

(V 5. SCE).
PAH  E;/»(0/-1) CP- E1/5(0/-1) AFE p0cp- bis-CP-  Ey/2(0/-1) AE;ccppan®
(V) vs. SCE PAH (V) us. SCE PAH? PAH (V) us. SCE

1 -2.66 2 -1.80 0.86 3 -1.06 0.74

4 -2.10 6 -1.47 0.63

5 -2.62 7 -1.81 0.81 13 -1.33 0.40

8 -1.92 10 -1.33 0.59

9 -2.22 1 -1.56 0.66 15 -1.15 0.41
16 -1.02 0.54
17 -1.32 0.24

14 -2.41 19 -1.70 0.71 21 -1.45 0.25

20 -1.81 22 -1.26 0.55 23 -0.93 0.33

2 AE1/2(0/-1) monocrpart - AE1/2(0/-1)pars;® AE1/2(0/-1)siecoparr - ABE1/2(0/-1) ono-copar

Table 3. Eoneee (0/-1) values (in V 2. SCE) of the mono-substituted derivatives for 1(1-X), 4(9-X), 8(3-X) and
9(1-X) (Chart 2).

X Om O, Eonset (0/-1)
1(1-X) 4(1-X) 8(1-X) 9(1-X)

H 0 0 -2.54 -2.02 -1.81 -2.13
NH; -0.16 -0.66 a -2.14 -1.20 -2.27
CH; -0.06 -0.14 -2.59 -2.05 b b
CoHs -0.08 -0.13 2.73 b b 218
C=CH 0.20 0.23 -2.20 -1.72 -1.59 -1.87
COCH;3 0.36 0.47 -1.85 b -1.41 -1.47
NO, 0.71 0.81 -1.11 -1.01 -0.89 -1.07
CP -1.70 -1.37 -1.24 -1.49

a Not measured due to available potential window (see Experimental Section). b Not determined

the construction of the Hammett plots (Eqn. 2)27 the first half-wave reduction potential of mono-
substituted derivatives of PAH 1(1-X), 4(9-X), 8(3-X) and 9(1-X) was measured using CV (Charts
1 and 2 and Table 3).28 Unfortunately, most mono-substituted PAH gave either a (psendo)-reversible
ot irreversible first reduction wave. Therefore, instead of Ew,(0/-1) ot Epe(0/-1) values, Eqnsec(0/-1)
values were used, which give a reliable estimate of the substituent effect [see Experimental Section

and Table 3].
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Chart 2

For all mono-substituted derivatives of compounds 1(1-X), 4(9-X), 8(3-X) and 9(1-X) the
Eonseel(0/-1) values were plotted against the appropriate substituent constants Om, which mainly
contains inductive effects.?? The Hammett relationship with G, gives an excellent linear
correlation over the complete O — range [Figure 4, ¢f Table 4 for correlation coefficients (t?)]. The
quality of the linear free energy relationship between Eonsei(0/-1) and G, is substantiated by the
intercepts, which correspond to the Eonsec(0/-1) values of the parent PAH 1(1-H), 4(9-H), 8(3-H)
and 9(1-H) (Charts 1 and 2). They are indeed in close agreement with the experimental values
(Tables 3 and 4). The Hammett parameters p, which are positive, Ze. reduction will be facilitated
by electron-withdrawing substituents X, reflects the sensitivity of Eonsee(0/-1) towatds substitution
(Table 4). For the group of mono-substituted detivatives of 4(9-X), 8(3-X) and 9(1-X) similar p
values are found, which are comparable to the p values reported in literature for Hammett
relations between the first reduction potential of alkyl-substituted PAHs and 6*.2%3! For the mono-

substituted 1-naphthalenes 1(1-X), however, a significantly larger p value (factor 1.5) is found. This
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Table 4. Hammett parameters obtained for Eoneee (0/-1) (in V 2. SCE) 5. O, for seties 1, 4, 8 and 9 and
Omvalues for 2, 6, 10 and 11.

L ab p (M) s() o s(©)*
1 Onm 0.995 -2.54 2.0 0.09 2 0.42 0.04
4 Onm 0.995 -1.97 13 0.05 6 0.45 0.03
8 Om 0.985 -1.79 1.2 0.09 10 0.46 0.05
9 O 0.983 -2.07 1.4 0.09 11 0.41 0.04

Correlation coefficient. a is Fonset(0/-1) for X = H (in V 2. SCE) see also Table 2. Slope X 0.059. ¢ Standard deviation.

m
Q -20-
n
0
>
2
2 -30y
uP
&8 -404
S
4
-50 T T T T 1
-0.2 0.0 0.2 0.4 0.6 0.8

Figure 4. Hammett plots of 1(1-X), 4(9-X), 8(3-X) and 9(1-X) (Chart 2); (1/0.059) Eonsee (0/-1) (V vs. SCE)
v5. o (see Table 3).

indicates that substituents in the case of 1(1-X) exert a stronger electronic effect (enhanced
interactions, vide infra).

From the linear free energy relationships and the Eonse(0/-1) of the CP-PAH 2, 6, 10 and
11 (Charts 1 and 2), On values for the externally-fused cyclopenta-moiety were estimated.
Interestingly, despite the substantial structural vatiation of 2, 6, 10 and 11 the O, values are 0.42,
0.45, 0.41 and 0.46, respectively; they are nearly identical! This gives compelling evidence that the

externally-fused cyclopenta-moiety indeed acts as a peri-substituent.>? The similar G, values
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derived for these different CP-PAH, suggest that the cyclopenta-moiety is well described using a

substituent constant that mainly consists of inductive effects.

7.2.4 Hiickel Theory versus mono- and bis-CP-PAH

The satisfactory correlation between the Huckel -erumo and Ei/2(0/-1) demonstrates that
standard HMO theory is capable to describe the reduction behavior of #ono-CP-PAH and bis-CP-
PAH. The annelation of a cyclopenta-moiety to an alternant PAH core induces a constant positive
shift to E1/2(0/-1). This indicates that for different PAH, peripheral cyclopenta-fusion results in a
comparable stabilization of the LUMO levels of the CP-PAH with respect to those of the
alternant parent PAH cores.

For all compounds (#on0-CP-PAH and bis-CP-PAH), the LUMO of CP-PAH is an -
phase (bonding) combination of the LUMO of ethene and the LUMO of the parent (CP)-PAH.
The energy of the LUMO of the mono- and bis-CP-PAH is lower than that of its contributors. This
is illustrated in Figure 5 for the series naphthalene (1), acenaphthylene (2) and pyracylene (3).

The stabilization of the resulting zz-phase combination depends on the relative energies of
the two parent LUMO's and the extent of their interaction. Thus, the larger AE,, cp.pan value
observed for 2, 7 and 19 and the larger AE,; cp-pan for 3 is a result of the high LUMO energies of
the parent PAH, naphthalene (1), phenanthrene (5) and chrysene (14) (-0.618p, -0.6058 and -
0.520B, respectively) compared to those of the other PAH presented in Chart 1 (range: -0.3478 to
-0.4458). As a consequence, the smaller difference in energy from the LUMO of ethene [erumo = -
1.0008] enhances the interaction. This is in line with the larger p value found for the Hammett
relation of the mono-substituted 1-naphthalenes 1(1-X) (see section 7.2.3).33 The effect of the
relative energies of the parent LUMO’s is also apparent from the smaller value found for AE,, cp.
pan compared to AE,,,, cp-pan (Figures 5A ws. 5B and Table 2). Owing to the stabilization of the
LUMO after incorporation of the first cyclopenta-moiety, the interaction between this LUMO and
the LUMO of ethene will be smaller. Hence, the effect of the second cyclopenta-moiety on the
reduction potential is smaller than that of the first cyclopenta-moiety.

The straightforward interaction between the LUMO levels of the alternant PAH and
ethene fragments is visualized by varying the  value of the carbon-carbon bonds (0 < B < 1)
connecting the aromatic core and the etheno-bridge of acenaphthylene (2, Figure 6). The results
unequivocally show the increase in stabilization of the LUMO level upon increase in strength of
interaction. An important observation is that no significant shifting of the unoccupied orbitals, and

hence, no disruption of the original orbital structure of the parent PAH occurs.
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Figure 5. Effect of the incorporation of a cyclopenta moiety on e umo a. in a PAH-core. b. in a CP-PAH.
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Figure 6. Effect of the variation of the interaction (8) between the PAH core and the etheno-bridge.

A second factor that will influence the interaction between the ethene LUMO and the
contributing LUMO of the (CP)-PAH are the orbital coefficients of the (CP)-PAH. This is
illustrated for the three isomeric bis-cyclopentapyrenes 15 - 17 (Figure 7) for which also different
E1/2(0/-1) values are observed (Table 1). The large otbital coefficients on C5 (0.461) and C6
(0.379) in the LUMO of 11 will lead to strong interaction with the ethene fragment LUMO. Indeed
isomer 16 displays the highest E1,5(0/-1) (-1.02 V, Table 1). The orbital coefficients on C8 (-0.381)
and C9 (0.261) in the LUMO of 11 are smaller, which is consistent with the somewhat lower
E1/2(0/-1) for 15 (-1.15 V). For isomer 17 the orbital coefficient on the C1 (0.185) and C10 (-
0.133) in the LUMO of 11 are smallest of all. Hence, this is consistent with the obsetvation that
the smallest shift in E1/2(0/-1) with tespect to 11 is obsetved, leading to an E1/2(0/-1) of -1.32 V
for 17.

In passing, scrutiny of the highest occupied MO’s of 1 - 3 (see Figure 5) also clarifies the
lack of correlation between the Ei/2(0/+1) and the -€nomo detived from standard HMO theory
(Figure 2). The HOMO of ethene and the HOMO of the parent (CP)-PAH do not posses the
correct phase for interaction. Thus, the HOMO of the mono- and bis-CP-PAH does not bear a
clear resemblance to a non-bonding combination of the HOMO of ethene and that of the ‘parent’
(CP)-PAH, and consequently, the HOMO-n occupied orbitals of the composite are shifted with
respect to those of the parent (CP)-PAH.

138



Redox Properties of Cyclopenta-Fused PAH
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Figure 7. Effect of the incorporation of an additional cyclopenta moiety in 11; the ultimate LUMO's of 15, 16
and 17.

7.25  The second half-wave reduction of mono- and bis-CP-PAH

Various representatives of the mono-CP-PAH and bis-CP-PAH display a second (pseudo)-reversible
(compounds 10, 15, 16 and 21-23) or zmeversible (compounds 6, 11, 13, 17 and 19) half-wave
reduction potential, zZe. one-electron reduction of the radical anion into the #is-anion takes place
(Table 1 and Chatt 1). A compatison of the Ei/2(-1/-2) [ot Eonser(-1/-2)] values for mono-CP-PAH
6, 10, 11 and 19 and 4is-CP-PAH 3,13, 15 - 17, 21 and 23 with E;/2(0/-1) values of (CP)-PAH with
a similar PAH core but lacking one peripheral pentagon (Table 5) shows that in most cases the
difference E1/2(0/-1) - Eq/2(-1/-2) is close to zero. This suggests that, upon one-electron reduction
of a mono- or bis-CP-PAH, the electronic effect of the cyclopenta-moiety on the remainder of the
molecule becomes negligible. Similarly, upon two-electron reduction of a bis-CP-PAH the
electronic effect of both cyclopenta-moieties on the remainder of the molecule is cancelled. This
suggests that the added electron has to be predominantly located in the cyclopenta-moiety, which

as a consequence will be converted in a 67 cyclopentadienide sub-structure.*

139



Chapter 7

Table 5. Comparison of the Ei/2(0/-1) of parent PAH and mono-CP-PAH vs. the Eq/2(-1/-2) of the mono- and

bis-CP-PAH, containing one additional cyclopenta-moiety (V 5. SCE).

PAH Eip mono-CP- Ei2 Difference Ei2 bis-CP- Ei2 Difference
(0/-1) PAH (-1/-2) (0/-1) PAH (-1/-2)
2 -1.80 3 -1.64 -0.16
4 210 6 -2.06 -0.04
7 -1.81 13 -1.85 0.04
8 -1.92 10 -1.86 -0.06
9 222 1 -2.22 0.00 -1.56 15 -1.63 0.07
16 -1.54 -0.02
17 -2.06 0.50
14 241 19 -2.26 -0.15 -1.70 21 -1.78 0.08
20 -1.81 22 -1.78 -0.03 -1.26 23 -1.22 -0.04

7.2.6  Structural features of the mono- and bis-anions of mono-and bis-CP-PAH

These surprising observations are supported by compatison of all possible Kekulé resonance
structures in which 6T cyclopentadienide sub-structures are present. In Scheme 1 the most
important Kekulé resonance structures of the neutral, the radical anions and the dis-anions species
of 11 and the isomeric dicyclopentapyrenes 15 - 17 are presented.3® Notice that in the case of 11, 15
and 16 the Kekulé resonance structure are all closed-shell, whereas it is open-shell for 17. In the
Kekulé resonance structures of the radical anion of 11 the cyclopenta-moiety is converted into a 67
cyclopentadienide sub-structure. In the Kekulé resonance structure of the is-anion of 11 this 67
cyclopentadienide sub-structure persists, leaving a pyrene-like core with a negative charge. This
rationalizes that Ei/2(-1/-2) of 11 is comparable to Ei/2(0/-1) of 9. In the Kekulé resonance
structures of the radical anions of 15, 16 and 17 the same 6T cyclopentadienide sub-structures as in
the radical anion of 11 can be drawn. Comparable Kekulé resonance structures for the bis-anions
of 15 and 16 show that again two 6T cyclopentadienide sub-structures are present, thereby
reducing the effect of both cyclopenta-moieties on the pyrene core. In contrast, however, such a
closed-shell Kekulé resonance structure with two 6T cyclopentadienide sub-structures cannot be
drawn for the bis-anion of 17, but only an open-shell structure with biradical character. In line with
our contention, the second reduction potential of 17 is not similar to the first reduction potential
of 11, but 0.50 V higher (Table 5). Hence, the bis-anion of 17 is destabilized with respect to the
radical anion of the parent CP-PAH (11).
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Scheme 1. Kekulé resonance structures of the neutral, radical anion and bzs-anions of 11 and 15 - 17

containing 6 T-electron cyclopentadienide sub-structures.

Note that the Kekulé resonance structures are #so-T-electronic with the corresponding
closed-shell benzannelated pyrenes (Scheme 1).3° An indication that the closed-shell Kekulé
resonance structures containing 67 cyclopentadienide sub-structures in Scheme 1 contribute to the
overall structure of the radical anions and bzs-anions of mono- and bis-CP-PAH is suggested by the
computed HMO bond orders. In the ground state mono- and bis-CP-PAH typical sp?-sp? single
(bond order 0.80) and sp2-sp? double bonds (bond order 0.47) are found for the cyclopenta-
moieties. In contrast, in the radical anion and bis-anions of mono- and bis-CP-PAH bond length

equalization in the cyclopenta-moiety is observed. (bond order sp-sp? single bond 0.65; sp?-sp?
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double bond 0.57). This is in line with a large contribution of Kekulé resonance structures with 67
cyclopentadienide sub-structures. This is substantiated by available experimental results. For
example, the single crystal X-ray structure of the bzs-anion of 2 shows lengthening of the double
bond and shortening of the single bond of the cyclopenta-moiety with respect to the ground
state.>” In agreement, also a decrease of the ’,;;; coupling constants for the cyclopenteno protons
of the bis-anions of 2 (2.3 Hz), and 7 (2.8 Hz) was found with respect to the related 3], values of

the neutral systems (5.2 and 5.1 Hz, respectively).8

7.2.7  Corollary

The redox properties of the PAH, mono- and bis-CP-PAH in Chart 1 were assessed using CV. It is
shown that peripheral fusion of a cyclopenta-moiety to a PAH core enhances the electron affinity.
This is not observed for the CP-PAH with an internal cyclopenta-moiety. Unexpectedly, a linear
cotrelation is found between E1,2(0/-1) and the -erumo energy derived from HMO theory. This is
rationalized by the fact that the cyclopenta-moiety acts as an electron-withdrawing peri-substituent
(Om = 0.4 £ 0.07). The observation that upon reduction the effect of the cyclopenta-moiety on the
remainder of the molecule becomes negligible is rationalized by the presence of 6T

cyclopentadienide sub-structures in the radical anions and bis-anions of mono- and bis-CP-PAH.

7.3 Validation

Here we report the results of ab initio calculations, which validate the conclusions derived from
HMO theory and Kekulé resonance structutes described in the previous sections. To this end, the
ground state, radical anion and bis-anions of selected compounds, ze. the PAH 1 and 9, the mono-
CP-PAH 2 and 11 and the 4is-CP-PAH 3 and 15 — 17, were studied at various levels of theory.

7.3.1 Optimized geometries

The geometries of the neutral, radical anion and the /is-anion species of the compounds 1 - 3,9
and 11, and 15 - 17 were optimized at the B3LYP/6-31G** level of theory. In addition, the
geometries of the neutral and radical anion species were re-optimized at the higher
B3LYP/DZP+* level of theory. This basis set is patticulatly suited to obtain electron affinities that
are in close agreement with the experimental values.3? All radical anions and bis-anions were
optimized within the point group symmetry of the ground state geometry. Unfortunately,

geometry optimizations of the bis-anion species could not be performed with the B3LYP/DZP+*

142



Redox Properties of Cyclopenta-Fused PAH

method due to linear dependencies. The B3LYP/6-31G** optimized geometries of the bis-anion
species are expected to be satisfactory, since reasonable agreement between to two methods for
the neutral and radical anion species was found (vide infra).

A comparison of the ground state geometries of naphthalene (1), acenaphthylene (2) and
pyracylene (3) (Figure 8A), reveals that the cyclopenta-moiety indeed consists of localized sp? - sp?
single [2: 1.477 A, 3: 1.496 A, (B3LYP/DZP**)] and sp? - sp? double [2: 1.371 A, 3: 1.373 A,
(B3LYP/DZP**)] bonds and that the naphthalene-like core in 2 and 3 is only slightly affected.
The only difference is the shortening of the central bond in between the two naphthalene rings. A
compatrison of the B3LYP/6-31G** and B3LYP/DZP** results (Figure 8), show that they are in
reasonable agreement.

As shown in Figure 8, minor changes are present between the geometries of the ground
state and the radical anion of naphthalene; the largest geometric change is only 0.03 A. When the
geometties of radical anions of #ono-CP-PAH 2 and the bis-CP-PAH 3 are compared (Figure 8B),
it is clear that these geometries change significantly from the ground state geometries. The major
effect of adding electrons is found in the cyclopenta-moiety. The difference in bond length
between the sp2-sp? single and sp2-sp? double bonds [2: 1.443 A/ 1.411 A; 3: 1.466 A /1.403 A,
(B3LYP/DZP**, Figure 8B)] is clearly diminished. Besides these changes in the cyclopenta-moiety
no significant structural changes are apparent in the geometries of the radical anion species; they
are comparable to the changes observed for the naphthalene radical anion. A further reduction of
the bond length alternation is seen for the bis-anions of 2 and 3 [single/double 2: 1.414/ 1.442A, 3:
1.433/1.430 A, (B3LYP/6-31G**, Figure 8C)].

Similar observations are made for the pyrene-series (9, 11 and 15 - 17). In the neutral
species of 11, 15 - 17 cleatly localized sp?-sp? double bonds are present in the cyclopenta-moiety
fused to the mainly unaltered pyrene-core [sp>-sp? single/ sp2-sp? double; 11: 1.474/1.375 A, 15:
1.484/1.374 A, 16: 1.483/1.372 A, 17: 1.379/1.484 A, B3LYP/DZP+**]. In the corresponding
radical anion species a reduction of the localization of the double bond is obsetved [sp2-sp? single/
sp2-sp? double; 11: 1.447/1.408 A, 15: 1.456/1.391 A, 16: 1.455/1.400 A, 17: 1.46/1.39 A,
B3LYP/DZP+]. In the bis-anions of 11, 15 and 16 the localization of the sp?-sp? double bond in
the cyclopenta-moiety has almost completely vanished [single/double; 11: 1.425/1.430 A, 15:
1.437/1.417 A, 16: 1.424/1.423 A, B3LYP/6-31G**]. This effect is less pronounced in the bis-
anion of 17 [sp2-sp? single/sp2-sp? double; 1.455/1.423 A, B3LYP/6-31G*].

The structural changes in going from the ground state to the radical anion and finally the

bis-anion are in line with the changes in the bond orders derived from HMO theory. Hence,
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1.411
(1.412)

Figure 8. Optimized geometries at the (U)B3LYP/DZP*+ level of theory (Numbers in parentheses are the
bond lengths at the (U)B3LYP/6-31G** level of theoty) for a. the neutral species of 1 (D), 2 (C2)
and 3 (Dz), b. the radical anions of 1 (Dz), 2 (Cyz) and 3 (D2;) and c. the bis-anions of 1 (D), 2
(C2) and 3 (D) at the (U)B3LYP/6-31G** level of theoty.

evidence is found for the presence of 6T cyclopentadienide sub-structures in the radical anions and

bis-anions. To gain more clear support for our contentions, the magnetic properties of selected

closed-shell neutral and bzs-anions species were evaluated.
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7.3.2  Visualization of the 6T cyclopentadienide sub-structures

According to Hiickel-London theory,*’ a monocycle containing 4n+2 T-electrons will sustain a
diatropic (aromatic) ring current, whereas a monocycle with 4n T-clectrons will display a paratropic
(anti-aromatic) ring current when exposed to a perpendicular magnetic field. If upon reduction of
the mono-CP-PAH 11 and the bis-CP-PAH 15 — 17 67 cyclopentadienide sub-structures (4n +2 T-
electron ring) are formed, this should exhibit a considerable effect on the magnetic properties of
the systems.

Recently, the teliable ab initio all-electron distributed-otigin method (CTOCD-DZ/6-
31G**//RHF/6-31G**) has been used to study the magnetic effect of cyclopenta-fusion to a
pyrene core by direct computation of the ring currents.*! These 7t- and total (G + T) current
density maps of 9, 11 and 15 — 17 revealed that the number and distribution of the cyclopenta-
moieties indeed affect the local pattern of induced current. Whereas in the case of 11 and 17 the
cyclopenta-moieties exert a minor effect on the pyrene core, for 15 and 16 strong paratropic ring
cutrents (anfi-aromatic) are present in the cyclopenta-moieties.

Upon addition of two extra electrons, the LUMO of the neutral species will become the
HOMO of the bis-anion. The resulting HOMO will be stabilized and thereby isolated between the
other occupied and unoccupied orbitals. The magnetic effect of the two added electrons that
occupy the HOMO in the /is-anions can now be probed. To this end, the current density maps of
the bis-anions were calculated at CTOCD-DZ/6-31G**//RHF/6-31G** level of theory (see
Computational Methods).

In Figure 9, the current density maps are shown for all m- and HOMO-electron
distributions computed for the dis-anions of 11, 15 and 16. Anticlockwise circulation of electrons is
diamagnetic, whilst paramagnetic circulation is clockwise. In the T-plot of the dis-anion of 11
(Figure 9a) a strong diatropic, ze. aromatic, circulation is visible in the cyclopenta-moiety. This is in
agreement with the presence of a 6T cyclopentadienide sub-structure (Scheme 1). In addition, a
weaker diatropic current along part of the perimeter is present. According to the ispocentric
feature of CTOCD-DZ, the diatropic circulation, which is present in the cyclopenta-moiety of the
bis-anion has its origin in transitions from the HOMO (10a"). This is discernible from the cutrent
density map where only contributions from the HOMO are considered (Figure 9b). Evidence that
no other orbitals significantly contribute to the diatropic current in the cyclopenta-moiety of the
bis-anion is obtained from the current density map where contributions from all T-orbitals
minusthe HOMO are plotted (not shown). In this case, only a diatropic ring current along the

perimeter is present.

145



Chapter 7

by 4/

004
\\\‘A‘l—

.

Figure 9. Orbital contributions to the current density in the di-anions (CTOCD-DZ/6-31G**//6-31G*¥) a.
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cyclopenta[sdlpyrene (C) (11): a complete T map, b. cyclopenta[sd|pyrene (Cy) (11): contributions
from the two electrons in the HOMO (10a"), c. dicyclopentalcd,jk|pyrene (Cz;) (15): a complete T
map, d. dicyclopenta|cdjk|pyrene (Cz;) (15): contributions from the two electrons in the HOMO
(6ay), e. dicyclopentaled,fglpyrene (Cz) (16): a complete T map and f. dicyclopenta|cd,fg]pyrene (Cz,)

(16); contributions from the two electrons in the HOMO (5a).
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Figure 10. Orbital contributions to the current density of the bis-anion in dicyclopentaled,mn|pyrene (Cb,)
(CTOCD-DZ/6-31G**//6-31G**) (16). a. a complete T map, b. contributions from the two
electrons in the HOMO (542) and c. the current arising from all TT-orbitials but the HOMO (54,).

Similar features are present in the T-current density maps for the bis-anions of 15 and 16
(Figure 9c,d and 9e,f). Strong diamagnetic circulations are present in the cyclopenta-moieties,
which have their origin in transition from the HOMO level (64, for 15 and 54, for 16, see Figure
9d and 9f). Again, a weak diatropic pyrene perimeter current is present which is a result of the
other T-orbitals. Note that the total - and HOMO-current density maps of 11, 15 and 16 display
delocalization patterns that are in excellent agreement with those suggested in the proposed
Kekulé resonance structures (Scheme 1). In 15 this pattern corresponds to that of the iso-Tt-
electronic chrysene, while the delocalization pattern in 16 matches that of iso-Tt-electronic
triphenylene.

The bis-anion of 17, however, displays different features (Figure 10). Although, in the T-

map (Figure 10a) diatropic features in the cyclopenta-moieties are present, the HOMO electrons
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(5a,, see Figure 10b) are not solely responsible for this current. As illustrated by the remainder plot
[all t-contributions — HOMO (54,), Figure 10c], other T orbitals also contribute. Note that a
special feature is further discernible in the remainder plot, Ze. bifurcation in the two cyclopenta-
moieties, which points to the presence of bozh diatropic and paratropic ring current contributions.
This shows that the bis-anion of 17 possesses a more complex behavior and is in line with the fact
that not one closed-shell Kekulé resonance structure containing two 6T cyclopentadienide sub-
structures can be drawn for 17.

Notwithstanding, the CTOCD-DZ results show that for 11, 15 and 16 upon addition of
two electrons to the LUMO of the neutral species, the paratropic, ze. anti-aromatic, character of
the cyclopenta-moiety is quenched and replaced by strong diamagnetic, ze. aromatic, circulations
on these rings. These results are in good agreement with the Kekulé resonance structures with
6T cyclopentadienide sub-structures in the pentagons (Scheme 1). Apparently, the Kekulé
resonance structures that are Zso-T-electronic with closed-shell benzannelated PAH, are the
structures that will predominantly contribute in the Valence Bond description of the /is-anions of
compounds 11, 15 and 16. For 17 it is expected that not one structure will dominate since not one

closed-shell Kekulé resonance structure can be drawn.

7.3.3  High electron affinities of mono- and bis-CP-PAH

The CV results have unequivocally shown that annelation of a cyclopenta-moiety to an alternant
PAH core tenders reduction of these compounds considerably more facile. Since the Eq/2(0/-1)
values after correction for solvation are proportional to the gas-phase electron affinity, mono- and
bis-CP-PAH are expected to have high electron affinities. To verify this supposition the electron
affinities (EA) of the compounds 1 - 3, 11 and 15 - 17 were calculated at the B3LYP/DZP+* level
of theory (Table 6). This huge basis set, which contains both polarization and diffuse functions,
has been recommended since it gives EA's that are in close agreement with experimental
results. 34243 Hitherto, the only experimentally determined EA's for the compounds studied here
are for 1 (-0.19 = 0.03 eV) and 9 (0.56 = 0.06 ¢V). The results in Table 6 show that indeed a
remarkably good agreement is present between the calculated EA values at B3LYP/DZP+* level
of theory and these experimental values. As shown by a comparison of the computed EA values
for the alternant PAH 1 and 9 with the corresponding CP-PAH 2 and 11, the presence of a
cyclopenta-moiety leads to a substantial increase of the EA [AEAcppan-_pan = 0.96 eV (2 to 1) and
AEAcp-pari—pan = 0.69 €V (9 to 11)]. The larger effect of the CP-moiety in the case of 2 compared
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Table 6. Calculated Electron Affinities (EA) for PAH 1 and 9, mono-CP-PAH 2 and 11, and bis-CP-PAH 3
and 15 - 17 displayed in Chart 1 at the (U)B3LYP/DZP** level of theoty.

EA (eV) AEA i cp-pan/AEA,pcppan?

1 -0.20

2 0.76 0.96

3 1.43 0.67

9 0.46

11 1.15 0.69

15 1.68 0.53

16 1.73 0.58

17 1.47 0.32

* AEAiccppan = EApiccppar - EAsmcrpan, AEAmecppan = BEAm-copan - EApan

-0.8

-1.2

-1.6 1

-2.0

E,,(0/-1) (V vs. SCE)

2.4+

-2.8 T T T T T T -
-0.5 0.0 0.5 1.0 15 2.0

EA (eV)

Figure 11. Linear correlation between the calculated electron affinities (EA, Table 6) and the experimental

reduction potentials (E1/2(0/-1), Table 1) for compounds 1-3,9, 11,15 —17.

to 11, is a consequence of the enhanced interaction between the CP-moiety and the naphthalene
core (vide supra).

In line with the CV results for the bi-CP-PAH 3 and 15 - 17 even higher EA values are
computed. The highest values are found for 15 and 16 (1.68 and 1.73 eV), which are in the range
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of EA values calculated for perfluorinated PAH, of which perfluorinated anthracene displayed the
highest EA of 1.84 ¢V.*> Notice that these EA values are considerably higher than the estimated
EA of corannulene (0.50 eV).* Hence, CP-PAH are expected to be very good electron acceptors.

In accordance with what was previously found, on the basis of the CV results [AE,,, cp-
pan is between 0.55 - 0.86 V and AE, cppan is between 0.33- 0.74 (Table 2)] the effect of
annelation of a second CP-moiety on the EA is smaller than that of the first [0.69 - 0.96 eV
computed for the first CP-moiety #5. 0.32 - 0.67 eV computed for second the CP-moiety (Table
6)]. Furthermore, the effect of the topology of CP-fusion is clearly discernible in the computed
EA’s for 15 - 17 (1.68, 1.73 and 1.47 eV, respectively). The same trend as was found in the
expetimental Ei/2(0/-1) [Ei/2(0/-1) of 16 > E;,2(0/-1) of 15 > Ei/3(0/-1) of 17] is neatly
reproduced by the calculated EA values.

A good linear cotrelation is obtained when the expetimentally determined Ei/2(0/-1)
values (Table 1) are plotted against the EA values calculated at the B3LYP/DZP** level of theory
(Figure 11, r2 = 0.968, slope = 0.86, intercept = -2.515 V). The intercept of this line corresponds
to -AAGygy + Eref,z where E..fis -4.71 V since the potentials are referenced to SCE.*5 This leads to
a value of 2.20 eV for -AAGyow, which is moderately higher than the -AAGg, values reported for
alternant PAH (1.99 eV).2 The value of -AAGy,, primarily depends on the degree of charge
delocalisation.® Therefore, the higher value for -AAG.ly found for CP-PAH compared to that for

alternant PAH, indicates that in CP-PAH the charge is more localized.

7.4 Conclusions

The evaluation of the redox properties of a large series of PAH, mono- and bis-CP-PAH has led to
unexpected results. The externally-fused cyclopenta-moiety acts as a peri-substituent and its
presence leads to high electron affinities. Upon reduction the effect of this substituent is quenched
by the formation of 6T cyclopentadienide sub-structures. In first instance, these results were
rationalized on the basis of simple models as Hiickel and the use of Kekulé resonance structures.
The usefulness of these models is proven by validation using ab znitio calculations.

These results corroborate the findings that upon reduction of the fullerenes Cgo and Cro
the electrons predominantly occupy the cyclopenta-moieties and thereby significantly alter the
magnetic properties.!>13 Hence, the presence of the cyclopenta-moieties in Cgo and Cro renders

these molecules good electron acceptors and therefore good n-type materials.
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7.5 Experimental section

Cyclic Voltammetry

Cyclic Voltammetry (CV) was performed using an EG&G Potentiostat/Galvanostat Model 263A
in CH3CN (freshly distilled from CaHy) containing 0.1 M BuyNPFs as supporting electrolyte at a scanning
rate of 50 and 100 mVs! (potential window -2.5 to +3 V). Redox potentials were determined relative to an
Ag/AgNO3 reference electrode (0.1 M in CH3CN) and wete refetenced to SCE by measuring the oxidation
potential of the FeCpa/FeCpy* couple (0.31 V us. SCE). For itreversible electrochemical processes Eonser
values instead of peak potentials (Epc/pa) are reported. The use of peak potentials (Epe/pe) can give unreliable
information, owing to the dependence of Ejc/pa on factors such as solvent, electrolyte, scan rate and the

concentration of the analyte.ZS-

Synthesis

The mono-substituted detivatives of the PAH 1, 4, 8 and 9 with X = C=CH, COCH3, CP were synthesized
according to literature procedures.17’18’47’48 The mono-substituted derivatives of the PAH 1, 4, 8 and 9 with X
= NH, were obtained by catalytic reduction of the corresponding compound with X = NO, (pp2/latm,
Pd/C). All other compounds wetre purchased commercially. Cantion: (CP)-PAHs are potential genotoxic

compounds.

Computational Methods

Hiickel calculations were run on a PC with a QCPE program, Computer Utilities Package
(QCMPO021) in the standard Hiickel approximation (with all o’s equal and 8’s equal).

The neutral, radical anions and the bzs-anions of the compounds 1 - 3, 9, 11 and 15 - 17 were studied
with the (U)YB3LYP method using GAMESS-UK;* the 6-31G** as well as a double-{ basis set with
polarization and diffuse functions (denoted DZP**) were used3 For the neutral and the radical anions
optimizations were performed at both levels of theory, the geometry of the bis-anions were only optimized at
the B3LYP/6-31G** level of theory. When using UB3LYP no spin contamination was observed for the
open-shell radical cations. All optimizations of the radical anions and bis-anions wete performed in the
symmetry point group of the ground state to avoid linear dependencies. The adiabatic electron affinities
(AEA) for the molecules were computed as the difference between the total energy of the geometry
optimized neutral and the total energy of the corresponding geometry-optimized radical anion, within the
symmetry point group of the ground state, at the B3LYP/DZP+* level of theory.39

The current density maps of the neutral and bis-anion species of compounds 11 and 15 - 17 were

computed using the CTOCD-DZ distributed-origin method at the ab znitio Hartree Fock level of theory in the
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6-31G** basis.”) Herefore, the geometries were optimized at the RHF/6-31G** level of theory using the

GAMESS-UK program.49 All geometries were planar and characterized as stationary points by Hessian

calculations. The maps were computed by using the CTOCD-DZ (diamagnetic zero) program as

implemented in the Exeter version of SYSMO 5!
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CHAPTER 8

Novel Cyclohepta-Fused Non-Alternant Polycylic
Aromatic Hydrocarbons: Syntheses and Redox

Properties

Abstract

The novel cyclohepta[gd|pyrene (1) and cyclohepta[gd]fluoranthene (2) are obtained by Flash
Vacuum Thermolysis (FVT) of the bis-acetylated precursors 20 and 25 at 500°C and 300°C,
respectively. FVT at higher temperatures (900°C) leads in both cases to the formation of the
thermodynamically more stable cyclopentalsd]pyrene (6) and cyclopentasd]fluoranthene (7),
respectively. In addition, the synthesis of another cyclohepta-fused PAH (CH-PAH),
cyclohepta[£,/anthracene (5) was attempted; only circumstantial evidence for its formation could
be obtained.

A survey or the redox properties of the CH-PAH 1, 2, pleiadiene (3),
cycloheptalj £]phenanthrene (4) and 4,5-benzocyclohepta[1,2,3-deJnaphthalene (16) shows that
CH-PAH are more readily oxidized than the corresponding PAH and cyclopenta-fused PAH. A
linear correlation is found between the first oxidation potential [Eonse(0/41)] and the HOMO

energy derived from Hiickel theory (-€xomo).
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8.1 Introduction

(Non)-alternant polycyclic aromatic hydrocarbons (PAH) are of interest since they constitute sub-
structures of fullerenes and carbon nanotubes. In this context, hitherto especially the non-alternant
cyclopenta-fused (CP)-PAH have been studied since they represent the key sub-structures of
classical fullerenes, ze. those fullerenes composed of pentagons and hexagons.!” The pentagons
are responsible for imposing positive curvature as well as the high electronegativity in Cgo and
Cr. %> Furthermore, CP-PAH are widespread in our environment since they are invariably
generated during (incomplete) combustion processes.® This is of relevance while many
representatives possess genotoxic properties.’-3

Recently, cyclohepta-fused (CH) non-alternant PAH have been identified as interesting
synthetic targets since the cyclohepta-moiety is also an important fragment to impose negative
curvature in, for example, bended carbon nanotubes.’-12 Unfortunately, however, not many PAH
containing perimeter annelated cyclohepta-moieties are known and available in sufficient amount
to investigate their properties. In contrast to their CP-PAH counterparts, CH-PAH have also not
been detected as constituents in combustion effluents.

Notwithstanding, CH-PAH are expected to have interesting properties since a butadiene-
moiety (containing 47 electrons) instead of an ethene-moiety (containing 27 electrons) is fused to
an alternant PAH core. This will affect the curvature in especially circumscribed systems,!? but in
addition also influence the electronic and magnetic properties of the molecule. Whereas the CP-
moiety is responsible for the extraordinary electronegativity of Cg and Cro, ze. renders these
molecules n-type materials,%!4 CH-PAH are expected to induce electropositive properties to
carbon nanotubes, and thus may induce p-type character. An indication for such behavior was
found previously looking at the redox properties of [7|circulene. Despite the fact that this
molecule has an internal cyclohepta-moiety, it possesses a fairly low irreversible first oxidation
wave positioned at ¢z 0.9 V 2. SCE.!> This is of importance since one of the major challenges in
carbon nanotube chemistry has become the selective preparation of tubes containing tailor-made
defects such as pentagons and heptagons to induce either n- or p-type character.!® Furthermore,
CH-PAH are non-alternant PAH and therefore expected to also possess worthwhile magnetic
properties.

Unfortunately, however, the known representatives of the CH-PAH series, such as
pleiadiene (3), dipleiadiene and cycloheptalj#]phenanthrene (4) are only accessible #a lengthy
syntheses and in most cases a mixture of constitutional isomers is formed.!7-1?

In this Chapter the syntheses of the novel CH-PAH, cyclohepta[sd]pyrene (1) and
cyclohepta[sd)fluoranthene (2) as well as an attempted synthesis of cyclohepta[£,Janthracene (5)
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are reported. Assignment of the 'H- and 1*C-NMR chemical shifts of 1 and 2 already indicates that
the CH-moiety exerts a considerable effect on the magnetic properties. The magnetic properties of
CH-PAH will be discussed in detail in the following Chapter (Chapter 9). Furthermore, the redox
properties of these molecules, together with those of pleiadiene (3), cycloheptal,£]phenanthrene
(4) and 4,5-benzocyclohepta[1,2,3-deJnaphthalene  (16) (Chart 1) are studied using Cyclic
Voltammetry (CV). The influence of the CH-moiety on the redox properties is evaluated by
comparison with the redox properties of the corresponding PAH and CP-PAH (Chart 1).
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8.2 Results & discussion

8.2.1  Syntheses of cyclohepta[c,d]pyrene (1) and cyclohepta[¢,d]fluoranthene (2)

Cyclohepta[sdpyrene (1) and cyclohepta[sd]fluoranthene (2) were prepared using a similar
synthetic approach (see Schemes 1 and 2). The first step involves Friedel-Crafts acylation of
succinic anhydride to either pyrene (11) or fluoranthene (12). Whereas, acylation of pyrene gives
the correct isomer (17a, Scheme 1), acylation of 12 yielded besides the desired isomer 21a (30 %),
compound 22a as an undesired side product (50 %, Scheme 2). To purify 17a and 21a/22a, they
wete convetted into the cotresponding methylesters (17b and 21b/22b) and subjected to flash
chromatography followed by recrystallization from toluene (see Experimental Section). Ring
closute of the esters 17b and 21b by an internal Friedel Crafts acylation in a melt of AlCl;/NaCl
gave the bis-ketones 18a/18b (combined yield 56 %) and 23 (yield 50%), respectively. Notice that
1,2,3,4-tetrahydro-dioxo-cyclohexa[a|pyrene (18b) (10%) is a precursor for benzo[a|pyrene. Both
18a/18b and 23 were purified by flash chromatography followed by rectystallization from toluene.
Reduction of the /bis-ketones 18a and 23 with NaBH4 proceeded quantitatively and afforded
mixtures of the different possible stereoisomers of 19 and 24, respectively, which were directly

converted to the compounds 20 and 25 by acylation.

Q

o O.
x ®
) ) <O ee
() —— () o () -
18a

18b

11 17a X=OH
17b X=OMe

AcQ

Scheme 1. Synthesis of cyclohepta[gd|pyrene (1). 7 AICl3/ succinic anhydride, 7 AlCl3/NaCl (T = 150°C), i
NaBHyj in benzene, 2z CH;COCI and pyridine in CHCly, and, » FVT at 500°C.
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-
8.8 88

OO

12 21a X=0OH 22a X=0OH 23
21b X=OMe 22b X=OMe

24 25 2

Scheme 2. Synthesis of cyclohepta[sd|fluoranthene (2). 7 AlCl3/ succinic anhydride, 7 AlCl3/NaCl (T =
150°C), 7 NaBH, in benzene, v CH;COCI and pyridine in CHzCl, and, » FVT at 300°C.

For the conversion of 20 and 25 into 1 and 2, respectively, Flash Vacuum Thermolysis
(FVT) was applied. Elimination of acetic acid is known to occur at relatively low temperatures
under FVT conditions.? FVT of 20 at 500°C afforded the desired cyclohepta[gd]pyrene (1) in
quantitative yield [mass recovery 80%, sublimation (subl.) rate 10 mgh-!, subl. temperature 150°C].
As expected, elimination of the two molecules of acetic acid was shown to be a consecutive (two-
step) process. At lower temperatures (FVT at 200°C) in addition the two possible mono-acetylated
compounds were identified in the pyrolysate ('"H-NMR, overall yield 30% at 200°C). FVT of 25
gave cyclohepta[sd]fluoranthene (2) also in quantitative yield already at 300°C [mass recovery 90%,
subl. rate 15 mgh-!, subl. temperature 150°C]. The difference in temperature for the complete
conversion of 20 and 25 into 1 and 2, respectively, is currently attributed to the stereochemistry of
the bis-acetylated precursors 20 and 25. The novel CH-PAH 1 and 2 were purified by flash
chromatography followed by recrystallization from #-pentane (see Experimental Section). Their
structures were assigned on the basis of H-, ’C-NMR, 2D-NMR, GC-MS and elemental analysis
(see Experimental Section).! It is noteworthy that the !H-NMR chemical shifts of 1 and 2 display
an interesting feature. The 'H-NMR chemical shifts of both the cyclohepta-moiety and the

aromatic core of 1 are considerably shifted up-field with respect to those of 2 (average up-field
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shift ca. 0.4 ppm). This indicates that in 1 additional shielding effects are present, whilst they are

not in 2. The magnetic properties of CH-PAH are subject of a detailed investigation in Chapter 9.
FVT of 20 and 25 at temperatures above 900°C showed that both cyclopenta[s,d|pyrene

(6) and cyclopenta[sd]fluoranthene (7), respectively were formed. Independent FVT of pleiadiene

2 corroborated that under these

(3, Chart 1), which was obtained vz a literature procedure,?
conditions the CH-PAH behave like transient intermediates that are directly converted to the
cyclopenta-fused detivatives; at 900°C pleiadiene (3) gave acenaphthylene (8) quantitatively.

A rationalization for these observations is given in Scheme 3. Here, the intermediacy of
the cyclobuta-derivative 26 is proposed from which extrusion of a CoHs-fragment can take place.
This will give the thermodynamically more stable cyclopenta-fused PAH (6). This is further
substantiated by independent FVT at 900°C of G6b,8a-dihydrocyclobuta[d]acenaphtylene (26) ,
which was prepared independently by the photochemical cycloaddition of maleic anhydride to
acenaphthylene.?? Upon FVT at 900°C of 26 acenaphthylene (8) was obtained as the sole product.

These observations provide an explanation for the fact that up till now CH-PAH have
not been identified as constituents of combustion exhausts. Although accretion of C4Hy units to
alternant PAH might occur,?> CH-PAH will probably not be stable enough to survive the high
temperature conditions. Rearrangement to the thermodynamic more stable CP-PAH is likely to

occur.

() -
G0 — 00 = CC

3 26 8

Scheme 3. Formation of 1 upon FVT of 20 and subsequent reatrangement to cyclopentalsd|pyrene (6).

8.2.2  Attempted synthesis of cyclohepta[ k,/Janthracene (5)

Another synthetic objective was the CH-PAH cyclohepta[4,]anthracene (5). However, a similar
synthetic approach as was followed for 1 and 2, was found to be unsuitable for 5. Although,
Friedel-Crafts acylation of succinic anhydride to anthracene gave minor amounts of 4-(9-
anthracenyl)-4-oxobutanoate, the subsequent internal Friedel-Crafts in an AlCl3/NaCl melt was
unsuccessful. Besides traces of the ring-closed product, the major product was anthracene, Ze.
decomposition of 27 occurs. This is attributed to the special reactivity of the 9 and 10 positions of

anthracene.2425
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Therefore, a different approach was followed (Scheme 4). Suzuki-coupling of methyl-but-
3-enoate to 9-bromoanthracene afforded 27.2° Ring closure of 27 was achieved in a melt of P,Os
(yield 75 %) and followed by quantitative reduction of ketone 28 with NaBHj. The alcohol 29 was
converted to the alkene 30 by treatment with PBr; and elimination of the dibromophosphate
intermediate. The structure of 30 was assigned on the basis of its analytical data (‘H-, 3C-, 2D-
NMR, GC-MS and elemental analysis). The formation of 30 was further corroborated by its
conversion into compound 34 by catalytic hydrogenation (see Scheme 4 and Experimental

Section)

(0]
OCH,
Br . (¢}
GO0 - CCD -
27

28
. oH

0D =~ -—
29

34

Scheme 4. Synthesis of cyclohepta[£,Janthracene (5). 7 Suzuki-coupling, 7 P>Os, 7 NaBH, in benzene, iv
PBr3, and, » prz/latm, Pd/C.

The conversion of 30 into the desited 5 was initially attempted by FVT. However,
pyrolysate analysis [T' = 700°C, mass recovery 70%, subl. rate 5 mgh-!, subl. temperature 80°C]
revealed that instead of 5 a mixture of compounds was present all with #/z 230 (GC-MS). The
main product (ca. 80%) that was formed after FVT at 700°C was isolated from the pyrolysate by
recrystallization from #-pentane and identified as 31 on the basis of spectroscopic analysis as well
as its conversion into 33 by catalytic hydrogenation (Pd/C, pH, latm, see Expetimental Section
and Scheme 5). The 'H-NMR spectrum of the hydrogenated compound 33 displays a
characteristic triplet (§ = 1.11, ] 7.2 Hz). This indicates that a CHs-group is present in the 33, and
that consequently, a terminal alkene (31) was formed upon FVT of 30 at 700°C. Hence, the seven-

membered ring is converted into a five-membered ring containing a terminal alkene. 2D-NMR-
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analysis confirmed that the proposed structure of the rearranged product 31 is indeed correct

(Scheme 5 and see also Experimental Section).

() I \
LU0 COo—CC

-0

33

Scheme 5. Rearrangement of 30 under FVT conditions to 31 and 32. / FVT at 700°C, i 1,3H-shift, 77 DDQ,
and, v prp/1atm, Pd/C.

The formation of 31 from 30 is rationalized by invoking the homolytic scission of the
benzylic and allylic sp3-sp? carbon bond. The biradical intermediate will be stabilized by
conjugation (Scheme 5). At 700°C besides 31 another PAH with /g 230 was formed (¢a. 4%).
The 700°C pyrolysate could be entiched in this compound (ca. 15%) by recrystallization from #-
pentane (see Experimental section). The 'H-NMR spectrum of this enriched pyrolysate contained
two doublets at 2.24 and 2.05 ppm (] 7.2 Hz) and two quartets of triplets at 6.54 ppm (3Jun 6.9 Hz
and 3Jun 2.4 Hz), which indicate that these compounds are the s and #rans- isomers of 32,

formed from 31 ziz 1,3H-shifts under FVT-conditions (Scheme 5). The structural assignment of 32
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is further cotroborated by catalytic hydrogenation of the entiched 700°C pyrolysate, which
contained both 31 and 32. This yielded on/y 2-ethyl-1,2-dihydro-cyclopenta[£,/anthracene (33).

Since FVT of 30 did not afford the desired 5, a different approach to introduce full 7T-
conjugation in the CH-moiety was attempted. To this end, 30 was treated with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ),?” which gave a complicated mixture of compounds with /3
228. Analysis of this mixture by 'H-NMR displayed a set of signals at 6.84 (d, ] 12.0 Hz), 6.40 (d, |
10.8 Hz), 6.01 (m) and 5.80 (m) ppm, which are in line with the coupling patterns expected for the
cyclohepta-protons of 5 (Figure 1A). This was substantiated by a COSY-experiment, which
displayed the correct coupling constants, and simulation of the 'H-NMR-spectrum using Mestrec
(Figure 1B).

7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6
ppm

_ A

r T T T T T T T T T T T T T 1
7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6
ppm

b

Figure 1. a. "H-NMR signals assigned to the cyclohepta-moiety of cyclohepta[g,Janthracene (5). b. Simulated
H-NMR signals assigned to the cyclohepta-moiety of cyclohepta|4,/anthracene (5).
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Unfortunately, 5 could not be isolated since it decomposed during work-up.?8 Possibly, since CH-
PAH are particularly sensitive towards oxidation. This was also reported for
cycloheptalf,gaceanthrylene.?® Hence, FVT of bis-acetylated precursors is the method of choice,
i.e. the protecting group can be eliminated under mild conditions. Unfortunately, the bis-acetylated
precursor for 5 is not readily accessible. Another approach to 5 is carbene addition to
dihydrobenz[£,Janthracene (35, Scheme 6). Although, this is likely to yield a mixture of isomers (5,
36 and 37, Scheme 06), FVT of the complete mixture at low temperature should predominantly
give 5. Note that the reaction mixture of cycloheptalj£|phenanthrene (4), prepared via a similar
route, '8 gives the desired 4 in 80% yield upon FVT at 300°C.

A S

Scheme 6. Proposed alternative route toward cyclohepta[g,Janthracene (5). 7 reduction with LiAlH,/AlCls, 7
n-Bulli, i CH,Cly/n-Buli, and, 72 FVT at 700°C.

8.2.3  Redox properties of cyclohepta-fused PAH
The redox properties of the externally-fused novel CH-PAH 1 and 2 and of 3 and 4 were
determined using Cyclic Voltammetry in CH;CN.!8 In Table 1 the results are summarized.
Compounds 1 and 3 display a (psendo)-reversible oxidation wave [E1/2(0/+1)], as can be
seen from the listed AE ( = E,c — Ep,), which cotresponds to the formation of the radical cation
from the neutral species (see Figure 2). An drreversible oxidation [Eonse(0/+1), see Experimental
Section] is found for 2, 4 and 16 (see Figure 2). All compounds show a second érreversible oxidation
wave that corresponds to formation of the bis-cation from the radical cation [Eonsee(+1/+2)]. A
(pseudo)-reversible first reduction potential [Eq/2(0/-1)], which corresponds to the formation of the
radical anion of the neutral species, was found for all CH-PAH. In addition, all compounds display

a
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Table 1. Oxidation and reduction potentials (V 2. SCE) of 1 - 4 and 16 measured in acetonitrile and the

HOMO and LUMO enetgies (in B) derived from HMO theory.

Ei2(00/+1) AE  Eip(+1/+2) AE Ei(0/- AE Eonsi(-1/-2)  AE  €nomo  €Lumo
W) V) W V) VM) W B ®
1 0.62 0.12 1.09 irrev. -1.86 0.10 -2.11 irrev. 0.198 -0.432
2 0.75 irrev 1.40 irre. -1.81 irren. -2.53 irev 0.325 -0.469
3 0.76 0.10 1.30 irrev -2.04 0.11 -2.42 v 0.241 -0.457
4 0.66 irrev. 1.63 irrev. -2.01 0.08 a irev 0.246 -0.442
16 0.96 irvev. 1.40 irrev. -2.14 0.12 -2.45 v 0.314 -0.496

*not detected in CH;CN, outside the potential window (see Experimenal Section).

1 (mA)

-0.5

. T .
0.4 0.6 0.8 1.0
V (V vs. SCE)

Figure 2. First oxidation waves [E1/2(0/+1)] for 1,2, 3 and 4 (in V »s. SCE, scan rate 50 mVs-).

second zrreversible reduction potential that corresponds to the conversion of the radical anion in the

bis-anion [BEonsee-1/-2)].
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Anodic bebavior

At first sight, the redox behaviour of CH-PAH is markedly different from that of the
corresponding CP-PAH. Oxidation of the non-alternant PAH containing CH-moieties (1 - 4 and
16) is considerably more facile than that of the corresponding PAH or CP-PAH (Table 2 and see
Chapter 7). Oxidation of a CH-PAH containing an internal CH-moiety, 273. 16 [Eonsee (0/41) 0.96
V vs. SCE], is somewhat more difficult than oxidation of the CH-PAH with externally-fused CH-
moieties (1 - 4). The Eonsee (0/+1) value of 16 is in good agreement with that reported for the
internal CH-PAH [7]circulene (0.73 V us. Ag/Ag*, ca. 0.99 V us. SCE).1>

Table 2. Relationship between the Eonser(0/+1) values of PAH and the Eqnse(0/+1) values
of the related CH-PAH.
PAH Ei/2(0/+1) CH-PAH Ei/2(0/+1) AEcipan(0/+1)
1 1.06 1 0.62 -0.44
12 1.46 2 0.75 -0.76
13 1.61 3 0.76 -0.85
14 1.44 4 0.66 -0.78

aAECILP\H(O/'H) = Ei2(0/+1)crpan - E1/2(0/+1)pam.

For alternant PAH it is well documented that the first reduction wave [E1/2(0/+1)] gives
a linear correlation with the HOMO energy (Egomo) of the neutral molecule derived using Hiickel
theory.2? For non-alternant PAH comparable correlations were considered to be less reliable or
even absent.3%31 However, whilst no cotrelation was found for the non-alternant CP-PAH
between Eq/2(0/+1) and the standard Huckel -€xomo (Chapter 7), a satisfactory linear cotrelation
is obtained here between the FEonsee(0/+1), detived for the 5 CH-PAH together with the
Eonsee(0/+1) of their 4 parent PAH, and the cotresponding -€nowmo energies [for Eonse(0/+1) see
Experimental Section, 12 = 0.962 with By = -2.15 ¢V and C = 1.81, according to Egr 1, (Figute 3)].

Eonsee(0/+1) = -Bo€romo + C Egn. 1
In Egn. 1 Bo represents the effective resonance integral between two neighboting 2p; orbitals and

C a solvation term. The value found for By (-2.15 eV) is in good agreement with the value found

for the corresponding correlation in which only alternant PAH were used (Bo = -2.05 eV).?
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1.4

1.2

(0/+1) (V vs. SCE)

E
onset
o
o]
1

Figure 3. Linear correlation between Eonse(0/+1) (V 25. SCE) of the PAH and CH-PAH (Chart 1) and their
Hiickel -€nomo energies (Table 2).

This indicates that annelation of a cyclohepta-moiety exerts a (near) constant effect on
the HOMO. The Huckel model proposed in Chapter 7 to describe the cathodic behavior of CP-
PAH is applied here to describe the anodic behavior of CH-PAH. For the latter, the HOMO of the
parent PAH and the HOMO of butadiene possess the correct phase to interact, leading to a
HOMO that corresponds to the out-gfphase combination of the participants (Figure 4).* As a
consequence, the HOMO of the CH-PAH will be positioned higher in energy, ze. destabilized,
with respect to its contributors (see Figure 4). Since the orbitals possess the correct phase to
interact, no significant shifting of the occupied HOMO-n orbitals will occur, and therefore no
disruption of the alternant PAH structure takes place. Hence, annelation of a CH-moiety leads to a
similar negative shift of Ei/2(0+1) of the CH-PAH with respect to the E1/2(0+1) of the parent
PAH (Table 3). Note that for the corresponding CP-PAH no correlation between the first
oxidation wave and the -€xono energy detrived from HMO theory was obtained. In this case the
HOMO of ethene and the HOMO of the alternant PAH do not have the correct phase to interact.
Therefore, shifting of the HOMO-n occupied orbitals does occur, and hence no straightforward
correlation can be derived (see also Chapter 7).

The magnitude of the negative shift of E1/2(0+1) is dependent on the interaction between
the €nomo of the parent PAH (11: 0.445[3, 12: 0.618, 13: 0.6183, 14: 0.605p) and that of butadiene
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-0.618pB;a, .

Figure 4. Effect of the incorporation of a cyclohepta-moiety in an alternant PAH core on €pomo.

(0.618pB) (see Chapter 7). The €nomo of 11 is significantly higher in energy (0.445 ) and therefore a
significantly smaller shift in E1/,(0/+1) is obsetved for 1 (Table 2).

All CH-PAH 1 - 4 and 16 display a second oxidation potential, which is not observed for
the PAH and CP-PAH studied in Chapter 7. Remarkably, this second oxidation potential
[Eonset(+1/+2)] is close to the first oxidation potential [Fonse(0/+1)] of the corresponding PAH
lacking the CH-moiety (Table 3). This indicates that after oxidation, the effect of the fused CH-
moiety on the remainder of the molecule is reduced. This can be explained if the positive charge,
formed upon the first oxidation, predominantly resides in the CH-moiety, giving a tropylium
cation containing six T-electrons (Scheme 7). Note that the radical cation is Zso-T-electronic with
the phenalyl radical. 32

It is noteworthy that the Eonsee(+1/+2) of 2 and 16 are identical (1.40 V zs. SCE). This
corroborates the interpretation of the presence of a tropylium sub-structure. After oxidation the
effect of the CH-moiety in 2 and 16 is reduced; the second oxidation takes place at the
naphthalene cote [Eonsee(0/+1) 0f 13 is 1.45 V 25. SCE]
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Table 3. Relationship between the E;/5(0/+1) values of PAH and the E;/5(0/+1) values of the related CH-
PAH (V 5. SCE).

PAH Eonset(0/+1) CH-PAH Eonser(+1/+2) Difference
1 1.06 1 1.09 0.03
12 1.46 2 1.40 0.06
13 1.45 3 1.30 0.15
14 1.44 4 1.63 0.19

QAECII—P\II<0/+1) = Ei/2(0/+1)cupan - E1/2(0/+1)pan

.+

OO e “ iso-n-electronic O‘
—_— B

3

Scheme 7. Formation of a tropylium sub-structure upon oxidation of a CH-PAH.

Cathodic bebavior

Comparison of the first reduction potentials [Eq/2(0/-1)] of the CH-PAH 1 - 4 to the first
reduction potential of the corresponding PAH 11 - 13 (Table 4), shows that in the case of 1, 3 and
4 reduction occurs more readily for the CH-PAH. However, the E/2(0/-1) of 2 is identical to that
of the corresponding PAH 12.

Table 4. Relationship between the Ej/2(0/-1) values of PAH and the Ei/2(0/-1) values of the related CH-
PAH (V »5. SCE).

PAH E12(0/-1) CH-PAH E1/2(0/-1) AEipan(0/-1)
1 222 1 -1.86 0.37
12 -1.81 2 -1.81 0.00
13 -2.66 3 -2.04 0.62
14 2,62 4 2,01 0.61

sABcipan(0/-1) = E1/2(0/+1)cupan - E1/2(0/+1)pam.

Furthermore, no correlation is obtained when the E1/2(0/-1) of the CH-PAH together

with the parent PAH are plotted against the -€.umo energies. Figure 4 show that in this case the
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LUMO of the parent PAH does not have the correct phase to interact with that of butadiene.
Hence, shifting of the occupied orbitals does occur and Hiickel theory cannot be straightforwardly
applied to describe the cathodic behavior of CH-PAH.

8.3 CH-PAH and CP-PAH ate anti-symmetric

Previously, it was noted by Michl that the behavior of acenaphtylene (8) and pleiadiene (3)
displayed an anti-symmetric relationship.?® In this Chapter it is shown that in general, the
electronic behavior of CP-PAH is anti-symmetric with that of CH-PAH. From Table 5 this effect
is apparent when the differences between the HOMO energies of the parent PAH and CH-PAH
[A&roMO PAH - cr-pan] ate compared with the differences between the LUMO energies of CP-PAH
with their parent PAH [A€runmo cp-pan - par]. These values are similar. The minor differences are a
consequence of the fact that the LUMO of ethene (-1.000 B) is further positioned from the a-level
than the HOMO of butadiene (0.618 [3). Hence, the destabilisation of the HOMO of CH-PAH is
somewhat enhanced. This an#-symmetric behavior is also displayed in the following. CP-PAH can
stabilize negative charge while a 6T cyclopentadienide sub-structure can be formed and therefore
have high electron affinities, whereas CH-PAH can stabilize positive charge upon formation of a

6T tropylium sub-structure and are thus expected to have low ionisation potentials.

Table 5. Relation between the HOMO of CH-PAH and the LUMO of CP-PAH

CH-PAH Agovo (CH-PAH - PAH) CP-PAH Agiuno (PAH — CP-PAH)
® ®
1 0.247 6 -0.220
2 0.293 7 -0.272
3 0.377 8 -0.333
4 0.359 9 -0.314
8.4 Conclusions

The novel CH-PAH 1 and 2 have been synthesized in good yield 2 a route in which the ultimate
step consists of FVT of the bis-acetylated precursors 20 and 25. These CH-PAH are shown to
decompose to the thermodynamic more stable CP-detivatives under FVT conditions at high

temperatures (900°C). A mechanism involving cyclobuta-substituted PAH, from which CyH;
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extrusion takes place, is proposed to account for this observation. The conversion of CH-PAH in
CP-PAH explains why CH-PAH have not been identified in combustion exhausts. The attempted
synthesis of 5, which was hampered by the fact that the penultimate dis-acetylated precursor is not
readily accessible, shows that FVT of bis-acetylated precursors is the method of choice to obtain
CH-PAH.

CH-PAH display interesting anodic behaviour. They are more readily oxidized than the
corresponding alternant PAH and non-alternant CP-PAH. Since a linear correlation is obtained
between the Eonsee(0/+1) and the -€nomo enetgy detived from HMO theory, the CH-moiety is
anticipated to act as an substituent. The an#i-symmetric behaviour of CH-PAH and CP-PAH
renders these molecules interesting candidates for the preparation of all catbon/hydrogen CP-CH-

PAH donot-acceptor compounds.

8.5 Experimental section

All reactions were carried out under a Ny atmosphere. Solvents were dried and purified using standard
procedures. Commercially available reagents were used without further purification. Column chromatography
was performed on Merck kieselgel 60 silica (230-400 ASTM). Melting points are uncorrected. 'H (300.13
MHz) and 13C (75.47 MHz) NMR spectra were recorded on a Bruker AC 300 spectrometer and a Varian 300
NMR using CDCl; as the solvent unless stated otherwise. Chemical shifts (in ppm) are given relative to TMS
(0 ppm) in the case of TH-NMR and relative to CDCl; (77.00 ppm) in the case of 13C-NMR. ] values are given
in Hz. For the 1TH-NMR spectrum multiplicity is denoted as following: s = singlet, d = doublet, t = triplet, dd
= double doublet, m = multiplet. In 3C-NMR the signals are indicated with q = quaternary carbon, t =
tertiary carbons and s = secondary carbon. Infrared spectra were recorded with a FTIR Mattson Galaxy FTIR
5000 in optically pure KBr. GC-MS spectra were measured on a ATT Unicam Automass System 2 quadrupole
mass spectrometer (column: J&W Scientific DB-15ms , length 30m, ID 0.25 mm and film thickness 0.25mm;
injector temperature: 300°C, temperature program: 2 min 200°C — (10°Cmin!) - 280°C; carrier gas He).
Elemental analysis was carried out by H. Kolbe Mikroanalytisches Laboratorium Miilheim a.d. Ruhr,
Germany. UV/Vis spectra were obtained with a Varian Cary 1 UV/Vis spectrophotometer. The assignment
of the TH-NMR signals of 1, 2 and 32 - 36 was achieved by COSY and NOESY experiments [NMR-samples
were degassed, 90°-pulse and t; were determined for every compound.]. 3C-NMR signals were assigned by
HETCOR [J1sn = 160Hz] and long-range HETCOR-experiments [Joxn = 4, 6 or 8 Hz). Not all quaternary
carbons are assigned.

Cantion: non-alternant PAH are potential genotoxic compounds.
Cyclic Voltammetry
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Cyclic voltammetry (CV) was performed using an EG&G Potentiostat/Galvanostat Model 263A in CH;CN
(freshly distilled from CaH,) containing 0.1 M BuyNPF as supporting electrolyte at scanning rates of 50 and
100 mVs! (potential window -2.5
to +3 V) and were teferenced to SCE by measuring the oxidation potential of the FeCP,/FeCP2* couple
(0.31V »s. SCE).

For irreversible electrochemical processes Eonsee values instead of peak potentials (EPC/ pa) are
reported. The use of peak potentials can give unreliable information due to the dependence of Eue/pa on

factors such as solvent, electrolyte, scan rate and the concentration of the analyte.34

First oxidation potentials [Eonse:(0/+1) in V 2. SCE] of the alternant PAH 11 — 14, and the €nonmo enetgy
derived using HMO theory.

Alternant PAH Eonser(0/+1) (V 25. SCE) enono (B)
11 1.06 (irrev.) 0.886
12 1.46 (irrev.) 0.618
13 1.61 (irrev.) 0.618
14 1.4 (irrev.) 0.605

Hiickel calculations
Hiickel Molecular Orbital (HMO) Calculations were run on a PC with a QCPE program, Computational
Utilities Package (QCMP021) in the standard Hiickel approximation (with all o's and f's equal).

General Flash Vacuum Thermolysis Procedure >

A commercial Thermolyne 21100 tube furnace containing an unpacked quartz tube (length 40 cm and
diameter 2.5 cm) was used in all FVT experiments. The pressure during all FVT-experiment was 0.001
mmHg. The products were rinsed from the tube or the cold-trap with distilled CH2Cl,, after which the

pyrolysate composition was determined by GC and "H-NMR.

Methyl-4-(1-pyrenyl)-4-oxo-butanoate (17b)

To an ice-cooled suspension of 10.0 g (50.0 mmol) pyrene (11) and 5.8 g succinic anhydride (58.0 mmol) in
250 ml CH2Cl, 13.0g (97.5 mmol) AlICl; was added. After stirring at room temperature for 24 hr, the reaction
mixture was hydrolyzed by adding it to ice-water (200 g) and 1M HCI and extracted with CHClz (3 x 200 ml).
After concentration of the combined organic layers an orange solid was obtained. Yield 13.0 g (43.0 mmol, 86

%) of 17a.
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TH-NMR: (8, ppm) 8.95 (1H, d, J 9.44), 8.35 (1H, d, ] 8.30 ), 8.21 (2H, m), 8.15 (2H, m), 8.03 3H, AB, J),
3.54 (2H, t, ] 6.65/6.25), 2.94 (2H, t, ] 6.50/6.28).

The reaction mixture was directly converted to the methyl ester (17b) by dissolving 13.0 g of 17a MeOH (300
ml) and addition of a catalytic amount of 37% HCI (1 ml). After heating at reflux temperature overnight, the
reaction mixture was cooled to room temperature upon which orange crystals precipitated. Analytically pure
17b (6.5 g, 20.6 mmol, 41%) was obtained after recrystallization from MeOH (0.03 gml!, m.p. 103 - 105 °C)
TH-NMR: (8, ppm) 8.94 (1H, d, J 9.42), 8.39 (1H, d, ] 8.06 ), 8.23 (2H, m), 8.17 (2H, m), 8.05 (3H, AB, J),
3.75 3H, s), 3.56 (2H, t, ] 6.65), 2.94 (2H, t, ] 6.55)

BC-NMR: (3, ppm) 202.3 (q), 173.4 (q), 133.8 (q), 131.8 (q), 131.0 (q), 130.5 (q), 129.6 (t), 129.5 (t), 129.4 (q),
127.3 (g), 127.0 (t), 126.4 (1), 126.2 (1), 126.2 (1), 126.0 (t), 124.9 (t), 124.3 (q), 124.0 (1), 51.9 (s), 37.0 (5), 28.7
©.

v 1739 (s), 1672 (s), 1166 (m), 1120 (m) cml. GC-MS 7/ 316 (M-+, 20%), 229 (M-+- C4H70,, 100 %), 201
(M-+- CsH703, 80%).

1,2,3,4-Tetrahydro-dioxo-cyclohepta[c,d]pyrene (18a)

To a melt (150°C) of 25 g AICl; (18.8 mmol) and 5 g NaCl 2.0 g (6.3 mmol) of 17b was added in small
protions. The melt was stirred under Ny for 30 min., after which the reaction mixture was hydrolyzed with
ice-water/1 M HCIL. Standard work up yielded a red oil (1.34 g). The crude product was purified using flash
chromatography (silica, eluent CHCL) and subsequent recrystallization form toluene (5 mgml?), which gave
1.0 g 18a (3.5 mmol, 56%) as an orange solid (m.p. 116 - 118°C).

'H-NMR: (8, ppm) 8.81 (1H, s), 8.56 (1H, d, ] 8.13), 8.37 (2H, AB, J 8.54/8.27), 8.25 (1H, d, ] 8.16), 8.17
(1H, d, ] 8.86), 8.10 (2H, m) 3.33 (4H, s)

BC-NMR: (8, ppm) 202.5 (q), 201.5 (q), 135.0 (q), 134.9 (q), 134.4 (1), 132.9 (q), 131.1 (q), 129.6 (1), 129.0 (),
129.0 (v), 128.9 (q), 128.7 (v), 127.8 (t), 126.9 (q), 126.9 (t), 126.0 (1), 125.6 (q), 124.9 (q), 38.6 (s), 37.8 (5). v
1738 (s), 1730 (s) cm. GC-MS /3 284 (M-+).

1,2,3,4-Tetrahydro-dihydroxy-cyclohepta[c,d]pyrene (19)

To a solution of 1.0 g (3.5 mmol) of 18a in 50 ml benzene, 0.4 g (10.0 mmol) NaBH, in MeOH (5 ml) was
added. After stirring at room temperature for 3 hr., water (25 ml) was added, the organic fraction separated,
dried (MgSOy), filtered, and concentrated 7z vacno. The resulting white solid (0.91 g, 3.2 mmol, 91%, m.p. 122
- 124 °C) was used without further purification.

H-NMR: (3, ppm) 8.11 (3H, m), 7.99 (2H, s), 7.98 (1H, ab), 7.73 (1H, d, ] 7.7), 7.72 (1H, s), 5.64 (2H, m),
2.61, 2H, m), 2.08 (2H, m)
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13C-NMR: (3, ppm) 131.7 (q), 130.8 (q), 124.5 (), 124.4 (q), 123.5 (q), 120.5 (1), 120.4 (1), 119.6 (), 118.3 (©),
117.9 (9, 117.9 (1), 117.5 (q), 116.7 (q), 114.1 (1), 1125 (), 71.9 (£), 71.8 (t), 28.6 (5), 26.9 (s) GC-MS /5 270
(M-+-H,0), 252 (M-+-2H,0).

1,2,3,4-Tetrahydro-diacetyl-cyclohepta[c,d]pyrene (20)

To and ice-cooled solution of 0.5 g (1.1 mmol) of 19 in CH>Cl; (30 ml) and pyridine (0.2 ml) a solution of
acetylchloride (0.2 g, 2.6 mmol) in CH,Cl, (10 ml) was slowly added. After stirring the reaction mixture for 3
hr. at room temperature, 20 ml of water was added. The organic layer was separated, dried with CaCl, and
evaporated, which yielded an orange oil. Flash chromatography (silica, eluent #-hexane) yielded a colorless oil
(0.190 g, 0.66 mmol, 60%).

'H-NMR: (8, ppm) 8.24 (1H, s), 8.20 (3H, m), 8.05 (2H, s), 8.04 (2H, m), 6.70 (2H, m), 2.50 - 2.35 (4H, m),
2.27 (3H, s), 2.24 (3H, s).

BC-NMR: (8, ppm) 170.3 (q), 170.0 (q), 135.9 (q), 135.3 (q), 135.2 (q), 134.1 (q), 131.4 (q), 131.1 (g), 130.1
(@), 130.1 (q), 127.5 (), 127.4 (v), 127.3 (t), 127.3 (1), 126.1 (v), 125.7 (), 125.4 (1), 125.1 (1), 74.6 (t), 74.1 (1),
31.8 (s), 30.9 (s), 29.0 (s), 28.7 (s). GC-MS /% 252 (T'wo-fold elimination of acetic acid occurs in the

injector). The mass spectrum is similar to that measured for 1.

Cyclohepta[c,d]pyrene (1)

FVT of 20 (20.0 mg, 0.079 mmol, subl. temperature 150°C, subl. rate 10 mgh-) at 500°C yielded 90 % of 1.
Crude 1 was purified by flash chromatography (silica, eluent #-hexane) and subsequent recrystallization from
n-hexane (2 mgml!), which yielded dark brown crystals [15 mg, 0.06 mmol, m.p. 128°C (dec.)]

H-NMR: (8, ppm) 7.73 (1H, d, ] 7.4), 7.71 (2H, m), 7.67(2H, m), 7.61(1H, m), 7.21 (1H, d, J 8.0, H2), 7.08
(1H, s, H7), 6.22 (1H, m, H3), 6.19 (1H, m, H6), 5.54 (2H, m, H4/H5).

13C-NMR: (8, ppm) 142.3 (t, C3), 140.9 (q), 140.6 (t, C6), 138.7 (q), 137.6 (q), 134.9 (q), 134.8 (q), 133.5 (q),
132.3 (t, C2), 130.5 (t, C4 or C5), 130.1 (t, C7), 130.1 (q), 129.8 (t, C4 or C5), 129.5 (t), 129.5 (1), 129.0 (v),
128.7 (1), 128.6 (q), 125.4 (1), 124.7 (1).

GC-MS m/z 252 M-+, 100%), 226 (M-*-C,Ha, 70%), 113 (33%) E.A. calc. for CaHyz; C 95.21%, H 4.79%;.
Found: C 95.08%; H 4.83%. UV/Vis (cyclohexane) Amas. (log €): 411.8 (0.74), 400.0 (0.91), 390.5 (0.87), 381.2
(1.01), 293.6 (1.17), 242.0 (3.57), 193.4 (1.78).

Methyl-4-(8-fluoranthyl)-4-oxo-butanoate (21) and Methyl-4-(3-fluoranthyl)-4-oxo-
butanoate (22)
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To an ice-cooled suspension of 10.0 g (50.0 mmol) fluoranthene (12) and 5.8 g succinic anhydride (58.0
mmol) in CHzCl; (250 ml), 13.0 g (97.5 mmol) AICl; was added. After stirring at room temperature for 24 hr.,
the reaction mixture was hydrolyzed by adding it to ice-water (200 ml) and 1M HCI and extracted with
CHCl> (3 x 200 ml). After concentration of the combined organic layers an orange solid was obtained. Yield
7.2 g (25 mmol, 50 %). This mixture contained 50 % 21a, 30% of 22a and 20 % 12.

From the reaction mixture the methyl ester was prepared by dissolving 10 g in MeOH (300 ml) and 37% HCI
(1 ml). After heating at reflux temperature overnight, the reaction mixture was cooled to room temperature.
21b (5.5 g, 17.5 mmol, 35 %) and 22b (2.4 g, 7.5 mmol, 15%) could be isolated by repeated recrystallization
from MeOH (0.03 gml!, m.p. 131 - 133°C)

H-NMR 21b: (3, ppm) 8.70 (1H, d, ] 8.3 ), 8.23 (1H, d, | 7.4), 7.80 (4H, m), 7.44 (2H, m), 7.67 (1H, dd, |
7.3/8.3), 3.46 (2H, t, ] 6.6), 2.88 (2H, t, ] 6.0).

H-NMR 22b: (8, ppm) 8.51 (1H, s), 8.08 (6H, m), 7.69 (2H, AB, ] 7.4), 3.43 (2H, t, ] 6.6), 2.86 (2H, t, ] 6.6)
13C-NMR 21b: (8, ppm) 200.3 (q), 197.9 (q), 142.0 (q), 140.7 (q), 138.3 (q), 137.1 (q), 133.1 (q), 131.3 (q),
130.3 (q), 129.0 (v), 127.8 (), 127.6 (v), 127.0 (v), 122.4 (t), 121.6 (t), 121.0 (t), 120.7 (t), 118.7 (1), 51.9 (s), 35.6
(s), 28.3 (s).

I3C-NMR 22b: (8, ppm) 200.5 (q), 197.9 (q), 143.9 (q), 139.8 (q), 136.2 (q), 135.9 (q), 135.8 (q), 133.3 (q),
130.2 (q), 128.3 (s), 128.2 (s), 128.1 (s), 128.0 (s), 127.3 (s), 121.5 (s), 121.4 (s), 121.3 (), 120.9 (5), 52.0 (s),
33.7 (1), 28.6 (t). GC-MS /5 316 (M-).

1,2,3,4-Tetrahydro-dioxo-cyclohepta[c,d]fluoranthene (23)

To a melt (150°C) of 25 g AICl; (18.8 mmol) and 5 g NaCl 2.0 g (6.3 mmol) of 21b was added in small
portions. The melt was stirred under N, for 30 min., after which it was hydrolyzed with ice-water and 1M
HCIL. Standard extraction procedures yielded a red oil. The crude product was purified using flash
chromatography (silica, eluent CHCl;) and subsequent recrystallization form toluene (3 mgml'), which
yielded 1.0 g 23 (3.5 mmol, 56%) as an orange solid.

'H-NMR: (3, ppm) 8.57 (2H, d, ] 7.4), 7.96 (2H, d, ] 7.4), 7.85 (2H, m), 7.39 (2H, m), 3.15 (4H, s)

BC-NMR: (8, ppm) 197.8 (q), 142.4 (q), 138.6 (q), 134.3 (t), 132.4 (q), 132.3 (q), 128.8 (1), 125.6 (q), 121.9 (1),
119.3 (1), 37.0 (s). GC-MS /% 284 (M-+).

1,2,3,4-Tetrahydro-dihydroxy-cyclohepta[c,d]fluoranthene (14)
To a solution of 1.0 g (3.5 mmol) of 13 in 50 ml benzene, 0.4 g (10.0 mmol) NaBH, in 5 ml MeOH was
added. After stirring at room temperature for 3 hr., water (25 ml) was added, the organic fraction separated,

dried (MgSOy), filtered, and concentrated 7z vacuo. The resulting orange solid was purified by flash
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chromatography (silica, eluent acetone: #-hexane 3:7), which yielded a white solid (0.91 g, 3.2 mmol, 91%,
m.p. 153 - 155°C)

TH-NMR: (3, ppm) 'H-NMR: 7.87 (4H, m), 7.62 (2H, d, ] 6.9), 7.38 (2H, m), 5.30 (2H, broad s), 1.98 (4H, s).
13C-NMR (in DMSO-d): (8, ppm) 144.0 (q), 138.3 (q), 138.1 (q), 135.1 (q), 127.2 (1), 127.1 (g), 126.3 (t),
121.2 (v), 120.0 (t), 70.4 (t), 31.9 (s). GC-MS /% 270 (M-*- H,0), 252 M-+ - 2H20).

1,2,3,4-Tetrahydro-diacetyl-cyclohepta[c,d]fluoranthene (15)

To and ice-cooled solution of 0.5 g (1.1 mmol) of 24 in 30 ml CH2Cl; and 0.2 ml pyridine a solution of
acetylchloride (0.2 g, 2.6 mmol) in 10 ml CH2Cl, was slowly added. After stirring the reaction mixture for
three hr. at room temperature, 20 ml of water was added. The organic layer was separated, dried with CaCb
and evaporated, which yielded an orange oil (0.190 g, 0.66 mmol, 60%).

H-NMR: (8, ppm) 7.86 (4H, m), 7.64 (2H, d, ] 7.1), 7.34 (2H, m), 6.64 (2H, m), 2.4-2.3 (4H, m), 2.14 (6H, s)
BC-NMR: (8, ppm) 170.2 (q), 143.6 (q), 142.5 (q), 139.0 (q), 137.0 (q), 128.4 (q), 128.0 (v), 127.8 (v), 121.4 (v),
119.8 (v), 74.0 (1), 29.2 (s), 21.4 (s). GC-MS /3 252 (T'wo-fold elimination of acetic acid occurs in the

injector). The mass spectrum is similar to that measured for 2.

Cyclohepta[c,d]fluoranthene (2)

FVT of 25 (20.0 mg, 0.079 mmol, sublimation temperature 120°C, sublimation rate mgh) at 500°C yielded
90% of 2. Crude 2 was purified by flash chromatography (silica, eluent #-pentane) and subsequent
recrystallization from pentane (2 mgml?), which yielded red crystals (10 mg, 0.04 mmol, m.p. 190 - 192 °C)
'H-NMR: (3, ppm) 8.30 (2H, m, H10/H11), 8.26 (2H, d, J 7.4 H1/H8), 7.65(2H, m, H9/H12), 7.59 (2H, d, ]
7.4 H2/H7), 7.18 (2H, m, H3/HG), 6.37 (2H, m, H4/H5).

BC-NMR: (8, ppm) 138.4 (q, C12a), 137.6 (t, C3/C6), 136.5 (q, C12b), 133.1 (q, C2a), 132.7 (q, C2¢), 131.6
(q, C2b), 127.8 (t, C2/C12), 126.9 (t, C4/C5), 126.6 (t, C9/C12), 121.7 (t, C1/C8), 121.1 (t, C10/11).

GC-MS m/3 252 (M+, 100%), 226 (M-+-C;Ha, 70%), 113 (33%) UV/Vis (cyclohexane) Amax. (log €): 474.5
(0.06), 460.8 (0.06), 443.7 (0.06), 330.8 (0.40), 319.4 (0.57), 256.5 (0.36), 235.6 (0.21), 219.8 (0.40), 216.1
(0.41), 195.4 (0.69).

Methyl-but-3-enoate

To a solution of vinylacetic acid ( 10.13 g, 117 mmol) in 90 ml MeOH 1.5 ml 37% HCI was added. The
mixture was refluxed for 1 hr. The MeOH was removed iz vacuo. Subsequently, the product was dissolved in
CH,Clp, washed with brine and water, dried (MgSOy) and filtered. After concentrating the filtrate iz vacuo a

colorless oil was obtained (7.73 g, 77 mmol, 66 %0).
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IH-NMR: (3, ppm): 5.89 (2H, m), 5.15 (2H, d, ] 7.2), 3.70 (3H, s), 3.1 (2H, d, ] 7.2)

Methyl 4-(9-anthracenyl)butanoate (27)

All solvents and solutions used in this reaction were vigorously degassed by three freeze-thaw cycles under
Ar. 9-BBN (105 ml of a 0.5 M solution in THF) was added to methyl but-3-enoate (3.93 g, 39.3 mmol) under
Ar. The solution was stirred at room temperature for 2 hr., after which complete addition was observed in'H
NMR. This solution was then added to a solution of 9-bromoanthracene (9.13 g, 35.7 mmol) and
dichloro[1,1%-bis(diphenylphosfino)ferrocene|palladium(I) (0.70 g, 0.76 mmol) in DMF (80 ml), followed by
addition of a solution of KsPO4 (24.9 mg, 107 mmol) in H,O (35 ml). The resulting mixture was heated
under reflux for 15 hr., after which the starting material had completely disappeared (GC). The mixture was
cooled to room temperature, water was added and extracted with CH,Clp. The combined organic layers were
washed with brine and water, dried (MgSO,) and concentrated 7z vacuo. The product was purified by flash
column chromatography (silica, eluent 7-hexane to remove anthracene, CH>Cl, to yield 27). Recrystallization
from n-hexane yielded 27 yellow/white needles [30% - 50%, m.p. 69 — 71°C (litZ() 73 —75°C)]

TH-NMR: (8, ppm) 8.30 (1H, s), 8.28 (2H, d, ] 9.0), 7.98 (2H, d, ] 8.4), 7.49 (4H, m), 3.73 ( 3H, s), 3.67 (t,
2H, ] 8.2),2.50 (2H, t, ] 7.2), 2.13 (2H, tt, ] 7.6, ] 7.6)

BC-NMR: (3, ppm) 174.2 (1), 134.1 (q), 131.8 (q), 129.9 (q), 8 129.5 (1), 126.2 (q), 126.2 (1), 125.9 (1), 125.1 (%),
124.5 (t), 51.8 (v), 34.2 (s), 27.4 (s), 26.3 (s),

v 1728 (s), 1205 (m) cm-'.

1,2,3,4- Tetrahydro-4-oxo-cyclohepta[k,/]anthracene (28)

To a melt (85°C) of 55 g polyphosphoric acid (38.8 mmol) 2.98 g of (27) (10.7 mmol) was added in small
portions. After stirring for 90 min. the melt was hydrolyzed by adding ice water. The aqueous layer was
extracted with CH,Clz and the combined organic layers were washed with brine and water, dried (MgSOy)
and concentrated # vacuo. The resulting crude product was purified using column chromatography (silica,
eluent CH,Cly: 7-hexane, 7:3), which yielded 28 as a pale yellow solid [1.85 g, 8.0 mmol, 75%, m.p. 82 - 84°C
(1it20 84 - 85°C)]

H-NMR: (8, ppm) 8.37 (1H, s), 8.29 (1H, d, ] 8.7), 8.04 (1H, d, ] 8.1), 8.03 (1H, d, ] 8.1), 7.82 (1H, d, ] 6.9),
7.50 (3H, m), 3.57 (2H, t, ] 6.9), 2.77 (2H, t, ] 7.5), 2.52 2H, tt, ] 7.2).

13C-NMR: (8, ppm) 205.5 (q), 139.8 (q), 134.1 (q), 132.9 (v), 132.3 (q), 131.4 (q), 129.6 (q), 129.4 (v), 127.4 (v),
126.8 (1), 126.7 (t), 125.8 (v), 124.4 (1), 124.2 (t), 42.1 (s), 29.0 (s), 27.7 (s). V 1700 cm-L.

GC-MS /%246 (M-+ 100%), 230 (10%), 218 (60%), 202 (30%), 189 (60%).

1,2,3,4- Tetrahydro-4-hydroxy-cyclohepta[k,/]anthracene (29)
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To a solution of 28 (1.0 g, 4.06 mmol) in 40 ml ether, a suspension of NaBH, (0.17 g, 4.47 mmol) in 10 ml
ethanol was added drop-wise. The reaction mixture was stirred for 18 hr. at room temperature and
subsequently poured into an aqueous solution of HCl (pH = 2). The aqueous layer was extracted with
CH;Clp, the combined organic layers washed with water, dried (MgSOy) and the solvents were removed 7
vacwo. After removal of the solvent and addition of CH,Cl,, the mixture was washed with water, dried
(MgSO,) and concentrated 7z vacno. The product 29 was obtained in pure form as a yellow solid (0.98 g, 4.0
mmol, 98%, m.p. 99 - 101°C).

H-NMR: 8, ppm) 8.24 (1H, s), 8.23 (1H, d, ] 7.8), 7.95 (1H, d, ] 9.0), 7.83 (1H, d, ] 8.4), 7.61 (1H, d, ] 6.6),
7.46 (1H, m), 7.44 (1H, m), 7.37 (1H, m), 5.47 (1H, m), 3.86 (1H, m), 3.56 (1H, m), 2.38 (1H, m), 2.22 (1H,
m), 2.10 (1H, m), 1.95 (1H, m).

13C-NMR: (8, ppm) 142.2 (q), 136.8 (q), 132.6 (q), 131.2 (q), 131.0 (q), 130.1 (q), 129.0 (t), 126.0 (v), 125.8 (1),
125.1 (v), 124.6 (v), 124.4 (v), 123.0 (t), 73.4 (s), 35.3 (), 29.1 (s), 24.7 (5). V 3282 (s), 1064 (m) cm!. GC-MS:
m/ % 248 (M-+,10%), 230 (M-+-H,0, 100%), 202 (95%), 189 (10%), 114 (15%), 101 (15%).

1,2-Dihydro-cyclohepta[k,/]anthracene (30)

To a solution of 29 (0.84 g, 3.38 mmol) in CHCl3 (45 ml) a solution of PBr; (0.35 g, 0.37 mmol) in CHCl;
was added. The resulting reaction mixture was stirred for 2 hr. and hydrolyzed. The aqueous layer was
extracted with CHCl;, and the combined organic layers washed with water. The organic layers were
consequently dried (MgSOy), filtered and concentrated 7z vacuo. The crude product was purified by flash-
chromatography (silica, eluent 7-hexane) and recrystallization from #-hexane (10 mgml?). Yield 0.70 g [3.0
mmol, 90% of a yellow solid, m.p. 61 - 63°C].

IH-NMR (for numbering see Scheme 4): (8, ppm) 8.29 (1H, d, J 9.0), 8.25 (1H, s), 7.93 (2H, dd, ] 2.1/7.5),
7.77 (2H, dd, ] 3.0/6.3), 7.44 (2H, m), 7.43 (2H, m), 7.34 (2H, m), 6.64 (2H, td, J 11.7/1.5), 6.23 (1H, td, |
11.7/5.4), 3.72 2H, t, ] 5.2), 2.75 (2H, m).

BC-NMR: (8, ppm) 136.8 (q), 135.8 (q), 133.9 (t), 133.3 (t), 132.8 (q), 131.8 (q), 131.5 (t), 130.3 (q), 130.0 (q),
129.1 (v), 129.0 (v), 126.7 (v), 125.8 (t), 125.2 (1), 125.0 (t), 124.4 (t), 30.2 (s, two isochronous carbon atoms).
GC-MS: 7/ 3 230 (M:+,100%), 215 (80%), 202 (80%), 113 (30%), 101 (30%). E.A. calc. for CigHis: C 93.87 %,
H 6.13%. Found C 94.01 %, H 6.21%. UV/Vis (cyclohexane) Ama. (log €): 410.0 (0.31), 387.5 (0.32), 368.3
(0.19), 296.0 (0.37), 283.4 (0.42), 263.0 (2.59), 212.0 (1.03), 192.0 (1.21).
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2-Ethenyl-1,2-dihydro-cyclopenta[k,/]anthracene (31)

FVT of 30 (30 mg, 0.13 mmol, subl. temperature 80°C, subl. rate 5 mgh') at 700°C (mass recovery 70%)
afforded a mixture that contained 80% of 31. Analytically pure 31 was obtained after recrystallization of the
pyrolysate from #-pentane (30 mgml?) as dark red crystals (m.p. 75 - 76°C).

TH-NMR (acetone-ds, for numbering see Scheme 5): (5, ppm) 8.29(1H, s, H10), 8.12 (1H, m, H4), 8.03 (1H,
m, H1), 7.79, 1H, d, J 8.4, H5), 7.51 (3H, m, H2/H3/HG6), 7.19 (1H, d, ] 6.6, H7), 6.10 (1H, ddd, J
17.1/8.7/8.1, H17), 5.35 (1H, d, J 17.1, H16), 5.15 (1H, d, ] 9.9, H16), 4.51 (1H, broad t, | 7.8, H18), 4.09
(1H, dd, J 17.7/8.1, H15), 3.56 (1H, dd, ] 18.0/3.3, H15).

BC-NMR: (8, ppm): 148.8 (q), 141.0 (t, C17), 140.4 (q), 136.7 (q), 134.2 (q), 130.1 (q), 129.6 (t, C4), 128.0 (o),
127.3(q) 125.5 (1), 125.0 (t, C2, C3, C6), 124.8 (t, C1), 123.0 (t, C5), 121.7 (t, C10), 118.1 (t, C7), 114.3 (t, C10),
48.2 (s, C18), 37.1 (s, C15). GC-MS: 7/z 230 (M-*, 100%), 215 (75%), 202 (50%), 113 (25%), 101 (25%).

Selected analytical data for compound 32

Compound 32 was usually formed upon FVT at 700°C of 30 in ¢a. 4% yield (‘H-NMR) as a side product.
Other products are 31 (80%) and 30 (16%). A sample enriched in 32 (up to 15%) was obtained by
recrystallization from #-pentane (30 mgml!). Selected NMR data for 32 were taken from the 'H and 3C
NMR spectra of this enriched fraction.

H NMR (C¢Dy): (8, ppm) stereoisomer A. 2.05 (3H, d, ] 7.2, H16), 4.29 (2H, s, H15), 6.54 (1H, qt, ] 6.9/2.4,
H17); steteoisomer B. 2.24 (3H, d, J 7.2, H16), 4.36 (2H, s, H15). 3C NMR (C¢Dg): (8, ppm) 113.3 (t, C17),
34.0 (s, C15), 30.2 (s, C16). GC-MS: /% 230 (M-+, 50%), 215 ([M-*-CH3;, 100%).

2-Ethyl-1,2-dihydro-cyclopenta[ k,/]anthracene (33)

Compound 33 was obtained by catalytic hydrogenation of 31 (8 mg, 0.035 mmol) with Hy (pr2/1atm) and Pd
on activated carbon (1 mg, 10%) in THF (10 ml). After 15 min. the catalyst was filtered off and the filtrate
concentrated 7 vacuo yielding 33 (7 mg, 90%) as a colotless oil.

TH-NMR (similar numbering as for 31, Scheme 5): (8, ppm): 8.21 (1H, s, H10), 8.06 (1H, m, H4), 8.00 (1H,
m, H1), 7.74 (1H, 4, J 8.1, H5), 7.47 3H, m, H2/H3/H06), 7.22 (1H, d, ] 6.6, H7), 3.94 (1H, dd, ] 17.7/7.8,
H15), 3.80 (1H, m, H18), 3.43 (1H, d, J 17.4, H15), 2.06 (1H, m, H17), 1.80 (1H, m, H17), 1.11 3H, t, ] 7.2,
H16).

13C-NMR (CsDg): (3, ppm) 150.7 (q), 141.4 (q), 137.4 (q), 134.2 (g), 130.2 (q), 129.8 (q), 127.1 (g), 130.2 (t,
C4),127.1 (t, C2, C3 or C0), 127.2 (q), 125.2 (t, C2, C3 or CG), 125.0 (t, C1), 124.5 (t, C2, C3 or C6), 122.9 (t,
C5), 121.8 (t, C10), 117.1 (t, C7), 45.2 (t, C18), 36.1 (s, C15), 30.1 (s, C17), 11.6 (p, C16). GC-MS: /5 232
M-+, 100%), 215 (15%), 203 (100%0), 101 (10%).
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1,2,3,4-Tetrahydro-cyclohepta[k,/]anthracene (34)
Compound 34 was obtained by catalytic hydrogenation of 30 (20 mg, 0.087 mmol) with H (pr2/1atm) and
Pd on activated carbon (2 mg, 10%) in THF (20 ml). After 15 min. the catalyst was filtered off and the filtrate

concentrated 7z vacuo yielding 34 (18 mg, 90%) as a light yellow oil.

TH-NMR (similar numbering as for 30, Scheme 4): (3, ppm): 8.26 (1H, d, | 8.4, H1), 8.23 (1H, s, H10), 7.90
(1H, d, ] 8.4, H4), 7.67 (1H, d, ] 8.4, H5), 7.42 (2H, m, H2/H3), 7.22 (2H, m, H6/H7), 3.72 2H, t, ] 5.6, H15
or H18), 3.30 (2H, t, ] 5.6, H15 or H18), 2.20-2.00 (4H, m, H16/H17).

BC-NMR: (8, ppm) 141.3 (q), 137.3 (q), 133.1 (g), 131.4 (q), 130.6 (q), 129.0 (g), 127.6 (t), 126.5 (1), 126.3 (1),
125.9 (v), 125.5 (1), 125.0 (v), 124.8 (v), 124.5 (v), 35.3 (s), 27.7 (s), 27.1 (s), 26.7 (). GC-MS m/3 232 M-+,
100%), 217 (60%), 202 (50%), 191 (20%), 101 (30%).
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CHAPTER 9

Magnetic Properties of Cyclohepta-Fused Non-

Alternant Polycyclic Aromatic Hydrocarbons

Abstract

The magnetic properties of the non-alternant cyclohepta-fused polycyclic aromatic hydrocarbons
(CH-PAH) cyclohepta[sd|pyrene (1), cyclohepta[sd|fluoranthene (2), pleiadiene (3) and
cyclohepta[j £|phenanthrene (4), have been studied by comparing their "H-NMR chemical shifts
with those of the corresponding alternant PAH and related non-alternant cyclopenta-fused PAH
(CP-PAH). Although a significant up-field shift of the protons attached to the aromatic core of 1,
3 and 4 is observed, it is absent for 2. Insight in the origin of this difference is obtained using b
initio calculations. The T-current density maps of 1 — 4 and cyclohepta[£|anthracene (5) are
visualized by direct computation using the reliable CTOCD-DZ ab inito distributed-origin coupled
Hartree-Fock method. In addition, the integrated properties [the 'H-NMR chemical shifts and the
nucleus independent chemical shift (NICS)] were calculated using the CTOCD-PZ2 method. This
substantiated that in 1, 3 - 5 paratropic ring currents are present in the CH-moiety, whilst the two

double bonds in the CH-moiety of 2 are localized.



Chapter 9

9.1 Introduction

Despite its importance no clear definition of the concept of aromaticity is yet available. This is
predominantly caused by the fact that suitable reference systems are required that often are
(experimentally) inaccessible. As a consequence, several criteria for aromaticity exist, both
experimental as well as theoretical, but there is still no agreement about zbe criterion for
aromaticity.!

In this context, non-alternant polycyclic aromatic hydrocarbons (PAH) ate interesting
systems due to the fact that they contain multiple-fused 7-conjugated rings of which at least one is
odd-membered.? The distinct rings may have different degrees of (local) aromaticity, which
contribute to the total (global) aromaticity of the compound.

One of the most frequently used criterion for aromaticity is the magnetic criterion, Ze. the
presence of cyclic electron delocalization. According to Hickel-London theory, a T-conjugated
monocycle containing 4n + 2 T-electrons will sustain a diatropic ring (aromatic) ring current,
whereas a monocycle containing 4n T-electrons will sustain a paratropic (an#-aromatic) ring
current when a magnetic field is applied.? Although, these ring currents are not directly observable,
they can be inferred from for example 'H-NMR chemical shifts, the magnetic anisotropy (AJ),
exaltation of isotropic magnetic susceptibility (A) or the nucleus independent chemical shift
(NICS). Fortunately, they can also be visualized directly by computation of the all-electron current
density maps (CTOCD-DZ).*7 TH-NMR is a useful technique to get an impression of the global
aromaticity of the compound.® For example, for cyclopenta-fused PAH (CP-PAH) up-field shifts
for the 'H-NMR chemical shifts of the atomatic core protons, compared to those of the
corresponding alternant PAH are in certain cases observed.” In Chapter 8 it was noted that the
experimental 'H-NMR data of the cyclohepta-fused PAH (CH-PAH) cyclohepta[sd]pyrene (1),
cyclohepta[sd)fluoranthene (2), pleiadiene (3) and cycloheptalj£]phenanthrene (4) indicate that
CH-annelation does affect the global aromaticity of CH-PAH.

In this Chapter we study the magnetic properties of the novel CH-PAH
cyclohepta[sd]pyrene (1) and cyclohepta[s,d|fluoranthene (2) and compare them with the magnetic
properties of the reported pleiadiene (3) and cycloheptalj £]phenanthrene (4) (Chart 1). Insight in
the global aromatic properties is obtained by comparing the 'H-NMR chemical shifts of the CH-
PAH with those of the corresponding PAH and related CP-PAH (Chart 1). The data are analyzed
and interpreted using the results of ab initio calculations, 7.e. computed current density maps and
integrated magnetic properties ('H-NMR chemical shifts and NICS wvalues). In addition,

predictions are made for the hitherto unknown compounds cyclohepta[fglaceanthrylene (19) and
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cyclohepta[h,/laceanthrylene (20) (Chart 2), which consist of an anthracene core with both an

annelated cyclopenta- and a cyclohepta-moiety.
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9.2 Aromaticity: the magnetic criterion

9.21 'H-NMR spectroscopy of CH-PAH

The assignment of the 'H-NMR chemical shifts of the CH-PAH cyclohepta[sd]pyrene (1) and
cyclohepta[sd)fluoranthene (2) has been described in Chapter 8 (see Experimental Section). The
IH-NMR assignments of the CH-PAH pleiadiene (3)!” and cycloheptalj £]phenanthrene (4)!!, and
the corresponding PAH and related CP-PAH were taken from literature.!2:13

In Figure 1 the !'H-NMR spectra of cyclohepta[sdlpyrene (1) and
cyclohepta[,d)fluoranthene (2) are shown. The cyclohepta protons of 1 are positioned at 6.22 ppm
(H3 and H0) and 5.54 ppm (H4 and H5, see Figure 1). For comparison, the vinylic-protons in 4,5-
benzocyclohepta[1,2,3-deJnaphthalene (16) resonate at 6.45 ppm.!! Hence, this suggests that the
'H-NMR chemical shifts for the CH-moiety of 1 are positioned at higher field. The 'H-NMR
resonances of the aromatic protons are all < 7.8 ppm. In Table 1 the average 'H-NMR chemical
shifts of the CH-moiety [0.(7)] and of the pyrene cotre [0,(6)] of 1 are compared with the
corresponding 8,.(6) values found for cyclopenta[sd]pyrene (6) and pyrene (11). Whereas the
average 'H-NMR chemical shift of the pyrene core [0,(6) = 8.18 ppm] in 6 is not significantly
altered to that in 11 [8,,(6) = 8.14 ppm), it is shifted up-field in 1 [8,+(6) = 7.55 ppm]. The largest
effect is visible for the aromatic protons next to the CH-moiety (H2 and H7), which resonate at
7.08 ppm (H7) and 7.21 ppm (H2). However, if the 3,(6) is calculated without these two
resonances, there is still an effect of the CH-moiety on the aromatic core [1: 53‘,(6)60“ =7.71 ppm,
11: 8,.(6) = 8.14 ppm].

In contrast to what is found for 1, the 'H-NMR spectrum of 2 does not display the
overall up-field shift of its "TH-NMR signals (Figure 1). It is neither observed for the cyclohepta
protons [7.18 ppm (H3, H6) and 6.37 ppm (H4, H5)] nor for the protons attached to the PAH
core [O.(6) = 7.95 ppm, compare 12: 8,,(6) = 7.72 ppm, 7: 8,(6) = 7.17 ppm, (Table 1)]. An effect
on the 'H-NMR chemical shift of the peripheral cyclopenta-moiety hydrogen atoms in the case of
cyclopenta[e,d)fluoranthene (7) was observed, but attributed to the interaction between the external
and peripheral cyclopenta-moieties.

For pleiadiene (3)!> [0,(6) = 693 ppm and 8.(7) = 570 ppm] and
cycloheptalj, 4| phenanthrene (4)!! [8,,(6) = 7.51 ppm and 8,,(7) = 5.89 ppm] comparable up-field
H-NMR chemical shifts for both the protons attached to the CH-moiety and the aromatic
protons were found as for 1 (Table 1). In the case of 4 again the largest effect of the CH-moiety is
present for the neighboring protons [H3 (6.95 ppm) and H8 (7.00 ppm), see for numbering Figure
7]. The 8.4(6) without these two protons is, however, still shifted up-field with respect to that of 14
[4: 8.9(6)corr = 7.67 ppm and 14: 8,,(6) = 7.92 ppm].
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Figure 1. Expansion of the M-NMR spectrum (solvent CDCl;, range 8.5 - 55 ppm) of a.
cycloheptalsd)pyrene (1) b. cyclohepta|sd]fluoranthene (2).

Table 1. Comparison of the average '"H NMR chemical shift of the accessible CH-PAH 1,2,3 and 4 with their

CP-PAH congeners 5, 6, 7 and 8 and the corresponding PAH 9, 10, 11and 12.

CH-PAH CP-PAH PAH

1 2 3 4 6 7 8 9 1 12 13 14
Sav(0) 755 795 693  7.51 | 8.18 717  7.68 796 | 8.14 772 7.65  7.92
dw(5/7) | 588 677 570 589 | 7.32 652 7.07 717
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These results indicate that in the case of compounds 1, 3 and 4 fusion of the CH-moiety
to the alternant PAH core affects the magnetic properties of the whole molecule, whereas this is
not the case for 2. Since, for 1, 3 and 4 #p-field shifts are observed, it can be concluded that the
global aromaticity of these CH-PAH is reduced compared to the corresponding alternant PAH
cores. To gain more detailed insight in the magnetic properties of the CH-PAH 1 — 4, z.e. especially
the paratropic and diatropic contributions of the distinct rings (local aromaticity) to the 7 and total
(0 + ) current density maps of the molecule (global aromaticity), current density maps were
calculated using the reliable CTOCD-DZ ab initio method. Subsequently, integrated magnetic
properties (\H-NMR chemical shifts and NICS values) were calculated from the current density
maps using the CTOCD-PZ2 method (see Experimental Section).

9.2.2  Current density maps of CH-PAH
In non-alternant PAH, such as CH-PAH that contain annulated odd- and even-membered rings,
different local paratropic and diatropic contributions determine the overall (global) aromaticity of
the compounds. These contributions can be visualized by calculation of the all-electron current
density maps, using the ab initio all electron distributed origin method [continuous transformation
of origin of current density (CTOCD-DZ)].10 Since the current density at each point is computed
with that point as the origin of gauge, i.e. CTOCD-DZ is ipsocentric, a physically realistic analysis of
the different orbital contributions to the computed current density can be made.” It has been
shown that in many T-conjugated polycyclic systems the currents densities maps are
predominantly determined by occupied to un-occupied transitions around the HOMO — LUMO
gap.”17 A rotational transition will lead to a paratropic ring current, while a translational transition
will lead to a diatropic ring current. -18

Firstly, we turn to compounds 1 and 3 — 5 since the CTOCD-DZ results reveal that these
CH-PAH show a similar behavior. The current density maps of 1, 3 — 5 induced by a magnetic
field perpendicular to molecular plane were calculated (see Experimental Section). In Figures 2 - 4
these current-density maps are shown (anticlockwise circulation is diamagnetic, whilst
patamagnetic circulation is clockwise). For compound 1 a diatropic (‘aromatic’) circulation is
observed around the 14m-clectron pyrene-perimeter in the total T-only map (Figure 2A). This
diatropic current is typical for the parent PAH pyrene (9).19 In addition, a relatively strong
paratropic (‘anti-aromatic’) current is present in the CH-moiety. When the different orbital
contributions to these currents are evaluated, it is shown that the paratropic current in the CH-
moiety is a result of transitions from the two electrons of the HOMO (10a", -6.34 eV). The

pyrene-like diatropic current has its origin in transitions from the HOMO-1 (92", -7.95 eV).
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Figure 2. Computed CTOCD-DZ current density maps for cycloheptalsd|pyrene (1, C) a. T-only map and
b. sum of HOMO and HOMO-1 (102" en 9a").

)

1 e
e -

L
©
p-

-

=

g
oY
NI

X

\ = .
'm) () N @
BRI S Z s S\
¢ \%.Vn\h’.ﬂ 24
RN e e i
NN T

I

:Q/

.

AN

- T

Figure 3. Computed CTOCD-DZ Tt-only maps a. for pleiadiene (3, Cz,) b. for cycloheptalj,£]phenanthrene
(4, C)) and c. for cyclohepta[k,Janthracene (5, C)).

In fact, these two orbitals determine the main features of the total T-only map. Calculation of the
sum plot, Ze. the current density map of the [HOMO + HOMO-1 (102" + 9a")]-electron
distribution (Figure 2B), corroborates this analysis; it is nearly identical to the m-only map (Figure
2A).
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In the CTOCD-DZ m-only current density maps of compounds 3 — 5 (Figure 3) similar
phenomena are apparent. Besides diatropic circulations that are typical for the parent PAH 13 —
15,2021 paratropic ring currents are present in the CH-moiety. Also in the case of the compounds
3 — 5, two T-orbitals primarily determine the Tt-only current density map. Whereas, the paratropic
current has its origin in transitions from the HOMO [3: 3a, -6.67 €V; 4: 92", -6.67 €V; 5: 92", -6.25
eV], the HOMO-1 [3: 4by, -8.70 eV; 4: 8a", -8.00 eV; 5: 8a", -8.42 eV] transitions give rise to the
typical alternant PAH diatropic features.

In contrast to what was found for 1, 3 - 5, no paratropic ring current in the CH-moiety is
discernible in the T-only current density map calculated for 2 (Figure 4A)! It contains merely two
localized double bonds. In addition, the typical 'disjoint' structure of fluoranthene is visible, ze. a
diatropic benzene-like current and a diatropic naphthalene-like current.!* Analysis of the different
orbital contributions to the T-only current density map shows that in the case of 2 instead of two,
three T-orbitals contribute, 2z, the HOMO (4a,, -6.64 ¢V), the HOMO-1 (6by, -7.87 ¢V) and the
HOMO-2 (5by, -8.82 eV). The HOMO-current density map displays only a weak paratropic
cutrent along the CH-moiety (Figure 4B), the HOMO-1 a diatropic current in the benzene-moiety
of 2 (Figure 4C) and the HOMO-2 a diatropic current in the naphthalene moiety of 2 (Figure 4D).

. 4
N L y
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Figure 4. Orbital contributions to the ring currents in cyclohepta[sd]fluoranthene (2, C2) computed by the
CTOCD-DZ method a. Tt-only map and b. 4a; (HOMO), c. 6b;y (HOMO-1) and d. 5b; (HOMO-

2) molecular orbitals.
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eV
2.07 7b,
1.63 5a,
-6.64e® 4a,
2
a

Figure 5. a. Orbital energy level diagram showing the transitions responsible for the orbital currents in 2.
Filled arrows represent translational transitions and open arrows rotational transitions from
occupied levels. b. Molecular orbital plot of the HOMO of 2 (44,). ¢. Molecular orbital plot of the
LUMO of 2 (5a2). d. Molecular orbital plot of the LUMO+1 of 2 (74y).

Comparison of the orbital structures of cycloheptalsd|fluoranthene (2) and pleiadiene (3)
rationalizes the presence of localized double bonds in the Tt-only current density map of 2 (Figures
5 and 6). The ring currents in the CH-moiety have its origin in transitions from the HOMO. When
the HOMO, LUMO and LUMO+1 of 2 and 3 are compared, it is evident that both compounds

possess similar HOMO's (2: 4a2 —6.64 €V, 3: 3a; —6.67 ¢V). The LUMO and LUMO++1, however,
are inverted in 2 compared to 3 (2: LUMO 5a,, 1.63 ¢V; LUMO+1 7by, 2.07 ¢V, 3: LUMO 5by,
2.33 eV; LUMO+1 4a;, 2.62 eV). This results in a rotationally allowed (open arrow) HOMO -
LUMO transition for 3 (3a2 to 5by), but a translationally allowed (filled arrow) transition for 2 (4a;
to 5az). Furthermore, Figure 5 shows a translationally allowed HOMO — LUMO+1 transitions for
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eV
2.62 4a,
2.33 5b,
-6.67Hew® 3a,
a 3

Figure 6. a. Orbital energy level diagram showing the transitions responsible for the orbital currents in 3.
Filled arrows represent translational transitions and open arrows rotational transitions from
occupied levels. b. Molecular orbital plot of the HOMO of 3 (3a). c. Molecular orbital plot of the
LUMO of 3 (541). d. Molecular orbital plot of the LUMO+1 of 3 (4a).

3 (3az to 4ay), and Figure 4 a rotationally allowed HOMO — LUMO++1 for 2 (4a; to 7by). The
relative intensities of these transition are now of relevance. Whereas, the rotational transitions have
comparable intensity, the translational transition in 2 is enhanced. This results in a larger diatropic
current in 2 that reduces the paratropic current in the CH-moiety and consequently leads to

localization of the two double bonds.

9.2.3  NICS values and 'H-chemical shifts of CH-PAH
In 1996 the Nucleus Independent Chemical Shift (NICS) criterion was introduced as a probe for
local ring current contributions.® The mean absolute nuclear shielding (G.y) in the geometric center

of a ring is computed and converted into a shift by reversing its sign. A negative sign reflects a
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local diatropic (aromatic) ring current, whereas a positive sign indicates local paratropic (anti-
aromatic) ring current contributions. The O, values can also be obtained by appropriate
integration of the CTOCD-PZ2 current densities (see Experimental Section).!” In Figure 7 the
computed NICS values are presented for compounds 1— 5. For all compounds, negative NICS
values are found for the rings in the PAH core and positive values for the CH-moieties. This is in
line with the CTOCD-DZ current density maps (section 9.2.2), which gave diatropic ring currents
in the core and paratropic currents in the CH-moiety. Notice, however, that the NICS value of the
CH-moiety of 2 is considerably smaller (2.3 ppm) compared to the values of the CH-moieties in 1
and 3 - 5 (7.0, 6.7, 6.0 and 6.0 ppm, respectively).

10 11
o 1@4
8 1 10 5
7 2 9 6
8 7
6 3
5 4
2 3

Figure 7. Computed nuclear shielding constants (NICS) at the fing centers of 1 — 5 (in ppm).

In addition, the "TH-NMR chemical shifts were computed with the CTOCD-PZ2 method.
Selected resonances for compounds 1 — 5 are compiled in Table 2. The calculated chemical shifts
are generally shifted up-field by up to 0.6 ppm from the corresponding experimental values.
Notwithstanding, the general trends and features found experimentally are reproduced. The
protons attached to the aromatic cores of 1, and 3 - 5 are shifted up-field as is illustrated by the
calculated average shift [0, (6)calc.]. In addition, all core protons neighboring the CH-moiety
possess the largest up-field shifts [1: H2, H7; 3: H(5, 10); 4: H3, HS8, 5: H1, H7)].

9.2.4  Magnetic properties of CP-PAH and CH-PAH wversus CP-CH-PAH: a prediction

For the CH-PAH 1, 3, 4 and 5 and the CP-PAH 6% and 8'? current density maps show similar
features. The original PAH structure is conserved but in addition a paratropic current is present in
the CP- or CH-moiety. The magnitude of this paratropic current influences the global aromaticity
of the compound. When the CH-PAH (1, 3 and 4) and the CP-PAH (6 and 8) are compared, it
can be stated that the paratropic currents are more pronounced in the CH-moieties. The effect of

the paratropic current in the CH-moiety is only comparable to the effect of the fusion of 7w
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Table 2. Comparison of the selected experimental TH-NMR chemical shifts (ppm) and the computed
hydrogen nuclear magnetic shieldings (CTOCD-PZ2) for compounds 1— 4.

Compound Nucleus? Ocale. Oexp. Oav(6)caic®/ Bav(6)exp.  Oav(7)cate./Oav(T)exp.
1 H(1) 7.47 7.74 7.31/7.55 5.49/5.88
HE) 7.00 7.21
HE3) 5.84 6.23
H(4) 5.11 5.54
H(5) 5.21 5.54
H(©6) 5.80 6.22
H() 6.60 7.08
2 H(1, 8) 7.52 8.26 7.43/7.95 6.07/6.77
HE,7) 7.07 7.59
H(3,6) 6.38 7.18
H(4,5) 5.76 6.37
H(9,12) 7.67 7.65
H(10,11) 7.49 8.30
3 H(1,4) 5.55 6.01 6.70/6.93 5.25/5.70
H(2,3) 4.95 5.37
H(5,10) 6.30 6.63
H(6,9) 6.85 6.99
H(7.8) 6.94 7.21
4 H®) 6.61 6.95 7.27/7.51 5.58/5.89
H(4) 5.62 6.26
H(5) 5.04 5.57
H(6) 4.98 5.57
H() 5.67 6.15
H() 6.32 7.00
5 H(8) 5.68 6.40 7.03 5.50/6.26
H() 493 5.80
H(10) 5.05 6.01
H(11) 6.30 6.84

+ See Figure 7. Fot 8u(6)cac @/l computated 'TH-NMR chemical shifts of the hexagons are used.

cyclopenta-moieties. This is evident when the 8,,(6) and 8,(5) of 1 and 6 are compared to those of

dicyclopenta[edj&]- (17) and dicyclopenta[dd,fgpyrene (18).° These bis-cyclopenta-fused pyrenes
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display larger up-field "H-NMR chemical shifts than 6 but smaller shifts than 1 [8.,(6)/8.v(5/7): 17
7.55/6.66 ppm, 18 7.58/6.90 ppm, 6 8.18/7.32 ppm, 1 7.65/5.97 ppm].%19

The dissimilar magnetic properties of 2, compared to 1, 3 - 5 suggest that also other non-
alternant PAH with both a CP-moiety and a CH-moiety integrated in the alternant core, may
display special features. To evaluate the interaction between CP- and CH-moieties, two hitherto
elusive isomers of anthracene with both a CP- and a CH-moiety fused to the alternant anthracene
core (19 and 20, Chart 2) were studied using the CTOCD-DZ method.

6.66 7.08
19 20

Chart 2

Although the synthesis of 19 has been attempted, this compound has never been
isolated.?> Compounds 19 and 20 have similar total energies [19 is 6.3 kcalmol'! more stable
(RHF/6-31G*¥), see Expetimental section]. In Figute 8 the m-only curtent density maps of 19 and
20 are shown. For both compounds a diatropic current around the anthracene core is visible. For
20, in addition two paratropic currents are present; one in the CP-moiety and one in the CH-
moiety. Surprisingly, no paratropic current, but a diatropic cutrent is observed in the CH-moiety
of 19. Furthermore, the CP-moiety displays a special feature. Both a paratropic and a diatropic ring
current are visible in this CP-moiety, Ze. the ring current is bifurcated. Scrutiny of the different
orbital contributions for 20 indicates that it is a disjoint structure where three different orbitals
contribute to the three different ring currents in the molecule. The current density map of the
HOMO (102", -6.30 ¢V) displays the paratropic current in the CH-moiety, the HOMO-1 (92", -
8.12 eV) the paratropic current in the CP-moiety and the HOMO-2 (8a", -8.47 ¢V) the diatropic
cutrent in the anthracene core. For 19 the same three orbitals (HOMO: 102" -6.40 ¢V; HOMO-1:
92" -7.71 ¢V and HOMO-2: 82" —8.50 eV) contribute to the total T-only current density map, but
now the different orbital contributions are not clearly localized in distinct rings of the molecule. It
is remarkable, that although both a CH-moiety and CP-moiety are present in this molecule that
normally give rise to paratropic ring currents, such ring current contributions are not discernible in
the total T-only map of 19 and point to the importance of odd-membered ring topology. This
effect is also apparent from the calculated NICS values and "H-NMR chemical shifts for 19 and 20

195



Chapter 9

(Chart 2). All NICS values for 19 are negative, albeit weak in the CH-moiety of 19, which implies
that only local aromatic contributions are present. The CH-moiety in 20 has a comparable NICS
value (7.4 ppm) as computed for 1, 3 — 5. Furthermore, the calculated average 'H-NMR chemical
shifts are shifted up-field in the case of 20, but not for 19 [19: 8,.(6) 7.69 ppm, 8.(7) 7.16 ppm; 20:
Oav(6) 6.94 ppm, 8,(7) 5.57 ppm].

Figure 8. Computed CTOCD-DZ T-only cutrent density maps for 19 and 20.

9.3 Conclusions

The CH-PAH 1 and 3 — 5 display strong paratropic ring cutrents in the CH-moiety that decrease
the global aromaticity of the compounds. This is observed experimentally from the up-field shift
of the aromatic protons in the 'H-NMR spectra of 1, 3 and 4. For 2 that contains both an
externally-fused CH-moiety and an internally CP-moiety in its structure, no up-field shifts in the
H-NMR spectrum were observed. Theoretical evaluation of the magnetic properties with
CTOCD-DZ, NICS and calculated '"H-NMR chemical shifts corroborated that paratropic currents
are present in the CH-moieties of 1, 3 and 4, but that the double bonds in the CH-moiety of 2 are
localized.

For the anthracene derivatives 19 and 20 that have both an externally-fused CH-moiety
and a externally-fused CP-moiety annelated to the anthracene core, remarkably different features
are obsetved depending on the topology of CH/CP-fusion. In 20 no interaction between the CH-

and CP-moiety is present, which results in two paratropic ring currents in the CH- and CP-moiety.
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Interaction in 19 is possible, which results in diatropic ring current in the CH-moiety and
bifurcation in the CP-moiety. Hence, although two 'anti-aromatic' moieties ate fused to the

anthracene core, no large reduction of the global aromaticity is expected.

9.4 Experimental section

Computational Methods

The magnetic propetties of compounds 1 - 5 and 19 - 20 were computed using the CTOCD distributed-origin
method at the ab initio Hartree-Fock level of theory. The maps were computed using the DZ (diamagnetic
zero) formulation and the integrated properties using the PZ2 (paramagnetic zero) variant all with the 6-
31G** basis using the Exeter version of SYSMO.23 For consistency, the molecular geometries were
optimized at the RHF/6-31G** using the GAMESS-UK progmm.z4 All stationary points were characterized
by Hessian calculations. Hessian calculations for 1, 2 and 4 have shown that the planar geometries are genuine
minima since no imaginary vibrations were found. For compound 3, weak imaginary vibrations are found,
which indicates that the planar geometry is a shallow minimum. Compound 5 does not have planar geometry
as a minimum, but the deviation of planarity in the ground state geometry is 16 degrees. This is not expected
the influence the calculated current density maps.

The total energies of the compounds 1- 5 and 19 - 20 are listed in the following Table.

Total energies (Eco in hartree) of the compounds 1 — 5 and 19 — 20 calculated at the RHF/6-31G** level of

theory.

Compound Eior (hartree) Symmetry HOMO (in eV) LUMO (in eV)
(symmetry) (symmetry)

1 -764.397903 C; -6.34 (10a") 1.81 (11a")

2 -764.385296 Cz -6.64 (4az) 1.63 (5ay)

3 -535.981597 Ca -6.67 (3az) 2.33 (5by)

4 -688.637156 C; -6.67 (92") 2.20 (10a")

5 -688.616971 C; -6.25 (8a") 1.74 (10a")

19 -764.350188 C; -6.40 (10a") 1.02 (11a")

20 -764.340077 C -6.30 (10a") 1.01 (11a")
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Summary and outlook

The investigations described in this thesis were initiated to study aspects of the chemistry of non-
alternant PAH that are connected to the formation, the selective synthesis and the properties of
closed carbon surfaces. Especially, the combination of synthesis, involving Flash Vacuum
Thermolysis (FVT), advanced spectroscopic techniques and state-of-the-art ab initio quantum
chemical calculations has resulted in insights on very different areas of non-alternant PAH
chemistry. The electronic and magnetic properties of key sub-structures of classical fullerenes, Ze.
cyclopenta-fused PAH, have been described and new sub-structures of bended carbon nanotubes,
cyclohepta-fused PAH, have been identified, synthesized and their properties studied. Finally, non-
alternant PAH are shown to be unimolecular progenitors for previously known and unknown
closed carbon surfaces.

Chapter 1 provides an introduction to the research described in this thesis. The
connection between the chemistry of (2D) non-alternant PAH and (3D) closed carbon surfaces,
such as fullerenes and carbon nanotubes, is exemplified.

Fundamental processes responsible for the build up and rearrangement of non-alternant
PAH in the gas-phase using Flash Vacuum Thermolysis (FVT) are the subject of Part I of this
thesis (Chapters 2 and 3). Convincing evidence is given on the basis of FVT of selectively
deuterated ethynyl-substituted (E-PAH) for the formation of cyclopenta-fused PAH (CP-PAH)
from E-PAH i the proposed Brown mechanism, ze ethynyl-ethylidene carbene equilibration
followed by insertion of the ethylidene carbene into a PAH C-H bond. However, this mechanism
was recently refuted on the basis of ab iuitio calculations. Unexpectedly, but rewardingly, a hitherto
unknown hydrogen migration process was identified. It is shown that the hydrogen atoms of
alternant PAH and CP-PAH are mobile; they migrate under high temperature conditions along the
perimeter of the molecule. A mechanism involving carbene intermediates is proposed to
rationalize these observations. The facile deuterium migration has important consequences for the
interpretation of (previous) mechanistic studies on the high temperature chemistry of (CP)-PAH.

In Part IT of this thesis (Chapters 4 — 7) the use of unimolecular non-alternant PAH
progenitors for the synthesis of Cgo, C70 and heterofullerenes is explored. The synthesis by design

of Cg starting from the CqHsz PAH benzo[l,2-¢:3,4-¢":5,6-¢"|tribenzo[]acephenanthrylene is
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achieved via fifteen-fold consecutive H; losses and ring closures induced by matrix-assisted-laset-
desorption-ionization time-of-flight mass spectrometry (MALDI TOF-MS). In CgHso the
innermost non-bonding hydrogen atoms are sterically congested and therefore susceptible to
undergo cyclodehydrogenation, ze. Hz loss followed by ring closure. This leads to curling up of the
carbon skeleton, whereupon the next set of inner-core, non-bonded hydrogen atoms becomes
sterically congested and, thus, prone to undergo the next set of cyclodehydrogenations. Hence, the
process of imposing curvature and finally closure of the carbon surface resembles a zipper
behavior. Both sewi-empirical and ab initio calculations support this ‘“zipping up process’. The
results unequivocally show that the carbon topology of the CeHso precursor, which exactly
matches the carbon topology of Ce, is a prerequisite. This has led to the Schlegel-match
proposition as a design critetion for the identification and preparation of (novel) unimolecular
precursors for closed carbon surfaces.

Based on these results two different unimolecular precursors for Cyo are proposed
(Chapter 5). One is a Schlegel-match precursor, vz a corannulene derivative. The other Cro
progenitor is a derivative of a fullerene pipe. The latter is proposed as a viable precutsor since ab
initio calculations have shown that in the “zipping up’ process intermediates that contain a closed
carbon surface are more stable than constitutional isomers where the surface is not yet closed. The
results of the calculations indicate that both progenitors can be converted into Cs by
cyclodehydrogenations under similar conditions as applied to CsHszo rendering their syntheses
worthwhile.

An ultimate objective of designing selective synthesis for closed carbon sutfaces is to be
able to modify their properties by for example the incorporation of hetero-atoms or by the
preparation of endohedral fullerenes. A particular ensuing goal is the preparation of azafullerenes;
incorporation of nitrogen atoms is expected to add electropositive character to the 3D molecule.
Hence, based on the Schlegel-match proposition a Cs7H33N3 non-alternant PAH was identified as
a precursor for a Cyo-derivative in which three carbon atoms are replaced by nitrogen atoms, Ze.
the novel triazafullerane Cs7H3N3 and its ionic analogues Cs7HoN3*/Cs7HoNj. It is shown that the
non-alternant Cs7H33N3 hetero-PAH indeed converts into an (lonic) azafullerane za successive Hj
losses and ring closures under MALDI TOF-MS conditions. Again, imposing cutvature and finally
closure of the surface proceeds from the inside outwards (“zipping up’ process). This is
substantiated by @b inito calculations on the neutral, cationic and anionic species of the proposed
intermediates as well as "zipping up' of a deuterated analogue (Cs;Hz72HgN3) under similar MALDI
TOF-MS conditions. Interestingly, the conversion to a 3D closed surface can be achieved both in
the positive-ion mode and the negative-ion mode. The success of the Schlegel-match proposition

also renders the selective preparation of endohedral fullerenes viable. It is envisaged that trapping
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of one of the intermediate ions formed during the 'zipping up' process in the mass spectrometer
followed by addition of an ion or gas and subsequent further closure of the surface may give
access to endohedral fullerenes by design.

In Part IIT of this thesis (Chapter 7 — 9) the electronic and magnetic properties of
fullerene and carbon nanotube sub-structures are explored. At first instance, the properties of the
key sub-structures of classical fullerenes, #z. those entirely composed of hexagons and pentagons,
ie. cyclopenta-fused PAH were considered. The electronic effect of the externally-fused
cyclopenta-moiety on a PAH perimeter in CP-PAH was studied by Cyclic Voltammetry (CV). A
series of 23 PAH, mono- and bis-CP-PAH were examined. Mono- and bis-CP-PAH with externally-
fused cyclopenta-moieties were shown to undergo facile reduction and, hence, are expected to
have high electron affinities (EA). In contrast to previous reports, a linear correlation between the
LUMO energy (€rumo) derived from Huckel Molecular Orbital (HMO) theory and the first
reduction potential is obtained. This is shown to be the consequence of the fact that the
cyclopenta-moiety acts as an electron-withdrawing per-substituent. This contention is supported
by the nearly identical Hammett constants (Om) for the cyclopenta-moiety in four structurally
different CP-PAH. It is proposed that upon reduction (addition of electrons) 67t cyclopentadienide
sub-structures are present. Both the calculated geometries of the radical-anions and bis-anions of
selected (bis)-CP-PAH as well as the calculated magnetic properties of the bis-anions support this
view.

To compare the electronic behavior of cyclopenta-fused PAH with that of their
cyclohepta-fused counterparts, efficient syntheses of CH-PAH had to be developed since only a
few representatives were known and only available lengthy syntheses (Chapter 8). Cyclohepta-
fused PAH are also interesting synthetic targets from another perspective. Whereas the
cyclopenta-moiety (pentagon) leads to positive curvature, a cyclohepta-moiety (heptagon) can
induce negative curvature in a graphitic sheet. The syntheses of the novel cyclohepta-fused PAH,
cyclohepta[sdlpyrene and cyclohepta[sd]fluoranthene is achieved by FVT of bis-acetylated
precursors at remarkably low temperatures. It is shown that CH-PAH are only stable in a limited
temperature range (T < 900°C). At higher temperatures conversion to their cyclopenta-fused
counterparts takes place, ze. C;Hj extrusion occurs from the CH-moiety. This observation explains
that up till now no CH-PAH have been identified in combustion mixtures.

The electronic behavior of CH-PAH is anti-symmetric with that of the corresponding
CP-PAH. Whereas CP-PAH have high electron affinities, CH-PAH have low first oxidation
potentials. This can be rationalized on the basis of their molecular orbital properties, ie. whereas
the presence of a pentagon renders a compound n-type, the heptagon leads to p-type character. A

particular interesting future goal will be the synthesis of structures with both pentagons and
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heptagons integrated in the structure, resembling all carbon/hydrogen donor-acceptor
compounds. Finally, the magnetic properties of a series of CH-PAH are discussed in Chapter 9.
The presence of a heptagon leads in most cases to a strong paratropic current in this ring when a
magnetic field is applied. This is inferred from up-field shifted 'H-NMR chemical resonances.
When both a pentagon and a heptagon are present in the structure in some cases an interesting
interaction occurs, which leads to new and unexpected properties. This renders such molecules

interesting synthetic targets.
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Samenvatting

Het in dit proefschrift beschreven onderzoek heeft tot doel verschillende aspecten van de chemie
van tweedimensionale (2D) niet-alternerende polycyclische aromatische koolwaterstoffen (PAKSs)
te onderzoeken, die gerelateerd zijn aan de chemie van driedimensionale (3D) gesloten
koolstofoppervlakken. Een relatie tussen deze twee klassen van verbindingen is op verschillende
gebieden aanwezig. In de gasfase worden bijvoorbeeld onder vergelijkbare condities zowel niet-
alternerende PAKSs als gesloten koolstofoppervlakken gevormd. Gesloten koolstofoppervlakken
kunnen verder op selectieve wijze gesynthetiseerd worden uit niet-alternerende PAKs. Als laatste,
vormen niet-alternerende PAKs sleutel substructuren van gesloten koolstofoppervlakken. De
combinatie van synthese, waarbij gebruik werd gemaakt van Flits Vacuum Thermolyse (FVT),
geavanceerde spectroscopische technicken en ab initio berekeningen, heeft geleid tot nieuwe
inzichten. De elektronische en magnetische eigenschappen van de substructuren van klassieke
fullerenen, d.w.z cyclopenta-gefuseerde PAKs worden beschreven. Verder zijn nieuwe sleutel
substructuren van gebogen koolstofbuizen, cyclohepta-gefuseerde PAKSs, gemaakt en hun
eigenschappen bestudeerd. Tot slot, zijn niet-alternerende PAKs gebruikt als uitgangsstoffen in de
selectieve synthese van bekende en tot nu toe onbekende gesloten koolstofoppervlakken.

Hoofdstuk 1 geeft een introductie voor het in dit proefschrift beschreven onderzoek. De
relatie tussen de chemie van (2D) niet-alternerende PAKs en (3D) gesloten koolstofoppervlakken,
zoals fullerenen en koolstof nanobuizen, wordt duidelijk gemaakt.

Een aantal fundamentele processen van belang voor de opbouw en omleggingen van
niet-alternerende PAKSs onder hoge temperatuurcondities in de gasfase worden in Deel I van dit
proefschrift (Hoofdstukken 1 en 2) bestudeerd met behulp van Flits Vacuum Thermolyse (FVT).
Met FVT van selectief gedeutereerde ethynyl-gesubstitueerde PAKs (E-PAKSs) is vastgesteld dat
cyclopenta-gefuseerde PAKs (CP-PAK) gevormd worden »iz het Brown mechanisme vanuit E-
PAK. Dit mechanisme (ethynyl-ethylideen equilibratie gevolgd door C-H insertie van het
gevormde ethylideen carbeen) is recent ter discussie gesteld op basis van ab initio berekeningen.
Naast experimenteel bewijs voor dit mechanisme werd onverwacht ontdekt dat de waterstof
atomen van zowel alternerende als niet-alternerende PAKs mobiel zijn onder discrete FVT

condities en kunnen migreren langs de perimeter van het molecuul. Een mechanisme, waarin
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carbeen intermediairen een rol spelen, wordt voorgesteld om de migraties te verklaren. Het feit dat
de migratie van waterstof atomen zo makkelijk plaatsvindt, heeft belangrijke consequenties voor
de interpretatic van (eerder gepubliceerde) mechanistische studies naar het hoge temperatuur
gedrag van (niet-)alternerende PAKS.

In Deel II van dit proefschrift (Hoofdstukken 4 — 7) wordt de reikwijdte bestudeerd
van het door ons voorgestelde Schlegel-match principe. Dit principe stelt het gebruik voor van
unimoleculaire niet-alternerende PAKs met de juiste koolstoftopologie als uitgangsmateriaal voor
3D gesloten koolstofoppervlakken. Op basis van dit principe is Cgo verkregen vanuit de niet-
alternerende  CooHzp  PAK  benzo[l,2-¢3,4-¢"5,6-¢"|tribenzo[]acephenanthryleen  d.m.v.
vijftienvoudig H> verlies en ringsluiting, zgn. cyclodehydrogenaties, onder MALDI TOF-MS
condities. De binnenste niet-gebonden waterstof atomen in CgHso zijn sterisch gehinderd en
daardoor gevoelig voor cyclodehydrogenatie. De opeenvolgende cyclodehydrogenaties zorgen
voor het opkrullen van het koolstofskelet, de volgende set van niet-bindende waterstof atomen
komen daarbij binnen de som van de Van der Waals radius. Dit is van belang voor de volgende
serie van cyclodehydrogenaties. Dus, de kromming van het koolstofskelet en de uiteindelijke
sluiting, vinden plaats volgens een ritsproces. Zowel semi-empirische als ab inito berekeningen
bevestigen deze experimentele resultaten. Het blijkt hierbij essentieel te zijn dat de uitgangsstof
voldoet aan het Schlegel-match principe, aangezien anders ook degradatiereacties optreden van het
PAK skelet.

Naar aanleiding van deze resultaten worden twee unimoleculaire uitgangsstoffen voor Cro
voorgesteld (Hoofdstuk 5). Terwijl één voldoet aan het Schlegel-match principe, heeft de ander al
een gesloten koolstofskelet lijkend op een fullereenpijp. Deze laatste structuur is voorgesteld
omdat uit berekeningen blijkt dat gesloten koolstofoppervlakken tijdens het ritsproces stabieler
zijn dan niet-gesloten oppervlakken. Op grond van berekeningen wordt verwacht dat beide
uitgangsstoffen d.m.v. cyclodehydrogenaties kunnen worden omgezet in Cs onder soortgelijke
condities als gebruikt werden voor het ‘ritsen’ van CgHso tot Cgo. Dit maakt de synthese van deze
structuren interessante doelen.

Het uiteindelijke doel van het ontwerpen van selectieve syntheses voor fullerenen is de
mogelijkheid om de fullereenstructuur en dus de fullereeneigenschappen te kunnen modificeren.
Dit kan door de introductie van hetero-atomen in het skelet of de synthese van endohedrale
fullerenen. Een bijzonder interessante mogelijkheid is de introductie van stikstof atomen aangezien
deze elektropositieve eigenschappen in het uiteindelijke molecuul kunnen introduceren. Daarom
werd op basis van het Schlegel-match principe, de niet-alternerende Cs;H33N3 PAK ontworpen en
gesynthetiseerd (Hoofdstuk 6). Deze verbinding is een precursor voor de triazafulleraan Cs7H3N3

en zijn ionogene analoga Cs7HoN3*/ Cs7HoN3, dow.z. Ceo derivaten waarin drie koolstof atomen
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zijn vervangen door stikstof atomen onder MALDI TOF-MS condities. Door middel van
cyclodehydrogenaties werd Cs7H33N3 omgezet in de tot nu toe onbekende azafulleraan Cs7HoNa.
De cyclodehydrogenaties vinden plaats op een stapsgewijze manier, van binnen naar buiten. Dit
wordt ondersteund door zowel ab initio berekeningen als experimenteel door 'het ritsen' van een
gedeutereerd analoog, Cs7H272HgN3 onder vergelijkbare MALDI TOF-MS condities. Opmerkelijk,
kon in het geval van de stikstofhoudende Cs7H33N3; PAK ook cyclodehydrogenaties worden
geinduceerd in de negatieve-ion modus.

Het succes van het Schlegel-match principe maakt het mogelijk om ook selectief
endohedrale fulleranen te maken. Tijdens het ritsproces kan bijvoorbeeld een intermediair ion in
de massaspectrometer ‘getrapt’ worden. Vervolgens kan dan een gas of ion ingelekt worden,
waarna de structuur verder gesloten wordt.

In het laatste deel van dit proefschrift (Hoofdstukken 7 — 9) worden de elektronische en
magnetische eigenschappen van sleutel substructuren van fullerenen en koolstofbuizen bestudeerd.
In eerste instantie worden de eigenschappen van cyclopenta-gesubstitueerde PAKs (CP-PAK)
bestudeerd. Dit zijn sleutel substructuren van klassieke fullerenen, d.w.z fullerenen opgebouwd uit
vijf- en zesringen. Het elektronische effect van de extern geannuleerde vijfring op de
eigenschappen van CP-PAKSs werd bestudeerd met behulp van Cyclische Voltammetry (CV) aan
23 PAKs, mono-CP-PAKs en bis-CP-PAKs. Mono-CP-PAKs en bis-CP-PAKs met extern
geannuleerde vijfringen bleken makkelijk te reduceren en hebben daarom een hoge
elektronenaffiniteit (EA). In tegenstelling tot wat eerder in de literatuur beschreven is, bestaat er
een lineare correlatie tussen de energie van de LUMO, bepaald met behulp van Hiuckel
Molekulaire Orbital theorie, en de eerste reductie potentiaal. Dit blijkt een gevolg te zijn van het
feit dat de extern geannuleerde vijfring kan worden beschreven als een elektronenzuigende pers-
substituent. Identicke Hammett constanten (Om) werden gevonden voor de vijfringen in vier
verschillende CP-PAKs. De resultaten suggereren dat na reductie, 67 cyclopentadienide
substructuren aanwezig zijn in CP-PAKs. Dit is in overeenstemming met zowel de berekende
geometrie van de radicaal anionen en bis-anionen als de berekende magnetische eigenschappen van
de bis-anionen.

Om het elektronische gedrag van CP-PAKs te kunnen vergelijken met dat van
cyclohepta-geannuleerde PAKs (CH-PAKS), moesten voor de laatste klasse van verbindingen eerst
efficiénte syntheses ontworpen worden. De synthese van CH-PAKSs is ook interessant vanuit een
geheel ander perspectief. Terwijl de aanwezigheid van pentagons leidt tot positieve kromming,
kunnen heptagons negatieve kromming in een grafietvlak introduceren. Tot nu toe waren alleen
een paar van deze verbindingen toegankelijk via lastige syntheseroutes. De nieuwe CH-PAKS,

cyclohepta[sd]pyreen en cycloheptals,d|fluorantheen, werden verkregen met behulp van FVT van
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bis-geacetyleerde PAKs bij lage temperaturen. CH-PAKSs blijken in een beperkt temperatuurgebied
stabiel te zijn, aangezien FVT bij hogere temperaturen leidt tot de vorming van de
corresponderende CP-PAKSs. Dit verschijnsel geeft een mogelijke verklaring voor het feit dat tot
nog toe geen CH-PAKS zijn geidentificeerd in verbrandingsmengsels. Waarschijnlijk zijn ze niet
stabiel genoeg tijdens hoge temperatuur condities.

De elektronische eigenschappen van CH-PAKSs zijn anti-symmetrisch met die van de
corresponderende CP-PAKSs. Terwijl CP-PAKSs hoge elektronen affiniteiten hebben, hebben CH-
PAKSs lage ionisatie potentialen. Deze relatie kan worden gerationaliseerd op grond van hun
moleculaire orbital eigenschappen. Dus, terwijl de aanwezigheid van een pentagon leidt tot
verbindingen met n-type karakter, induceren heptagons p-type karakter. Een interessante andere
toepassing kan daarom de synthese van donor-acceptor verbindingen zijn, die alleen uit koolstof
en waterstof bestaan, maar zowel een pentagon als een heptagon bevatten.

Als laatste worden de magnetische eigenschappen van een serie CH-PAH bestudeerd
(Hoofdstuk 9). De aanwezigheid van een heptagon leidt tot sterke paratrope ringstromen in deze
ring in de aanwezigheid van een magnetisch veld. Dit is afgeleid van de up-field verschoven 'H-
NMR resonanties. Wanneer zowel een pentagon als een heptagon geintegreerd zijn in dezelfde

PAK structuur kan dit leiden tot interessante nieuwe eigenschappen.
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