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Abstract

Non-Kekulé PAHSs have been studied for a variety of applications due to the interesting
chemistry they possess for such simple organic molecules. PAHs can have both closed
and open-shell arrangements which have been of interest recently due to the potential
magnetic and electronic properties they can acquire. Due to this, there has recently been
a strong interest in graphene which can be viewed as a sheet of PAHSs fused together.
This thesis describes the formation of particular PAHs including open-shell compounds

and how PAHSs can be fully characterised using one technique.

Chapter 2 describes the synthesis of 6H-benzo[cd]pyrene, the starting point of this
project. Pentacene and perylene are other five fused ring structures like 6H-
benzo[ cd] pyrene which are commonly used due to their fluorescence, thus, this PAH
could have interesting properties for material scientists. The production of the

benzo[ cd] pyrene radical by AFM/STM is then described.

Chapter 3 describes peri-condensation reactions to form larger PAHs a technique which
was commonly used in the 1900s for the addition of an aromatic ring, however, multiple
ring additions have been reported to occur. In addition, carbon labelling experiments
have been completed to confirm this and the mechanism by which multiple rings add
have been discussed. STM/AFM has been used to characterise the compounds formed in
the peri-condensation reactions as common techniques for characterisation do not

provide enough structural data for compound determination.

Chapter 4 discusses the synthesis of 3,8-dihydro-3H,8H-dibenzo[cd,mn]pyrene.
Thereafter the use of AFM/STM is then utilised to dehydrogenate 3,8-dihydro-
3H,8H-dibenzo[ cd,mn]pyrene to form the non-Kekulé structure of triangulene which

was simultaneously imaged for the first time.
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1 Chapter 1: Introduction

1.1 Kekuléconjugated hydrocarbons

Hydrocarbons are compounds which contain carbon and hydrogen atoms which can
be generalised into acyclic (such as ethane and propylene) and cyclic molecules
(such as cyclohexane and benzene). An important group of cyclic hydrocarbons are
polyaromatic hydrocarbons (PAHS). These compounds are structurally arranged with
two or more fused aromatics, often benzene rings.* The Kekulé structure of a PAH is
a structural formula based on August Kekulé's 1865 model of benzene, where every
7 electron pair in a cyclic m system can form a m bond.> * Archibold Couper and
Josef Loschmidt proposed a near-correct model of the structure of benzene in 1861
containing multiple double bonds and a cyclic structure*® Loschmidt, who
suggested the structures of a variety of compounds including triazene, benzidine and
benzene, had made a significant step in the true representation of benzene as a large
cyclic ring (Figure 1) but did not rationalise his structures.>® Nevertheless, Kekulé
had explained aromaticity in relation to the structure and included the aternating

double bonds therefore rationalising the support for his theory of benzene fully.® 7:°

Figure 1: Loschmidt's depictions of compounds (Ieft) with the modern day representations
(right).



Huckel’s ‘4n+2' rule can be applied to systems such as benzene as they are
monocyclic, planar and the atoms all participate in delocalisation. This rule predicts
whether a monocyclic fully-conjugated planar hydrocarbon is aromatic and therefore
stable, or not. However, there is a limitation to this rule in PAHS, as it only works
with molecules which possess one ring. The stability of three or more ring PAHs
cannot necessarily be predicted using this rule. This is due to a third ring being
formed by either a one bond or two bond fusion, where a one bond fusion (cata-
fused) obeys Huckel’ s rule and atwo bond fusion (peri-fused) does not, as thisforms
a non-Kekulé structure (Figure 2). Naphthalene 4 is the only two ring PAH formed
of benzenes, coincidentally it is a cata-fused compound, therefore it seems to obey
Huckel’s rule. In the case of pyrene 8 a 16-electron compound Hiickel’ s theory does
not work either as this is produced by either a two bond or three bond fusion (bay-

fused) and so these rules should only be applied to monocyclic systems. 1% 11

Cata-fused

1ring © 6e_\/

3
2 rings O 106 VvV a 146

/ Bay-fused
Cata-fused
3 rings

4 rings
wjed ‘Pen-fused ‘

13e_ X 166 X

Figure 2: Showing that the ‘4n+2’ rule does not consistently apply to polyaromatic
hydrocarbons. Wherea ‘tick’ signifiesthat it obeys Huckel’sruleand a ‘cross does not.



There are anumber of ways to analyse compounds to seeif it is a Kekulé structure or
not; one method is drawing the double bonds into the system one at a time, which
can be alaborious process, another similar method shown by Clar et al. (Figure 3) is
to label each alternate carbon and compare the difference, and if there is a difference
then it is a non-Kekul é structure.** 12 For example, in Figure 3 anthanthrene 9 has 11
of each marked and non-marked carbons therefore the difference is zero, thusit isa
Kekulé structure. However, triangulene 10 has a difference of two, therefore thisis a
non-K ekulé structure and in thisinstance adiradical. A non-K ekulé molecule may be
defined as one that contains enough atoms but not enough bonds to satisfy the

standard rules of valence.*®

10

&%ﬂéﬁ&

Number of marked carbons:
Number of unmarked carbons: 11 10
Difference: 0 2

Figure 3: Clar's method for deter mining K ekulé and non-K ekulé structures.*?

Non-Kekulé molecules are of particular interest due to their unique photochemical
excited states and reaction transition states, with the possible incorporation into

materials with novel optical, electronic or magnetic properties.** 1



One of the first non-Kekulé triplet ground state structures to be synthesised was in
1915 by Schlenk and Brauns.®8 The work of O. Stark et al. laid the foundation for
the formation of the Schlenk-Braun hydrocarbon 11 as Stark and his co-worker’'s
attempts to form the exocyclic tetraphenyl substituted m-xylylene were
unsuccessful.1>2 The two tertiary carbon sites help stabilise the radical but upon

exposure to air the compound formed various peroxide products within a day.®

L )
11
Figure 4: The Schlenk-Brauns hydrocarbon 11.

Due to the potential worth of these non-Kekulé molecules, certain polybenzenoids
have been of particular interest. Polybenzenoids can be described as fused six-
membered rings and there are a number of polyaromatic hydrocarbons which have
been identified.? In particular, one benzenoid PAH, triangulene 10 (Figure 3), which
is the simplest even-carbon-numbered non-Kekulé poly-benzenoid hydrocarbon.
This compound has been of interest because the analysis of its instability and
observable spin states could be potentially used in electronic devices. However, like
most non-Kekulé PAHs it is very reactive and has not been isolated, as reported from

the early work of Clar et al.?» %

Even though the dihydrides of dihydro-triangulene 12 are readily oxidised, the
dianion of triangulene 13 has been synthesised by O. Hara et al. (Scheme 1).25%8
Nevertheless, the diradical form 10 has yet to be isolated. It is suggested that the
neutral diradical is more reactive then a single radical and spontaneously

dimerises/polymerises.? %



Scheme 1: lllustrates the simplest even-car bon-number ed non-K ekulé benzenoid structure of
dihydro-triangulene 12 and the dianion 13.

Unlike the Schlenk-Brauns hydrocarbon 11, where the spin density is the highest on
the central carbons, the spin density of triangulene 10 is highest around the outside
of the molecule (Figure 5).%° Taking this in to account as well as the proposal that
triangulene is flat, a poly-benzenoid and possesses a lower number of isolated

benzene rings (see section 1.3: Clar sextets), theradicals are less stable.

Figure5: Showsthe calculated spin density of triangulene with the large circlesindicating
greater values asreported by Inoue et al.?®

1.2 Larger polyaromatic hydrocarbons

Large PAHs are classed as having more than six fused rings. PAHs can be aso

classed as ‘ nanographene’ which can have a diameter up to around 10 nm.30: 31

Pioneering work on these ‘nanographenes dates back to Roland Scholl (1910) and
Erich Clar (1950s) as their work contributed hugely in this area. However, back then
harsh conditions were used during synthesis such as strong oxidising agents and high
temperatures usually resulting in poor yields. A lack of available analytical

techniques makes their work even more remarkable.®® 3% Moreover, it is very



difficult to synthesise large PAHs as their solubility decreases upon increased
molecular weight and certain stability issues can restrict those that can be formed. A
number of models to explain the bonding and relative stability of PAHs have been
proposed and will be discussed herein to help understand this class of compounds

further. 132,33

1.3 Clar sextets

As mentioned previoudly, the Hickel ‘4n+2’ rule is only applicable to monocyclic
aromatic species, and so for multi-ringed species the Clar sextet rule helps provide a

gualitative analysis of stability for larger fused poly-benzenoids.

Clar's rule states that the Kekulé resonance structure with the most number of
isolated aromatic m-sextets will be the most important and therefore most likely
representation of the electronic structure of a polyaromatic hydrocarbon (PAH).1* An
aromatic m-sextet is defined as ‘six m-electrons localised in a single benzene-like ring

separated from adjacent rings by aformal C-C single bond’ .1 37

After the structure of benzene was realised, the idea of the ‘m-sextet’ in aromatic
rings can be traced back to Henry Armstrong in 1890, with further major
contributions from Sir J. J. Thomson in 1921, Ernest Crocker in 1922 and Henry

Armit and Sir Robert Robinson in 1925." 34!



o

5 8
anthracene pyrene

Figure 6: The centric nucleus of benzene species annotated as'C' in the Armstrong
representation, with the later universally represented as a circle shown below them. If the‘C’s
wer e replaced with circlesit would be exactly like Clar’ s representations (below).

However, it was Clar who applied this to much larger polycyclic benzenoid
hydrocarbons and explained the various properties and characterisations observed
with this rule. For example, using Clar’s rule on phenanthrene 6, the Clar structures
are represented in Figure 7. There are two Clar structures which can be drawn; one
with two full isolated sextets (b) and the other with one (a). Therefore, the one with
the greater number of sextets (b) is the most likely resonance form in terms of
stability. This also suggests that two outer rings of phenanthrene will have more
aromatic character then the central ring which can be said to behave more like an
olefin. This is supported by various reports as phenanthrene 6 will readily substitute

bromines without a catalyst on the middle olefinic ring of (b).% 4243



Figure 7. Simplest set of linear and bent benzenoid structures. Therespective Clar structures of
a), b) phenanthrene 6 (isolated olefin), c), d), €), anthracene 5 (migrating) and f), g),
triphenylene 14 (fully benzenoid) are shown.*

Clar has described that there are three main forms of benzenoid species; 1) those that
contain Clar sextets and a double bond, like an *isolated olefin’ (phenanthrene 6), 2)
those which contain a Clar sextet and rings which contains two double bonds, which
are known as ‘migrating sextets as more than one Clar structure can be drawn
(anthracene 5, Figure 7, c-€), and 3) those that contain Clar sextets and empty rings

which are known as ‘fully benzenoid’ (triphenylene 14, Figure 7, f-g).1% 37

As discussed, the structure of phenanthrene with the most Clar sextetsis likely to be
most representative of the electronics of the compound and this can be used to
compare properties of different structures as well. In anthracene, only one Clar sextet
(migrating) can be drawn for any one structure (Figure 7, c-e), which would suggest
that phenanthrene is much more stable than anthracene. This has been proven by
experimental and theoretical studies which show that phenanthrene 6 has 4-12 kcal

grester aromatic stabilisation energy than that of anthracene 5.1t 449

8



Experimentally, anthracene reacts faster than phenanthrene especialy in the central
ring. This is due to the resulting intermediate 15 possessing two Clar sextets rather
than the one migrating sextet, which provides greater stability, lowering the reaction

activation energy (Figure 8).3"- %50

o of c

15 16

Figure 8: An addition reaction produces a mor e stable anthracene inter mediate 15, with two
Clar sextets. The fully benzenoid triphenylene 14 has extra stability by the contribution of the 2-
7 electrons from each sextet.

The most stable are the ‘fully benzenoid’ structures which have 6m electrons and
‘empty rings such as triphenylene 14, dibenzo[el]lpyrene 16 and
tribenzo[b,n,pgr]perylene 17 (Scheme 2), which are also known to have extra
stability.* ! Clar commented that 27 electrons can migrate from one ring to another,
when applied to triphenylene 14, the central ring cannot be empty but has a
contribution of 27 electrons from each ring shown in Figure 8.1% 52 5 Hence, an
induced sextet is formed within the middle ring which provides additiona

stability. %2

Further support for Clar's representation of the fully benzenoid series was that
triphenylene compared to its isomers (CisHiz, which have two Clar sextets at most)
has the largest resonance energy, is chemically less reactive and has the highest
ionisation potential and the largest highest occupied molecular orbital to lowest

unoccupied molecular orbital (HOMO-LUMO) gap.1t 3745 54



maleic anhydride

chloranil

Scheme 2: Thefirst example of isomeric benzenoid reactivity in 1958, showing that 18 ismore
reactive than 17.5

In 1958 Clar and Zander found that 18 (benzo[qgr]naphtho[2,1,8,7-fghi]pentacene)
IS more reactive than 17 (tribenzo[b,n,pgr]perylene) as 18 reacts to give 19 but 17
does not (Scheme 2). They realised that when drawing the Clar sextets that 17 was

fully benzenoid, therefore very stable unlike itsisomer 18.%1

The sextet rule also correlates to the ultra-violet/visible (UV/Vis) spectral data. In
general, absorption for structures which are more stable (increased number of Clar
sextets) will be of shorter wavelength than those that are less.tt 38 45 52 5558 Thjg
effect is due to structures with more Clar sextets possessing more isolated © systems,
which therefore have less inter-ring overlap and thus a larger molecular HOMO-
LUMO gap.3" 4555 Another example is that the unstable hexacene 20 (one sextet)

is green wheresas its isomer dibenzochrysene 21 (four sextets) is colourless (Figure

9) .38’ 45, 55, 60

10



20
Green ‘@

21

Colourless

Figure9: Less stable compounds (hexacene 20) have a smaller HOM O-LUM O gap, therefore
excitation iseasier and coloured compounds can be formed, unlike mor e stable compounds
(dibenzochrysene 21).

1.4 Bond lengths

Another key correlation is the carbon-carbon bond lengths in PAHs as determined by
X-ray crystallography data. Typically, single carbon bonds are around 1.54 A and
double bonds are around 1.34 A in length and if considering benzene, one would
assume that a value mid-way at around 1.44 A would be correct. However, the actual

value is 1.39 A due to the delocalisation of the m-electrons compressing the ring

further. 2 6165

It has been proposed that in polyaromatics such as acenes (linearly cata-fused
benzenes), there cannot be a double bond between two adjoining rings, therefore if
any bonds are short this must be caused by the migration of delocalised electrons in

the acene 24,32, 52, 66

For example, drawing the different resonance forms (all the different ways to draw
the double bonds in the structure) of the smallest acene naphthalene 4, and treating
them equally, an overall illustration can be formed. Thisis a Clar sextet in one ring
and two double bonds in the other ring (Figure 10).%> One would probably assume
that the electrons are delocalised evenly across the structure forming bond lengths

similar to each other. However, the x-ray crystallography results of the actual bond

11



lengths show some which are significantly different (Figure 10). The ‘B’ bonds are
much shorter (1.361 A) than the rest which suggests that they have more double
bond character.®> %" The bond lengths are consistent with the Clar structure including

a‘butadiene -like second ring (Figure 10). 326368

o)
A__B \P{L N
C 1.421 1.483
= ‘@ .
4 e N
22

< 7
399 .366
Ove ~“@ Y
/:q\;\;
5

Figure 10: Clar structuresand bond lengths (A) of naphthalene 4, 1,3-butadiene 22 and
anthracene 5.3% 6770

The ‘butadiene’-like character continues with anthracene 5 (Figure 10) as the
compound behaves more like an olefin.32 %71 In continuation aong the acene series,
the aromatic sextet becomes more dispersed when increasing the number of rings
that are being shared along the whole structure. This is illustrated by the bond
lengths of tetracene 23 and pentacene 24, as they become much more similar to each

other when increasing the number of rings in the series (Figure 11).3% 72 73

P
i I I I / 7
%) s
23 °
é %
Ly L7 L

24

Figure 11: Clar structuresand bond lengths (A) of tetracene 23 and pentacene 24.32 7273

Extending this theory to the perylene system (Figure 12), the most notable
observation is that the middle connecting bonds have almost single bond bond-length

12



of 1.50A. This suggests that perylene 25 is best described as two joined
naphthalenes with the other bond lengths similar to naphthalene, agreeing with the
Clar structure model .32 ™ Most of the middle bonds in these perylene-like structures
(rylenes - see section 1.6.5) are single bond-like which suggests that the 7 electrons
spend most of the time in acene-like m systems, but one must consider that bond

lengths may be different in other states; such as gas and liquid.*

25

Figure 12: Clar structure and bond lengths (A) of perylene 25, with the middle bond having a
mor e single bond character .32 7

As mentioned before, the Clar structure of phenanthrene 6 (Figure 7) suggests that
the centra ring will have more double bond character. The double bond ‘D’ has a
length of 1.341 A (Figure 13) which is the shortest in the whole structure and

therefore the most alkene-like, agreeing with Clar’ s theory.32 37: 7576

Figure 13: Clar structure and bond lengths (A) of phenanthrene 6, where the central ring has
mor e double bond-like char acter .32 7

In summary, the m-sextet concept is important in helping to determine the stability of
compounds as electronic delocalisation is considered a stabilising feature.!* 7 As
Zhou and Parr commented; ‘the cyclic conjugation forms aromaticity and this

sustained induced ring current in compounds shows high stability and low

13



reactivity’.”® Thus, coupled with the notion that the most stable Clar structures are
those with a closed-shell and with the highest number of Clar sextets (then their
isomers), fully benzenoid structures fit these descriptions completely.tl > 7°
However, even though this method provides a relatively easy way to qualitatively
measure characteristics of PAHs this is not a quantitative method as you cannot
determine how much a ‘ring’ or compound is more aromatic than another in the

same structure.®®

1.5 Paulingring bond orders

Pauling bond orders calculate the number of chemical bonds between two atoms.®
48,80 Recently, Randi¢ and co-workers extended the idea of Pauling bond orders into
benzenoid compounds to estimate the aromaticity in each ring, by averaging the C=C
content in each ring via its Kekulé structure.3 8% Thus, forming ‘ Pauling ring bond
orders (RBO) which are defined as ‘the sum of Pauling bond orders for the six
carbon-carbon bond forming individua rings.® To caculate the value of the

Pauling ring bond orders one can ssimply follow these steps:
1) For the given benzenoid draw out every resonance structure.

2) Add up the double bonds in each ring (bordering double bonds can count as one

for each ring aswell).

3) Calculate the sum of the number of double bonds in each individual ring and
divide by the number of resonance forms. This provides the estimated value for the

RBO of each individual ring of the benzenoid (Figure 14 & 15).%8
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Figure 14: Showsthe Pauling ring bond order of naphthalene 4.3

Anthracene Phenanthrene

o0 630 G

6
@@@ 5 14 11 14
Dy

Figure 15: Pauling ring bond or ders of the isomer s anthracene 5 and phenanthrene 6.3
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The maximum number of double bonds per ring you may obtain is three, the value
obtained for benzene for its Kekul é structure.®® The linear acenes (Figure 16) show a
decrease in value from naphthalene 4 (2.67) to anthracene 5 (2.50) and furthermore
tetracene 23 (2.40), pentacene 24 (2.33) and hexacene 20 (2.29).%8 In addition,
phenanthrene 6 shows that the central ring has alower RBO (2.2) then the two outer
rings (2.8). As Randi¢ and co-workers pointed out, this information seems to be
consistent with Clar's aromatic sextet theory.® As discussed in section 1.3,
naphthalene and anthracene both contain one migrating sextet; however, increasing
the number of rings ‘dilutes’ the aromaticity of the sextet asit is spread across more
rings and therefore the reactivity increases as stability decreases.!* This correlates to
the Pauling RBO values, which decrease along the acenes, and the Pauling RBO
values are also the same in each individual ring which supports the ‘migrating’ sextet
theory. In phenanthrene, the Clar structure has two sextets, hence the total RBO
value of these outer rings is larger than that of anthracene (which contains one
sextet). However, the key factor is that central ring has a lower Pauling RBO which
suggests that this ring is less stable, and this is consistent with its increased

reactivity.

When an array of PAHSs are considered, the correlation is more apparent (Figure 17).
For example, the fully benzenoid triphenylene 14 has values close to that of benzene
for its ‘fixed sextet’ (2.89) and the central ‘empty’ ring has avery low value which is
expected when drawing the Clar structure (Figure 17).38 8 Perylene 25 is depicted as
two sets of naphthalene units fused with a low value central ring. An addition of a
ring to one of the naphthalene units on perylene shows an anthracene like structure,

again in agreement with Clar (Figure 16).1% 3881
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Overdl the general correlation with Clar’'s rule and Pauling RBOs is that the *fixed
sextets have larger Pauling RBO values than the ‘migrating sextets and the
‘isolated olefins’, with the fully benzenoid ‘empty rings having the lowest values.®®
Thus the Pauling ring bond order method can now be considered to advance Clar’'s

sextet rule from a qualitative to a quantitative level .



1.6 General classifications of different PAHS

The basic building block of PAHs is the benzene ring and these are fused together to
form different classes of PAHs, most commonly; acenes, phenes, periacenes,
helicenes and circumcenes. Some classes can also fuse four, five and seven
membered rings within the structures of the six membered rings to produce

aryl enes. 11, 30, 32, 33, 36

1.6.1 Acenes

When benzene rings are fused linearly they produce a class of organic compounds
known as acenes. Common acenes are naphthalene 4, anthracene 5, tetracene 23 and
pentacene 24 (Figure 18). As the number of rings on an acene is increased, the
energy gap and the stability decreases as there can only be one sextet (Clar’s sextet
theory) in this group of compounds. For example, anthracene is colourless and as
you proceed further in this linear series the HOMO-LUMO gap reduces with
increased conjugation, and it takes less energy to promote an electron to an excited
state. Thisin turn increases the wavel ength absorbed towards the visible range which
results in coloured compounds; tetracene 23 (orange), pentacene 24 (deep blue),
hexacene 20 (green). The reactivity also increases as the one aromatic sextet is
diluted throughout the structure and therefore they are more olefin-like, as both
pentacene and hexacene oxidise readily in air.'* 3 45 Pentacene and hexacene have
to be handled under inert atmosphere whereas heptacene has not been isolated in

pure form due to itsinstability in air.3> 36.86.87
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Figure 18: Thefirst five compoundsin the class of acenes. They all have one migrating Clar
sextet; both naphthalene 4 and anthracene 5 ar e white, the rest are coloured compounds.*

Naphthalene 4 and anthracene 5 are usually obtained from the petroleum industry,
whereas the higher acenes have to be made synthetically. Naphthalene can however
be made by the Haworth method which was originally used in 1932 to synthesise

phenanthrene 6 (Scheme 3).88%
O O
O I
AICl <OH  znHg OH
sHeSLTobjE-
HCI
HFl

0
A HCI
4 34 33

Scheme 3: The Haworth synthesis of naphthalene 4.88%

Anthracene was first synthesised by Limpricht in 1866 from benzyl chloride, 34
years after it was discovered in coal-tar by Dumas and Laurent.®? % 92 Anthracene 5

was aso synthesised by Liebermann and Graebe in 1868 from the natural product

19



alizarin 36 (rose madder), by von Baeyer’s zinc-dust distillation.3> 91 93 94 Clar |ater
modified von Baeyer's method (with a Zn melt of Zn dust, NaCl and 5 parts
ZnCl).32 %1% Conversely, Liebermann and Graebe have also made alizarin 36 from
anthracene 5, which was an important discovery as this natural product was used as a
red dye in industry.3 1 % Wwilliam Henry Perkin, renowned for his work in the field
of dyes, also discovered the same synthesis of aizarin in that year.%> % Nowadays a

common route to synthesise anthracene is to use the Elbs reaction (Scheme 4).%

O OH

O O 400 °C OOO Zn OH

s — 11
O 35 5 O 36

Scheme 4: Elbsreaction to synthesise anthracene 5 (left) and alizarin 36 to form 5 (right).%®

One of the most important acenes in electronics is pentacene 24. Pentacene was first
synthesised by Clar and John starting from a Freidel-Crafts acylation of m-xylene 37
with benzoyl chloride 38 (Scheme 5), which includes an Elbs reaction used in the

synthesis of anthracene.®* %101

@)
X .
38 O ‘ ‘ Cu / Pyrolysis

37 O 39 O

D00 e e
pressure

24 40

Scheme 5: First synthesis of pentacene 24 by Clar and John, even though in 1911 Phillipi

claimed to have synthesised it, many believe he actually made an isomer of dihydro-pentacene
40.99, 101, 102
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There have been a number of more efficient synthesis of pentacene reported. Bailey
and Madoff in 1953 were able to synthesise it starting from the readily available 1,2
dimethylenecyclohexane and quinone, while Goodings et al. were able to reduce a

diketo-pentacene precursor with aluminium wire and mercuric chloride 1% 103

Hexacene 20 was first synthesised in 1939, independently by both Clar and
Marschalk, where they used copper powder and Pd/C catalysts respectively to

oxidise dihydro-hexacene 47 (Scheme 6).104-1%

o) o)
o leaes,
AlCl3 NaOH/H,0

41 O A COzH A COzH
4 AICI3
NaOH/H,0
(LX) e O LT
COpH ™, COH Cco,H” “CO,H
Zn lNaCI 45
ZnCl, v 340 °C

OOO s OOOOOO
M halk: Pd/
47 arscha d/C 20

Scheme 6: Oxidation of 47 to form hexacene 20 by either copper powder or Pd/C.30 104106

Due to the unstable nature of larger acenes, bulky substituents have been used to
help stabilise these products which in turn makes them more soluble in solution. For
example, derivatives of undecacene have been produced by Marschalk but not the

unsubstituted anal ogue as this compound is too unstable.* 32107
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A notable report by Tonshoff and Bettinger showed that they were able to isolate
octacene 48 and nonacene 49 using UV irradiation, by stabilising the compound on

an argon matrix at 30 K (Scheme 7).3% 1%

48

49

Figure 19: Octacene 48 and nonacene 49.

¢

7%

= 2 X)) B N

50 nBuLi I;[
r Br
53

nBulLi 52 - 5
23 %

et Y MO
72 %
54
55

1) 0sO4, NMO
2) TEMPO NaOCl

Q o uv,
99009008
12 %
© 56

© -CO | (over two steps)

49

Scheme 7: Synthesis of nonacene 49 using an argon matrix at 30 K with UV radiation as
reported by Tonshoff and Bettinger .3 18
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This shows that the longer the acene the more polyene character it has and therefore

less aromatic stability, as Clar postul ated.

1.6.2 Héelicenes
When benzenoid rings are annulated in a helical mode, helicenes are formed. These
contain one Clar sextet and are interesting due to their unique helical structures

introducing chirality into the molecule which is caused by steric overcrowding.®> %

In 1903 the first helicene was produced by Jakob Maisenheimer via the reduction of
2-nitronaphthalene.’® Since then, a key synthesis by Wood and Mallory in 1964
produced phenanthrene 6 using a photochemical induced cyclisation of stilbene 57
(Scheme 8) which is a reaction till used for helicene synthesis today.® 1° For
example, Martin and Flammang-Barbieux et al. made hexa- (60 %) hepta- (20 %),
octa- 63 (62 %) and nonahelicene (48 %) using this method as part of the synthesis

in the 1960s (Scheme 9).%% 111, 112

hv I
NN -
O I,, air
57 6

73 %

S 0

Sh-aiie >
O X 77 % O

58

Scheme 8: Wood and Mallory cyclised various substituted stilbeneswith great success and
efficiency; yieldsof 73 % and 77 % and irradiation for only seven and four hoursfor
phenanthrene 6 and chrysene 27 respectively.

23



_ +
Br  CH,PPh,

1) NBS
hv /’IV
B —
1, air OO 2 PPh, OO
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NaH, DMSO
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H H
" O )
-
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[8]Helicene 62% 62

Scheme 9: Synthesis of [8]helicene 63 by Martin et al. represented by the Chem 3D model,
utilising the work of Wood and Mallory.

[16]Helicene 64 is the longest helicene produced to date, this was completed by K.

Mori et al. in 2015 using the same methods as above (Scheme 9) .12

64

Figure 20: Chem 3D model of [16]helicene 64.

1.6.3 Phenes
When benzene rings are fused in an angular arrangement, they are called phene-type
PAHs. The smallest of which is phenanthrene 6 which can also be regarded as the

basis of all phenes asthey all have this arrangement incorporated within them,32 3
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Examples of the phene series are; phenanthrene 6, tetraphene 26, pentaphene 65 &
66 and hexaphene 67 & 68 (Figure 21). This class of PAH are more stable than the
acenes as it is possible to draw two Clar sextets within the structures; however, the
stability decreases in the same way as with acenes when increasing the number of

fused rings in the phene system. 113287

Phenanthrene

Tetraphene

Pentaphene

Hexaphene

a,b=0,1,2..

Figure21: The‘phen€ series(including isomers), the larger they arethe more apparent it is
that an acene-like migrating sextet is present within each arm of the phene 69.1% 32 %1

Phenanthrene was first discovered in coal-tar by Ostermayer and Fitting and aso by
Glaser in 1872. In 1896 Pschorr developed an efficient synthesis by starting with o-
nitrobenzaldehyde 70 and phenylacetic acid 71 (Scheme 10).32 91 114116 Thjg
condensation reaction was completed under relatively low temperatures (compared

to around 300 °C) which was a significant step forward as many other similar
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methods such as Graebe' s synthesis had used very high temperatures to form PAHs

such as pentacene.> 9. 117

NH, o)
CO,H

@CHO ZnCl, O A OH NH; O X OH
—_—
120 °C
ey kL0 W O
70 71 50 % 72 73

1) NaNO,, HCI

2) Cu powder
93 %
L, 2 OO
O 64 % O
6

Scheme 10: Pschorr’s effective synthesis of phenanthrene 6; nitro group reduction followed by
copper catalysisto cyclise theinter mediate 73 and finally ther mal decar boxylation.%® 116

In 1953 Clar and Kelly published a synthesis of heptaphene 77, starting from
phenanthrene (Scheme 11), where they completed extensive UV studies on this

series 18

O

@)

41
‘ Etcl, ©
SO
O H,S0O4
AlCl 0
O *736?/5 ) O 155°C | 52%
0

6 co, 2 mins

0 Zn
pyridine
O acetic acid
) .
OCC 63 %
77

CO,H

Scheme 11: Synthesis of heptaphene 77, (*may contain other isomers).'8
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164 Starphenes

When three benzenoid branches are added to a central benzene ring and are extended
linearly, ‘starphenes are produced as they form a ‘star-shaped’ phene with
triphenylene 14 being the smallest of them. Starphenes contain three Clar sextets
with triphenylene as the only fully benzenoid of this series, showing high stability

(Figure 22).11:30.32

14 78

Triphenylene Dibenzanthracene Hexastarphene

Figure 22: The starphene serieswhere each arm of triphenylene 14 isextended in any of the
threedirections.

Starphenes have been synthesised up to decastarphene by Clar and Mullen 3 119.120

16,5 Rylenes

When two or more naphthalene units are peri-condensed together the resulting
compounds are known as rylenes (Figure 23). The smallest rylene is perylene 25
which was first synthesised by Scholl et al. through the dimerisation of naphthalene

4 with AlCls. (Scheme 12).12t
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Perylene Terrylene Quaterrylene

Figure 23: Therylene series, where each is extended by an addition of a naphthalene unit.

AlCl; g G AlCI; OO
x2 ——————> - =
YO0 o
4
83 25

Scheme 12: The Scholl reaction using aluminium chloride and heat to form 25, 3%

These sets of PAHs have been extensively studied as they form good dyes, with

terrylene 81 and quaterrylene 82 being the two most common. 30 121,122

O NBS DMF l
O 25°C,24h O Pd(PPh3)4, 1<2co3
o
92 % Toluene, 110 °C
84 Br 86

64 %

AlCl;, 80 °C, 4 h 43 %
Chlorobenzene

81
Scheme 13: Synthesis of terrylene 81 using an intramolecular cyclodehydr ogenation in the last
step, which isa common reaction in the for mation of these type of compound. Further extension
upon therylene axis can provide a synthesis of nanoribbons using similar methods. 122
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Recently scientists have incorporated electron withdrawing groups such as
dicarboxylic imides at the peri-positions to improve their chemica and photo-

stability for the use in electronics and dyes (Scheme 14).%0 123125

O
1-Nonyldecylamine R O O
0w O. 0o imidazole O _N. O 0.0 NTR
Ar, 130°C,3h O 89

OO 59 % OO Potassium tert-butoxide

87 88 DBN, diglyme, Ar, 130 °C
15 %

R =(CyHy9),CH

Scheme 14: Illustratesthe inclusion of dicarboxylic imidesin enhance their properties.

Octerylene bisamide is the highest rylene reported to date.3 126 127

16.6 Zethrenes

When two or more offset benzene rings are sandwiched between two naphthaene
units in a ‘z’ shape, a class of PAHs known as zethrenes are formed (Figure 24).
These are not as well-studied as other PAHs due to their low availability and

sensitivity to light and air.* 3033

According to Clar’s rule the two outer naphthalene units are aromatic in character
and the middle two ring in zethrene 91 are fixed double bonds with no aromatic

character. 11 30,33
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91 92 93
Zethrene Heptazethrene Octazethrene

Figure 24: The zethrene serieswheretwo Clar sextetsliein the naphthalene unitswhilst the
middlerings have predominantly double bond character.

The first zethrene was made by Clar in 1955 starting from di-substituted chrysene 27
in along and laborious process. 3% 128 However, 13 years later a more convenient
synthesis was published by Sondheimer and Mitchell from dinapth[ 10]annulene 96.
Staab et al. synthesised tetradehydroinaptho[10]annulene 95 but because of its

instability it rapidly cyclised into zethrene 91 under the reaction conditions (Scheme

15) .30, 129-131

H 90 %O .o

| | 200 °C
| Cu, pyridine | | +2H ‘ 15 minutes || ||
115°C/ 8 h 50 % -2H
40 %
94
95 91 96
Staab - - Sondheimer & Mitchell

Scheme 15: Staab et al. method (left) and Sondheimer and Mitchell’s method (right) both
published in 1968.1%. 131

As zethrenes become longer they become highly reactive, as Clar and Macpherson
found when synthesising heptazethrene 92 and Erndli did when synthesising

octazethrene 93, with both arenes oxidising very quickly.30 33 132,133
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The arrangement of these fused benzene rings can contribute to very different
properties, even when changing the position of one ring. For example, if aring is
taken from one of the ends of zethrene 91 and placed on the opposing side 97 (top
end taken here) the structure turns from a Kekulé to a non-Kekulé form (Figure
25).13* This in turn forms a whole series of non-singlet ground-state compounds

which are even less likely to be isolated.

Figure 25: M ovement of onering on a zethrene 91 turnsit from a Kekuléto a non-K ekulé
structure.’®

1.6.7 Peri-condensed polyarenes

When benzenoids are fused at their ‘peri’ positions a large class of peri-condensed
PAHSs are formed such as pyrene 8 and hexabenzocoronene (HBC) 100, this class
also include the subdivision of ‘peri-acenes'; biasanthene 101, peritetracene 102 and

others such as tetranthene 103, 323336
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101 102
Bisanthene Peritetracene Teranthene

Figure 26: Peri-condensed PAHs showing the Clar sextet forms.

The number of Clar sextets varies in the peri-condensed PAHs asit is a big group of
compounds (Figure 26). In each peri-acene there are only two Clar sextets which are
elongated laterally and therefore have higher chemical activity due to their
instability. Those that are elongated longitudinally contain an extra Clar sextet for

each additional acene unit (teranthene).t %0

Hexabenzocoronene 100 is a well-studied compound due to its high symmetry,
charge carrier mobility, stability and high melting point (>700 °C).3 3. 135 HBC is
also classed as fully benzenoid because it only contains Clar sextets (and ‘empty’
rings) and no other double bonds. Due to its size and strong molecular m-n
interactions, HBC has poor solubility in many solvents and so an efficient synthetic

strategy is required.tt- 33336

Clar et al. first synthesised HBC 100 in 1958 and Halleux et al. aso reported its

synthesis in two different ways in the same year, but the reaction yields were low



(Scheme 16).33 36 56 135137 Haowever, in 2000 Kiibel et al. produced HBC in 96 %

yield by controlling the amount of oxidant and reaction times. 3 33 36,138

Scheme 16: The synthesis of HBC using the methods of Clar et al., Halleux et al. and Kiibel et
a| .36, 56, 135, 136, 138

The fusion of two anthracene 5 molecules produces bisanthene 101, which was first
synthesised by Scholl and Meyer in 1934, where the di-keto precursor 111 was
reduced with HI and red phosphorus and then heated to 500 °C over copper.33 34 9%
139 This seemed to be an extreme way of reducing the ketones and in 1948 Clar
improved this step with a milder zinc-dust reduction, which is still used in a much

improved synthesis of bisanthene by Arabei and Pavich.3% 33 140142 Again, the
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stability of this compound was an issue as it would readily react with oxygen at the
meso-position, and so like former compounds, electron withdrawing groups were
added within the structure to lower energy levels. Additionaly, adding aryl or alkyne
substituents at the meso-position helps to stabilise the core bisanthene molecule

(Scheme 17) . 140,143

meso-position

. O o
\‘O

Pyridine
Piperidine ur
—_—

Pyridine-N-oxide |

109 FGSO4
A

o 110 o 111

Acetic acid

Pyridine
() = |
99 kS
THF
90®
101 112
Bisanthene

1) TBAF, THF

B

2) POCl;, pyridine
20 %

114

Scheme 17: The synthesis of bisanthene 101 and a stable derivative 114,30 140-143
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The higher order peri-acenes have not yet been synthesised, which is understandable
since bisanthene itself is aready very reactive; though, there have been derivatives

of teranthene 103 produced. 33 144

1.6.8 Circulenes

Benzenoids which are fused in a macrocyclic arrangement such as corannulene 118,
circulene 119 and Kekuléne 120 are known as circulenes.®® ¥Furthermore, these
forms of PAHs also include circumacenes which are formed when benzenoid rings
are added to the bay sides of peri-acenes. The name comes from the central acene
unit being surrounded in a circle by benzene rings, such as circumbenzene
(coronene) 115, circumnaphthalene (ovalene) 116 and circumanthracene 117.%° The
number of Clar sextets usually increases with the macrocyclic circulenes where
corannulene 118 has two, circulene 119 has three and Kekuléne 120 has six.* In the
circumacenes, coronene 115 has three and the higher order ones possess four Clar
sextets which is more than that can be drawn for the peri-acenes therefore

circumacenes are known to be more stable. !t 33
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Figure 27: Circulene series, with the circumacene subdivision of coronene 115, ovalene 116 and
circumanthracene 117. Corannulene 118 and cir culene 119 are both bowl shaped. K ekuléne 120
was first synthesised by Staab and Diedrich in 1978 in honour of K ekul€ swork on benzene.®

145-147

Scholl first produced coronene 115 in 1932 and in 1957 Clar and Zander published
an improved synthesis (Scheme 18).3% 91 148 1499 Coronene was of interest due to its
unigue symmetrical structure which exhibits perfect delocalisation around the ring
due to its six-fold symmetry.® As demonstrated in Figure 27 above, the three sextets
of coronene can migrate to its neighbour forming another ring current. If this was the
case the double bonds would react like that of phenanthrene, however it does not.
Coronene is ‘superaromatic’ because of the unique stability produced by its sextet
ring current (current produced around the whole structure), is yellow, doesn’t
dissolve in sulfuric acid, has long phosphorescence and has properties of fully

benzenoid compounds, 1t 33 130
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Scheme 18: Clar’s coronene 115 synthesis.’#

Currently with the advances in chemistry much higher yields can now be achieved
by using metal catalysts, which is now very common in this field as shown with

coronene 115 in Scheme 19,1 12
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Scheme 19: The use of a metal-catalysed reaction to produce coronene 115 in high yields
(species 127 reacted immediately) as described by Shen et al. from the previous works of
Donovan et al 1% 152

In 1948 Clar synthesised ovalene 116 (Scheme 20) in similar fashion to that of
coronene 115 by using maleic anhydride 121 in boiling nitrobenzene and then
decarboxylation by heating in soda-lime to produce ovaene.3 153 14 The starting
bisanthene 101 was produced directly from its precursor bisanthenequinone 111 as

shown in Scheme 17 and used immediately to avoid possible oxidation.*>
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Scheme 20: Clar’s synthesis of ovalene 116 with a two-fold Diels-Alder reaction.!>

In 1956, Clar and co-workers thought that they had synthesised circumanthracene
117. However, in 1981 they reported that the compound which they thought to have
been circumanthracene from their synthesis was in fact something else.3% 155 1%
Diperinaphthyleneanthracene 130 was heated under reflux with maleic anhydride
121 and chlorinal. The dianhydride intermediate 131 was then decarboxylated with
soda-lime at 400 °C to produce a mixture of dinaphthoperopyrene 132 and what was
thought to be circumanthracene 117 as proven by x-ray crystallography.® But in

fact it was thought that 2, 12-dehydrodinaphthoperopyrene 133 was made instead by

analysing the UV, photoelectron and infra-red (IR) spectra (Scheme 21).1°°

39



Scheme 21: The failed synthesis of circumanthracene 117 by Clar et al. in 1956 where 2, 12-
dehydrodinaphthoper opyrene 133 was actually made.’>>1%7

In 1991 Broene and Diedrich produced circumanthracene in a very long but
successful synthesis (Scheme 22) starting from p-benzoquinone 134. The precursor
was characterised by nuclear magnetic resonance spectroscopy (NMR), as the
product was insoluble in common solvents. However, the UV/Vis spectrum of the

product had good agreement with Clar’s predicted spectrum.,30: 16 157
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Scheme 22: The synthesis of circumanthracene 117 by Broene and Diedrich. The conversion
from the stilbene like structure 139 to the hindered precursor 140, islike that of Wood and

Mallory first used (see Scheme 8) to gain a yield of 93 % .30 157

1.6.9 Alternateand interesting PAHs
This class of PAHSs either contain benzenoids fused with other sized rings or those

that are not made of benzenoids but fused with other size aromatic rings
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An important example is cyclopentenophenanthrene 141 (Figure 28), which is of
significance as it was used to produce severa natura products as Cook (1933)

stated; they are related to ‘ sterols, bile acid and oestrus-producing hormones' .9 158

Acepleiadylene 142 which was first produced by Boekelheide et al. (1956) has a
unique structure as it incorporates three ring sizes.: 1 1% Dibenzopentalene 143
was one of the first double fused five-membered ring compounds produced by Blood
and Linstead and its significance was that it was a stable derivative of a highly
reactive pentalene.®" 1 Truxene 144 and 145 both have unique structures, Truxene
is of particular interest due to its use in optoelectronics and appears as fragments of
the well-known fullerenes molecules.® 16218 Byckminsterfullerene Ceo 155, is one
of the most recognised ball-structured PAHS, first discovered in 1985 by Kroto et al.
It was such a ground-breaking discovery that Kroto was awarded the 1996 Nobel
Prize in chemistry.1%” 188 Kroto et al. used a laser evaporation technique on graphite
to create clusters where prominently Ceo fullerenes were formed.*®” Scott et al.
published a route to synthesise buckminsterfullerene 155 where the very low

yielding last step used flash vacuum pyrolysis (FVP) (Scheme 23).168

141 O O

Figure 28: Cyclopentenophenanthrene 141, Acepleiadylene 142, Dibenzopentalene 143, Truxene
144 and bisbhenzo[3,4] cyclobuta[1,2-a:3,4-b]biphenylene 145, are some structurally interesting
PAHSs.
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Scheme 23: The synthesis of buckminsterfullerene 155 by Scott et al., the last step (Flash
Vacuum Pyrolysis, FVP) producing a very low yield.16" 168

Obvioudly not all PAHs can be categorised but are still of interest for their unique
structures and properties. This also includes the largest known controlled synthesis
of a complete PAH which was produced by Simpson et al. in 2002 which contains
222 carbons 163 (Scheme 24).%5 1% Even though the oligophenylene precursor 162 is
very large it was soluble in common solvents which meant full characterisation was
possible. The fina product was insoluble and could only be characterised by
elemental analysis and (matrix assisted laser desorption/ionisation time-of-flight)
MALDI-TOF mass spectrometry which also estimated the yield at approximately

99 06,169
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Scheme 24: A synthetic route to obtain the largest controlled PAH synthesis.?®®
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1.7 PAHSs, wherearethey found and what are their uses?

Commonly, PAHs are formed as unintentional by-products of incomplete
combustion. Their hydrophobic nature allows adsorption onto atmospheric particles
which are deposited onto sediment and plants, and they are therefore known as a

worldwide environmental contaminant.® 3% 170173

There are many sectors where PAHs are found and formed worldwide and some of

these are summarised:

Oil production: For example, in the production of fuels and chemicals from fossil

fuels.

A large number of PAHSs are found in the petroleum industry from crude oil and also
from coal-tar which is the by-product of fuel (coke) production from coal. Both cod
and crude oil have high carbon content and during processes refining them,
temperatures can reach up to 2000 °C which causes chemical pyrolysis that creates a
number of different PAHs.3 1417 Some of the most common PAHSs are fractionally
distilled and recrystallised from these mixtures such as naphthalene, anthracene and
phenanthrene.3 Even benzene was extracted from coal-tar in 1848 by Hofmann and
Mansfield twenty-three years after Faraday discovered its presence in
compressed oil-gas.®2

Agricultural: Again the burning of organic matter including crops, straw and wood

to maintain farm land can form various PAHs by pyrolysis.3% 179181

Domestic and industrial activity: The main causes in this area could arguably be

fumes from industrial or household chimneys and motor exhausts.!’t: 176 178, 182

Cigarette smoking and domestic combustion in gardens, barbeques and burning
31, 179, 183, 184

plastics are other common factors.
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Soil: The main source of PAHSs in soil is due to air borne fallout, therefore you

would expect high levels of PAHs near industrial/ roadside fumes 3% 177: 178, 185,186

Water: The PAHs which are trapped in soil can leach into water systems,
contaminating the water. In addition, accidental oil spills are another route in which

they are introduced into water 3% 172 187, 188

Food: PAHSs can be introduced through thermal treatments in food preparation, these
include smoking, charring and barbequing food as well as introduction through some

pestl cides 31, 189, 190

Space: PAHs have been of interest to astronomers and astrophysicists as it has been
suggested that they are present in interstellar space. This could provide further
understanding of the universe asthe IR and UV rich regions of nebulae are suggested
to contain forms of polyaromatic hydrocarbons.’® 1% NASA telescopes have
detected these by infra-red signals and a database has been created, more recently
fullerenes have been thought to exist in space.1%*1%® PAHs can form from chemical
reactions starting from the ‘big bang’ theory through to the formation of new stars
where the exertion of high temperatures and pressures on compounds form PAHs

through pyrolysis-type reactions, 193197 199

As mentioned previousy PAHs can be very difficult to analyse due to their
insolubility in common solvents. With this in mind the relative PAH content in the
different sectors are calculated using analytical techniques such as (gas
chromatography mass spectrometry) GC-M S, chromatography, UV spectroscopy, IR

SpeCtrOSCOpy and solid-state NM R.174’ 175, 179, 182, 184, 196, 200-202
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1.7.1 Health effects

It is believed PAHSs are hazardous and toxic to the health of humans and animals. For
example, a number of PAHs are known to be skin irritants and high doses of
naphthalene are known to break down red blood cells in the body.3! There are even
more severe implications which have been related to high exposure of PAHS, such as
genotoxicity with PAHs associated with damaging DNA and creating birth defects as

well as carcinogenicity (Scheme 25).31: 170, 184, 185, 203-205

‘ Cytochrome P450 ‘ o

164 165
J Epoxide hydrolase

A\OH
O”
166

Scheme 25: A common pollutant dimethylbenz[a]anthracene 164 can form
dimethylbenz[a]anthracene-3,4-diol-1,2 epoxide 167 in the body using metabolic pathways. This
compound reactswith DNA to form adducts which are responsible for car cinogenicity such as
breast cancer. Benzo[a]pyrene 172 isanother commonly studied PAH which is known to follow
thistype of pathway to create car cinogens,3!: 170 203-206

1

A list of PAHs which are primarily found in air, soil, water and food is given in
Figure 29, and these sixteen are thought to be the main priority according to various

environmental and health agencies around the world. 3% 176. 182, 200, 202, 207
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Acenapthene Acenapthylene Anthracene Benz[a] anthracene*
171 1 23
Benz[b]ﬂuoranthene* Benzo[k]fluoranthene* Benzo|ghi]perylene

o‘ o!‘ o

172
Benzo[a]pyrene* Chrysene Dibenz[a, h]anthracene*
174 | ’ 175
Fluoranthene Pyrene Indeno[1,2,3-cd]pyrene*
4 6 176
Napthalene Phenanthrene Fluorene

Figure 29: 16 of the most common PAH pollutants, (*) are possible car cinogens, 3% 32 176, 182, 200,

202, 207-209

Even though some PAHs are considered to have mutagenic and carcinogenic
activity, not al of them do. Consequently, due to the large number of PAHSs
available and the vast number of which have not been studied, the main population

try to avoid significant exposure from these types of compounds as a precaution.

1.7.2 Theusesof PAHs

Organic electronics is an area which has shown great promise in functionalising

organic molecules to exploit their properties for the use in technological devices.
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They are seen as being used in low-cost and flexible devices which are easy to
dispose of, unlike the more common inorganic species.?%?2 PAHs are used as there
are a vast number of them with a variety of properties including size, shape,
configuration and stability. Due to the nature of some PAHS it is possible to tune

their electronic properties for use in emerging fields, outlined below.

1.7.3 Organic light emitting diodes (OL ED/PL ED)
Electroluminescence was first observed in anthracene 5 based organic materials and
in 1986 Tang et al. a Eastman Kodak reported the first OLED device using a

perylene derivative, 213216

An OLED works by the organic compound emitting light when an electrical current
is imposed and they are commonly used as a display in mobile phones, TVs, and
computer monitors. Furthermore, white OLED devices are being considered for

| ighti ng purpOSeS_215, 217,218

The desired features of the organic layer are that it emits the chosen wavelength and
has a high charge carrier mobility; the most common compounds that are used are
perylene 25, rubrene 177 and quinacridone 178.21%2?! polymeric systems (PLEDS)
are also used, for example polyfluorene, where its substituents can be atered to
change the wavelength of emission. In particular, for displays the colours blue, green

and red are the desired wavelengths to be emitted.?!> 217 222
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Figure 30: Structure of rubrene 177 and quinacridone 178.

An OLED device is usually made up of four layers (Figure 31); a cathode, the
organic layer (emissive and conductive layers) and then the anode which is usually

made of indium tin oxide due to its transparency and high work function,?t> 219223

| Cathode |
Emissive

Conductive
| Anode |

Figure 31: A smplified depiction of thelayersof an OLED.

The simple mechanics of an OLED are that i) once a voltage is applied the cathode
receives electrons while the anode loses them creating holes, ii) the emissive layer is
now negatively charged by the influx of electrons and the conductive layer positively
charged by holes created by loss of electrons, iii) these holes ‘hop’ across to the
emissive layer and meet an electron where a photon is released creating light which

continues as long as a voltage is supplied.?1> 219,223

The advantages of OLED over normal LED devices are that they are brighter, faster,

cheaper and more flexible however they tend not to last as long.

1.7.4 Organicfield effect transistors (OFET)
An OFET is a device which uses the organic molecules as the semiconductor

material in the channel by utilising the electric field. The organic channel can be
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described as two forms, either p-type (which are hole carriers) that have high HOMO
electron donating properties due to m-conjugation, or n-type (which are electron
carriers).?!!: 224 There are a lot more p-type then n-type as the latter are known to be

prone to oxidation, thus, less stable and inefficient in electron trapping.?2* 2

Semiconductor

Source | [ Drain
Gate Insulator

Gate

Figure 32: A smplified depiction of an OFET.

OFETS have three main components; the source, drain and gate (Figure 32). The
organic semiconducting materia (p or n-type) forms the charge transporting channel

between the source and drain, while the gate controls the charge.?tt 223 226

The desired properties of the organic semiconductor are that it has a high-charge

carrier mobility, has good stability and gate-insulator capacitance.??® 22/

The first reported organic OFET was in 1987 by Koezuka et al. by using polymeric
thiophene.??® Since then, PAHs have formed the foundation of good OFETS, for
example tetracene 23, pentacene 24, rubrene 177 (p-type) and perylene 25. Fullerene
derivatives (n-type) such as diindenoperylene and PCBM (phenyl-Ce1-butyric acid

methyl eSter) have also been usad 211, 221, 223-226, 229-231

Pentacene (2-3 cm?V-1s1) and rubrene are commonly used as p-type OFETS as they
have a high charge mobility. Rubrene 177 has the highest recorded charge mobility

with 35 - 40 cm?V-1st and silicon is only 1.0 cm?V-1g?1 211 221, 224, 232
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OFETs are potentialy, low cost, flexible, light weight and producible on larger scale
at low temperatures unlike the high temperatures required for silicon. They can be

used for ID cards, smart cards, and display drivers, 21225226

1.7.5 Organic solar cells (OSC)

An organic solar cell is a photovoltaic device in which the organic molecules absorb
light energy and convert it into electrical energy.?’® Ceo fullerenes and perylene
derivatives as well as polymeric thiophenes are used as the acceptor and donor
materias in organic solar cells?™> 2% 24 OSCs have a similar construction to
OLEDs; there is an anode, an electron donor layer then an electron acceptor layer

and finally a cathode (Figure 33).216: 223,23

| Anode |

Electron donator

Electron acceptor
| Cathode |

Figure 33: A smplified depiction of an OSC.

OSCs work by i) the light, (photon) with energy exceeding the band gap (HOMO-
LUMO) is absorbed by the organic materia ii) this excites an electron into an
unoccupied state above the band gap and creates an electron-hole pair (exciton), iii)
the electron-hole pair is separated by the gradient into the acceptor and donor
material respectively, iv) the electron and hole are collected at their respective

electrodes to a circuit and electrical current is formed.?L> 216, 223, 235, 236

The attractive nature of OSC is that they are low cost, tuneable, and flexible with
very good optical absorption. However, compared to other inorganic and silicon

based cells they are known to have low efficiency, stability and strength.?2 21237
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1.7.6 Spintronics

Spintronics is the study of spin transport electronics, where the spin of the electron
instead of its charge is exploited for information transfer.® 2% |t is a rapidly
growing field of molecular functional materials because of the intrinsic electronic
and magnetic properties which may be developed.?®® This can lead to next-
generation advances into; increased data processing speed, decreased electrical
power consumption, better organic light emitting diodes, solar cells and

semiconductors.?*% 242

Manipulating both electronic and nuclear spin on a sufficiently fast time scae is
difficult, but first you need a suitable molecule to investigate.”° Advantages of
organic molecules being employed in this area are that they are low-cost and can
make flexible devices which are easy to dispose of 2% In addition, due to their weak
spin orbit coupling and weak interactions, organic molecules are deemed to be
suitable for spin transport, where the spin can be maintained over a longer time

period and distance than inorganic molecul es, 210 239 243

The most interesting of these organic molecules being considered are molecules with
an open-shell. These organic radicals have unpaired electrons and thus, a magnetic
moment which could favour spin polarisation conservation during the transport
process.?!% 22 Molecules such as polychlorotriphenylmethyl (PTM) 179, nitroxide
180 and galvinoxyl 181 radicals have aready been isolated and studied as potential

materialsin thisfield (Figure 34).%0 240
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Figure 34: Structuresof polychlorotriphenylmethyl (PTM) 179, nitroxide 180 and galvinoxyl
181 species.

PAHs have been considered as good targets as there are a number of open-shell
frameworks available, which in theory leads to a singly occupied non-bonding
molecular orbital (SOMO).2*® Despite this, the stability is an issue as they tend to
oxidise and dimerise readily.?> 3 243 Furthermore, it is suggested that hydrocarbons
with atriangular shape will exhibit non-Kekulé structures with one or more unpaired
electron, just like an open-shelled fragment of graphene.? % 24 Hence, phenaenyl
derivatives (Scheme 26) have been studied with bulky substituents as the

unsubstituted radical 7 istoo reactive to be isolated.?* 24

t—Bu_I
L= U LA
182 7 183

Scheme 26: Illustrates a radical form 7 of the highly studied phenalene 182 after a hydrogen
abstraction. 183 isa more stableradical form of the phenalenyl compound 7 with bulky
substituentsfor stability.?*

Triangulene 10 (Figure 35) is another molecule of interest, as previously mentioned

alongside other PAHs which tend to have diradical character,l: 33 243-245
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98

Figure 35: Diradical example of triangulene 10 and a dibenzo-pentacene 98.

1.7.7 Organic materials

A more recent driving force for the studies into PAHs is in their relation to graphene,
which has a number of beneficial properties that scientists hope to exploit. These
include materials in next-generation nanoscale electronic devices, machines and
quantum information processing systems, more specifically solar cells, batteries and

data gorage 30, 36, 246-248

Graphene can be described as a two-dimensional layer of sp>-hybridised carbon
atoms and can be viewed as a sheet of benzene rings fused together, hence the
consideration of large PAHSs as nanographenes.®® %% 24 One of the most interesting
properties of graphene is the delocalisation of its m-electrons across its whole
surface. Usually metal ions use unpaired electrons to relay information as spin
carriers, but they can be limited with additional costs and are environmentally
inefficient.?** 2% Scientists have been looking at using radicals within the structure

to construct materials with electron spin information carriers for spintronics.?* 249

250

Throughout history PAHs have been used as dyes from naturaly found molecules
for example aizarin 36, through to synthetic dyes such as xanthene 184 derivatives
and fluoresceins 185 (Figure 36).% 1 Most common organic dyes incorporate an

anthracene or perylene building block and recently rylenes have been used to create
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synthetic dyes of desired colours.'?® -2 PAHs are also found as a building block
in pharmaceuticals and can be used as biosensors, where perylene is commonly used

asalipid probe and also in asphalt for roads.?>*2°

(@] OH O
OH HOOC
See oos
o) 0 O (@] OH
185

36 184

Figure 36: Structuresof alizarin 36, xanthene 184 and fluorescein 185 which all incorporate an
anthracene moiety.

1.8 PAHsand AFM

1.8.1 Scanning probe microscopy

A number of analytical techniques are used in organic chemistry including NMR
spectroscopy, IR spectroscopy and mass spectrometry. Recently, however, different
techniques are being used in cross-field applications as their development leads to
additional versatility. Scanning Tunneling Microscopy (STM) and Atomic Force
Microscopy (AFM) are two techniques which are currently being developed in

different fields including imaging in organic chemistry.

1.8.2 Scanning tunnelling microscopy

STM was first invented by Binning and Rhorer in 1981 at IBM Zirich Switzerland
and they went on to win the Nobel Prize in physics for this discovery. STM works by
bringing a tip close to a surface where a voltage is then applied, alowing the
electrons to tunnel through the vacuum to the surface. As the tip moves across the
surface the electron tunnelling current is monitored and this information is turned

into an image of the area being scanned. As well as maintaining a constant height
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you can aso maintain a constant current and the tip can be raised and lowered
depending on the surface topography. The tip end is about the size of the width of an
atom and so high resolution images can be obtained. The resolution of the image is
usually dependent on the curvature of the end of the tip, which is typically made

from tungsten or carbon nanotubes.

STM isavery sensitive technique and it requires alot of maintenance in terms of the
mechanical parts. The key areas which need to be maintained for it to function
properly are maintaining a sharp tip, excellent vibration control, clean surface and a

good electrical connection.

1.8.3 Atomic force microscopy

AFM was invented by the same scientists as the STM, Binnig and Rohrer in 1982
which aso contributed to their Nobel Prize award. This technique uses a tip on the
end of a cantilever to scan across the desired surface and the forces between the tip
and surface deflect the cantilever, these forces are measured and can be turned into

an image of the surface.

There are 3 main modes of imaging in AFM:

) Contact mode: where the cantilever is dragged across the surface of the

sample and the force it takes to keep it at the constant position is measured.

i) Tapping mode: where the cantilever is oscillated at a constant frequency as it
Is moved over the surface it taps it then moves off again, when it taps the
surface the oscillation frequency changes and this is used to measure the

surface features.
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1) Non-contact mode: when the cantilever is moved over the surface at a nm-pm
distance away, usualy at a constant height, and the tip senses van der Waals

forces on the surface. These forces are then turned into images.

The cantilever tip is usually made of silicon and the apex of the tip is usually a width
of asingle atom, again the resolution depends on the sharpness of the tip and similar

to STM it isavery sensitive technique which is heavily dependent on its parameters.

One of the key differences between these two modalities is that STM can cover a
larger surface area and in a shorter timescale than AFM, additionally it can provide a

good representation of just about any surface.

1.8.4 Ultra-high resolution AFM

There have been numerous advances in these techniques since its recent conception
and one of these is the production of high-resolution images. The cantilever in basic
AFM machines has been upgraded to possess a quartz tuning fork which is typically
found in wristwatches. These have one prong which oscillates where atungsten tip is
mounted on the end so it can function as an AFM cantilever. These are much stiffer
therefore provide less oscillation and require more force than a silicon cantilever
before it breaks. In addition, due to the tungsten metal possessing desired

conductivity the tip can also be used as an STM. %>’

Further still the Gross group at IBM Zirich have functionalised the tip by adding a
carbon monoxide molecule to the end. This has improved the tip further so that high
resolution images can be obtained (Figure 37).2°" 2 Here the carbon monoxide
molecule is flexible, therefore if the tip is too close to the sample it will ssmply bend

rather than ametal tip which can damage or break the sample and the tip itself.
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185 Uses

Recently STM and AFM have been used to image molecules for a number of reasons
including looking at defects, how molecules have been assembled, general structure
and their electron density patterns.® However, one dominant species which has
been used in this field has been PAHS. This is because most PAHSs are flat and are
therefore much easier to image compared to other molecules which have groups

protruding out at different angles.?°

1.8.6 Compound identification and characterisation

Advances in atomic-scale surface characterisation, have allowed a revolution in
structure analysis from when it was first developed. Usually an image of an outline
of the structure in question is what was commonly produced without much detail.
Nevertheless, one of the key advances in this field was the imaging of pentacene
24,258, 261-263 pentacene was first imaged in 2004 by Lagoute et al. by STM where the
rod-like shape was seen.?®* After more developments Gross et al. in 2009 published

an exceptionally clear image of pentacene 24 by AFM (Figure 37).2%®
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Figure 37: a) and b) areimages of pentacene by constant current STM by Lagouteet al. c) isa
constant current STM image of pentacene by Grosset al., d) and €) are constant height NC-
AFM of pentacene by Gross et al.?%8 26!

These images of pentacene had provided previously unseen atomic resolution. Only
a handful of groups have been able to obtain resolution this clear due to the
meticulous nature of the STM/AFM setup. In spite of this, these groups have
managed to image a number of compounds using these techniques, including recent
advancesin NC-AFM which can provide atomic level resolution images. 2°8 264276

Another interesting compound, hexabenzocoronene (HBC) 100 was imaged by
Gross et al. in 2012 (Figure 38), again showing great clarity.?”® The results of this
compound in particular were interesting as it was imaged to measure the bond
lengths of the compound to see if it coincides with Clar's sextet rule. As a fully
benzenoid structure HBC has seven ‘fixed’ aromatic rings within the structure and
the AFM shows that the C-C bonds linking the sextets are longer (1.687 A) than that
of the C-C bonds which are part of the sextet (1.417 A).2”® Furthermore, the seven

Clar sextets were also seen to be brighter than the rest of the structure which
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indicates that these areas are more electron rich which supports the Clar

representation of HBC.3" 2"

a) b)

100 100

100

Figure 38: a) and b) are constant height NC-AFM images of HBC 100, by Gross et al 2"

In 2012 Schuler et al. synthesised a 22-ring aromatic nanographene 188 in an easily

accessible one pot method with 46 % yield (Scheme 27).2”"
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Scheme 27: Synthesis of a cyclotrimer nanographene 188, firstly by a [4+2] cycloaddition
followed by a [2+2+2] cycloaddition.?””

However, due to the size of the PAH and its insolubility it was hard to characterise
the compound, as this ruled out liquid-phase NMR spectroscopy. Indeed, MALDI
mass spectroscopy suggested the correct molecular mass but another isomer may
have been formed. AFM was therefore used to characterise the compound which
provided conclusive evidence because of the clarity of the image, overcoming the

problems associated when forming nanographenes (Figure 39).27
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189

Figure 39: Thereaction product 188 expected (a) visualised under constant height NC-AFM,
while (b) was an unexpected compound 189 found in the mixture for med as a by-product.
Image taken from Schuler et al.?””

1.8.7 Natural productsand stereochemical determination

Even though planar molecules are ideal, this technique can aso be used to image
non-planar compounds which may be difficult to characterise or when only a small
amount has been isolated but insufficient for crystallography. This is because when
the molecules lie on the surface they are at different orientations so some may be
easy to see and some not, therefore some luck is required for these type of molecules
to lie in afavourable orientation. In addition, stereochemical determination of chiral

mol ecules have been resolved using this technique (Figure 40).24 276, 278-284
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Figure 40: NC-AFM image (a) of natural product Breitfussin 190 with an overlaid structure

(b).2"* STM images (c-f) of (S)-1-(2-naphthyl)ethyl-(4-phenylbenzoate) (NEP) 191 which can

cluster in atriangular form. 2 The molecule consists of a short and long arm which can be
identified in the STM image to make characterisation easier.

1.8.8 Surfacereactions
The advances in this area have been exceptional such that surface reactions are

undertaken and studied by STM/AFM 249 259, 260, 262, 285290

In 2008 Hla et al. used an STM tip to manipulate al steps in the reaction of biphenyl
from iodobenzene on a copper surface.?®’” Pure iodobenzene was placed on the
copper surface, the STM tip was placed above the molecule and electrons were
injected into it by changing the voltage to a known value. The C-I bond is cleaved

when the tunnelling current changes and it is recognised that C-H and C-C bonds
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were not cleaved as they require a higher voltage due to the strength of these bonds.
Thereafter the tunnelling current was increased substantially and the tip was moved
along a path between two phenyls to bring them in close proximity to one another.
The STM tip was then placed above the centre of both phenyls and the voltage
changed for a certain period until the phenyls joined to form biphenyl, the bond

length was then measured establishing that biphenyl had been made.?®’

Azobenzene, awell-known dye, can undergo reversible trans-cis isomerisation under
UV light. Compounds of these types are of further interest as molecular switches in
potential electronic applications. In 2006 Henzl et al. used a derivative of
azobenzene, ‘disperse orange 3' 192, with a nitro and an amine substituent at either
end.?®® An STM tip was placed above the molecule and energy was transferred by
‘inelasticaly’ tunnelling electrons which turned the more stable trans isomer 192

into the cis 193 as the linear image could now be seen bent (Figure 41).2%

Ha
N=N
O2N NH,
193

Figure 41: Disperse orange 3 on a gold surface with (a) before and (b) after transto cis STM
images.?®
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Fullerenes have been of interest since the first synthesis of Ceo fullerene 155 in 2002
and different methods have been pursued to attempt to increase the poor 1 % yield in
the final cyclodehydrogenation step. In 2008, Otero et al. improved on this method
by using efficient surface catalysed chemistry to cyclodehydrogenate the precursor
into fullerenes in higher yields.?® After loading the desired precursor onto the
platinum surface it was heated to 750 K for approximately 20 minutes and the
cyclodehydrogenation was monitored by STM imaging. Both Cg and
triazafullerenes 195 were made in high yields of approximately 100 %, but thiswas a
purely qualitative estimate as this yield was determined by looking at before and
after pictures of the surface by STM (Figure 42). Further analysis confirmed that the

desired product had been formed.?%°

750 K

Figure 42: STM images before and after cyclodehydrogenation of the precursor molecules of
triazafullerene (CssHs3Ns) 195 by Otero et al.?®° The precursor 194 can be seen in atriangular
shape while the product can be seen as mor e of a round shape which issmaller in diameter.
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A recent article in 2015 by Albrecht et al. has shown even greater advances in AFM,
as they were able to image in 3-dimensions (3D) the protruding part of a structure.?®
The point of this study was to determine what products were formed during the
reaction and therefore help determine a reaction pathway in addition to determining

if 3D imaging can be fulfilled.

The starting materia diphenanthro[9, 10-b:9", 10'-d]thiophene (DPAT) 196 was
placed on a copper surface and heated to 200 °C for two minutes. Three different
reaction products were observed and partially characterised by AFM. The reaction
pathway was determined to have a C-S bond cleavage, a rotation of one

phenanthrene moiety and aromatisation by dehydrogenation (Scheme 28).2%°

a) b) c) d)

ﬁm
sty O"OQ

196 197

Scheme 28: The main planar compound 197 can beidentified by NC-AFM (b). ¢) and d) show
almost planar side-productswhich have similar structural arrangement and include a sulfur
atom though unclear where and what the structureis exactly.?*®

There is evidently some promise in 3D microscopy, however significant
improvements need to be made before the resolution is comparable to that of planar

compounds.
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In 1972 Jones and Bergman reported that cis-1,5-hexadiyn-3-ene 198 undergoes a
rearrangement through the diradical species benzene-1,4-diyl 199 by using

deuterium labelling (Scheme 29).2%

/D H\
H. _~Z A H. A__D N_D
| r—
H H™ > "D ~ D
D H
198

199 200

Scheme 29: Theoriginal Bergman cyclisation, using heat to cyclise the product. The diradical
199 was observed to abstract hydrogens from the solvent 2, 6, 10, 14-tetramethylpentadecane to
form benzene. In addition, when CCls was used as a solvent 1,4-dichlor obenzene was
obser ved.?%% 292

This type of reaction is now commonly known as a Bergman cyclisation. Generaly,
it is the cyclisation of an enediyene by either heat or light, to produce a substituted

arene in the presence of a hydrogen donor.

After 44 years, the Bergman cyclisation reaction has now been studied with
extraordinary results where the intermediates and products of the reaction are imaged
during the cyclisation, as reported by Schuler et al. (Scheme 30).2%
In this report STM was used to selectively trigger the Bergman cyclisation of an
anthracene diradical 202. Firstly, 9-10-dibromoanthracene 201 was placed on the
surface and each bromine taken off sequentially by the STM tip to provide the
diradical species. Secondly a voltage pulse was directed onto one of the C-C bond in
between benzenes on the diradical species forming the enediyene 203. The
reversibility of this mechanism was aso shown by this method and a diradical

intermediate was always observed during conversion.?%?
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Scheme 30: NC-AFM images of the (a) dibromo species 201 (b) the diradical 202, (c) enediyene
203. (d) Rever sible manipulation for med the opposite enediyene 204. | mages taken from
Schuler et al.??

In summary, AFM and STM are powerful techniques in compound identification,
stereochemical determination and in surface reactions, where a ‘before’ and *after’
atomic image can be observed. However, there are aso limitations to this type of
analysis, for example how non-planar compounds can be difficult to characterise due
to their orientation on the surface. Furthermore, these techniques are already being
used to study graphene?*” 2%2% and smaller related PAHs. %8 264 274-277. 2% Thjjg jg
because unknown polyaromatic molecules can be difficult to identify due to the high
number of possible isomers, solubility and overlapping NMR signals,169: 258 286, 294
STM and AFM can thus distinguish single molecules of such isomers and are
therefore set to become extremely powerful analytical tools in synthetic and

materials chemistry.
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1.9 Project outline

The project includes the synthesis of PAHs and the investigation of their reactivity.
The PAHSs targeted are those of interest to researchers, mainly non-Kekulé structures
as they would pose the most interesting properties for material scientists to
investigate. One radical has been identified as 6H-benzo[cd]pyrene due to its
resemblance to the Olympic logo and as perylene and pentacene which are two other
five-fused benzenoids are aready used for their fluorescent properties. The second is
triangulene, a triplet-state diradical first postulated by Clar which has yet to be
isolated due to its extreme instability. To assist with these aims AFM/STM will be
employed to aid the formation of these non-Kekulé structures on the surface and

thus, be imaged.

71



2 Chapter 2: Benzo[cd]pyrene

2.1 Introduction

To be able to form an image of the Olympic rings, the compound which would suit
this skeleton most would be that of benzo[cd]pyrene. Consequently, this structure is

in fact aradical 205 (Figure 43).

205
Figure 43: The smallest Olympicring structureisa non-Kekulé structure 205.

The benzo[cd]pyrene radical 205 itself has not been previously synthesised but its
precursor, H-benzo[cd]pyrene and its oxidation products were first synthesised in
1936 by Scholl and Meyer using pyrene 8 as a starting material.2%” Upon reaction
with glycerol it was thought to have yielded 3-oxo-3H-benzo[ cd] pyrene 206 isomer,
which reacted with phosphorus to yield 207. Dehydrogenation using copper was
thought to yield 3H-benzo[cd]pyrene 208. Vollman et al. then studied this reaction
in 1937 where it became apparent that the end product was in fact 6H-
benzo[cd]pyrene 209 and the ketone intermediate was 6-o0x0-6H-benzo[cd]pyrene
210, not the isomers stated by Scholl and Meyer (Scheme 31) .2°” 2% These reactions

have been repeated by a number of chemists.?93%
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glycerol O“ phosphorus
_—
wsor (T
206

210 209

Scheme 31: Scholl and Meyers postulated scheme where later Vollman et al. realised that 206
and 208 wer e not made in fact 210 and 209 wer e r espectively 2% 2%

In this project, the starting point for the synthesis of 6H-benzo[cd]pyrene 209 was
based on the 1965 publication by Reid and Bonthrone, that also included salt 214
(Scheme 32).3°2 However, some of the synthetic steps would need atering as they
are very hazardous, for example the ring closure using liquid HF. The work
described herein started with a repeat of Reid and Bonthrone's synthesis but using

modified ring-closure conditions.**
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Scheme 32: A synthetic route towar ds 6H-benzo[cd] pyrenium cation 214 by Reid and
Bonthrone.3?

In the 1965 paper the starting material 211 was synthesised in three steps from 1-
formylpyrene 215 (Scheme 33) and ketone 210 was synthesised via the condensation

of pyrene 8 with glycerol and sulfuric acid (Scheme 32).3%
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H— .-
‘O ether ‘O pyridine ‘O
benzene

215 94 % 216 98 % 217
1) Diethyl malonate | 2) KOH
Ethanol H,O A
Na A 75 %

DOPS:
L

211

Scheme 33: For mation of starting material 211, 1-for mylpyrene 215 used by Reid and
Bonthrone to synthesise 6H-benzo[cd]pyr ene.3*

2.2 Thesynthesis of 6H-benzo[cd]pyrene

In light of Reid and Bonthrone' s work, a new route was designed and tested (Scheme
34). It uses similar synthetic steps but with materials which are commercially

available, less hazardous and more cost effective. 331
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‘O Toluene A
215

89 %

Scheme 34: A new route towardsthe synthesis of 6H-benzo[cd]pyrene 209, where 211 was used
immediately to form the major product 212,304311

The Wittig reagent was prepared by reacting the commercialy available ethyl
bromoacetate with triphenylphosphine. This sat was then deprotonated in base
(NaOH) to form the ylid 218, which was reacted with 1-pyrencarboxaldehyde 215
under reflux conditions and purified to produce ethyl 3-(1-pyrenyl)acrylate 219.3%
The double bond of 219 was then hydrogenated and optimising the reaction
conditions (including adding ethyl acetate to dissolve 219 fully) gave a good yield of
ethyl 3-(1-pyrenyl)propanoate 220.3% 3% |n addition, the required palladium catalyst

loading is as low as 2 mol % which wasinitially 10 mol %.
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Ethyl 3-(1-pyrenyl)propanoate 220 was then hydrolysed to produce 3-(1-
pyrenyl)propionic acid 211.3% 3% The acid chloride 221 was produced and used
immediately for cyclisation due to its ingtability.3® A Friedel-Crafts cyclisation
using AlCls furnished 3,4-dihydro-5H-benzo[ cd] pyren-5-one 212 which was reduced

immediately due to its unstable nature to 213,307 310. 311

Upon repeating the Friedel-Crafts cyclisation on a larger scale, a very unstable, air
sensitive, bright green solid was also obtained during purification by column
chromatography. After repeating purification under an inert atmosphere this
unknown product was isolated in trace amounts and fully characterised. The data
showed that 5-ethoxy-6H-benzo[cd]pyrene 224 was produced (Scheme 35), even
though nothing in the NMR spectrum of the crude material or mechanistic theory
supported the formation of this compound. There were no reagents or solvents used
in the reaction that could provide an acetate/ethyl group. It was suggested that the
compound could have been formed during column chromatography. This is because
the eluent chloroform is known to contain small amounts of ethanol as an oxidation
scavenger. On alarge scale in combination with the acidic conditions of the silicagel
a small reaction could take place. To help support this theory 212 was added to a
mixture of chloroform and ethanol (9:1) and silica gel under an inert atmosphere, to
try and mimic the conditions. However, the reaction was either too slow or did not
proceed suggesting that something else was catalysing the reaction. Therefore,
different conditions were used in ethanol and toluene sulfonic acid 223 under a
dinitrogen atmosphere, 5-ethoxy-6H-benzo[cd]pyrene 224 could be observed by

NMR spectroscopy (Scheme 35).
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Scheme 35: Pathwaysto the production of 5-ethoxy-6H-benzo[cd]pyrene 224.

Reduction of ketone 212 to acohol 213 was followed by acid cataysed
dehydrogenation. Using acetic acid/hydrogen bromide by the method of Reid and
Bontrone, 6H-benzo[cd]pyrene 209 was produced (and not 208 as stated by the
literature) but with several other unknown compounds, thus making purification
difficult.>*? Optimisation of this step resulted in the use of a solid-supported catalyst,
Amberlyst 15. This reaction was much cleaner as it produced mainly 6H-
benzo[ cd] pyrene 209 with the addition of a small amount of ketone 210 and starting
material. Furthermore, it was quickly realised that 209 was very unstable and
oxidised quickly into 6-oxo-6H-benzo[ cd] pyrene 210, therefore the compound had to

be kept under an inert atmosphere.

2.2.1 Optimisation of the synthesis of 6H-benzo[cd]pyrene

Even though the Reid and Bonthrone method had been improved with the use of
safer reagents and a better route to 3-(1-pyrenyl)propionic acid 211, further
improvements could easily be made. Firstly, utilising the works of Mizushima et al.
(Scheme 36) 1-pyrenecarboxaldehyde 215, which is commercialy available, was

treated with malonic acid, in a Doebner modification of a Knoevenagal
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condensation, to form 3-(1-pyrenyl)acrylic acid 226 in good yield.*¥? This was
subsequently reduced to the desired 3-(1-pyrenyl)propionic acid 211 in acetic

acid. %12

o0 O

SoSrv1e PN
H N-"0H
Pyridine/ 100 °C H, / PtO,
26
81 % | Acetic acid
H H

215 84 %
0
PPA
‘ L,
209 N2/80°C 211

Scheme 36: A three-step synthesis of 6H-benzo[cd]pyrene 209, where a number of additional
products are formed (8, 207, 210, 222, 227, 228) .31

N

8,207, 210,
222,227,228

Cyclisation of acid 211 was attempted directly instead of via the acid chloride. Use
of methane sulfonic acid produced mainly 5-oxo-5H-benzo[cd]pyrene 222 with
significant starting material recovered and similar results were obtained when using
Eaton’s reagent or H2S04.3% Polyphosphoric acid (PPA) produced more favourable
results, producing mainly 6H-benzo[cd]pyrene 209 and 6-oxo-6H-benzo[cd]pyrene
210. Consequently, the unexpected formation of 6H-benzo[ cd]pyrene 209 as a major
product considerably shortened the synthetic pathway into a three-step route

(Scheme 36).

Even though the acid catalysed cyclisation of 3-(1-pyrenyl)propionic acid 211 with
PPA did not yield the ketone 3,4-dihydro-5H-benzo[cd]pyren-5-one 212, the *H
NMR spectrum of the crude product also showed small amounts of other compounds

formed .
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Figure 44: 'H NMR spectrum of the crude product of the PPA mediated reaction, conducted at
80 °C for overnight, under Nz (with adamantane as a standard).

Upon extensive gradient column chromatography methods under an inert
atmosphere, the major products isolated were confirmed to be 6H-benzo[cd]pyrene
209, 6-0x0-6H-benzo[cd]pyrene 210 and 5-oxo-5H-benzo[ cd]pyrene 222 with data
in good agreement with that published.>% 313 314 |n addition to these compounds,
other minor products were isolated in trace quantities including, 4,5-dihydro-3H-
benzo[cd]pyrene 207, 7,8-dihydro-9H-cyclopenta]alpyrene 227 and pyrene 8

( SCherne 37) .315-317
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Scheme 37: Compounds formed from thering cyclisation using PPA at 80 °C under a dinitrogen
atmospher e overnight. Compounds 209, 210 and 222 wer e the major componentsisolated.

4,5-Dihydro-3H-benzo[ cd] pyrene 207 was synthesised independently using Clar and

Stewart’s zinc melt conditions (Scheme 38) for data comparison.3°

O‘O NaCl / Zn
ZnCl,
300 °C

Scheme 38: Theindependent formation of 4,5-dihydr o-3H-benzo[cd]pyrene 207 by the method
of Clar and Stewart.3!

This reaction also contained trace amounts of dimer (when completed using >0.8 g
of 210), dibenzo[jk, uv]dinaphtho[2,1,8,7- defg-2', 1', 8, 7'- opgr]pentacene 132

(Scheme 38). %18
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The isolation of compound 228 is described later in relation to a formal

disproportionation reaction.

The compounds which were isolated from the PPA-mediated cyclisation of acid 211
are shown in Scheme 37. Further analysis of the *H NMR spectrum of the crude
product of the PPA reaction resulted in the following ratios of each product: 209, 31
%; 210, 30 %; 222, 26 %; 228, 6 %; 207, 4 %; 227, 4 %, including a trace quantity

of pyrene 8.

After purification of the crude PPA mixture, none of the expected cyclised ketone of
3,4-dihydro-5H-benzo[ cd] pyren-5-one 212 was observed. However, we believe that
the acid initially cyclises to form this compound, but it reacts further. To prove this,
3,4-dihydro-5H-benzo[ cd] pyren-5-one 212 was subjected to the usual PPA reaction
conditions where the same plethora of reaction products were observed from Scheme
37, with the exception of 7,8-dihydro-9H-cyclopenta[a]pyrene 227. A reaction
mechanism is proposed in Scheme 39 for a formal disproportionation of ketone 212.
Here, the acid first protonates and loses water to form a reactive acylium ion 229
which undergoes cyclisation to form ketone 212. In the highly acidic conditions at
elevated temperatures the enol form, 230, can transfer a hydride to the keto-form to
produce 213 and 222. Acid mediated removal of water produces the cation
intermediate 231 which can lose a proton and rapidly isomerise to the more stable

isomer 6H-benzo[ cd] pyrene 2009.
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Scheme 39: Possible mechanism in which ketone 212 isfor med and then reactsfurther by
disproportionation.

The production of the minor compounds can aso be explained, for example pyrene 8
can be produced by an acid-catalysed de-alkylation, where ethylene and carbon

dioxide are lost (Scheme 40).

DOy
SO

211

Scheme 40: Possible mechanism of for mation of pyrene 8 from the starting material 211.
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The production of 4,5-dihydro-3H-benzo[cd]pyrene 207 can occur by the reduction
of the cation 231 as shown in Scheme 39 by using enol 230 (or 209 or 228 may aso

be used) for example.

®
CO,H 0
e - OO
SO
211 229

enollsatlon
212 230
Hydride transfer
+222 HZO
231 230

Scheme 41: The possible mechanism of for mation of 4,5-dihydr o-3H-benzo[cd]pyr ene 207.

The formation of the 7,8-dihydro-9H-cyclopentd] a]pyrene 227 can be rationalised by

the acylium ion 229 cyclising in the opposite direction, to form afive ring as shown

in Scheme 42.
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230

Scheme 42: Possible mechanism for the for mation of 7,8-dihydro-9H-cyclopenta[a]pyrene 227.

Whilst studying this reaction extensively, it became apparent that 6H-
benzo[cd]pyrene 209 oxidises to 6-oxo-6H-benzo[cd]pyrene 210 due to the
relatively weak methylene C-H bonds.3® A further observation which was not
reported before was the isomerisation of 5-oxo-5H-benzo[cd]pyrene 222 to 6-oxo-
6H-benzo[cd]pyrene 210.3°% 33 To prove this isomerisation 3,4-dihydro-5H-
benzo[ cd] pyren-5-one 212, 6H-benzo[ cd] pyrene 209 and 5-oxo-5H-benzo[cd] pyrene

222 were independently heated under the usual PPA reaction conditions. The results
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(Scheme 43) shows that 3,4-dihydro-5H-benzo| cd]pyren-5-one 212 gave a similar
range of products to that of the acid catalysed reaction (excluding 227). 6H-
Benzo[ cd] pyrene 209 completely oxidised to 6-oxo-6H-benzo[ cd]pyrene 210, but no
reaction occurred with the 5-oxo-5H-benzo[cd]pyrene 222 which remained

unchanged.3%?

O o)

PPA /N,
+
SO RN ¢ 6L
212 210

@)
PPA / Ny
> No change
O, oo
H

O‘O
80 °C

N
N
N

OOO
No change

80 °C

Scheme 43: Independent PPA reactions; 3,4-dihydro-5H-benzo[cd]pyren-5-one 212, 5-0x0-5H-
benzo[cd]pyrene 222, 6H-benzo[cd] pyr ene 209 and 6-oxo-6H-benzo[cd] pyr ene 210.3%
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These observations support the proposed theory that 3,4-dihydro-5H-
benzo[cd] pyren-5-one 212 is a key, highly reactive intermediate in the reaction
(disproportionation of compounds 213 and 222 in Scheme 39) but not that of the
isomerisation of 5-ox0-5H-benzo[cd]pyrene 222. Thus, another catalyst was being

used for the isomerisation in this reaction.

Hydride donation was postulated before in Scheme 39, therefore we believe that 6H-
benzo[ cd]pyrene 209 can also act as a catalytic hydride donor, which has aso been
mentioned by Morgenthaler et al.>> 3° To support this mechanism 5-oxo0-5H-
benzo[ cd]pyrene 222 was added to 6H-benzo[cd]pyrene 209 and heated under the
usual PPA reaction conditions with adamantane added as a quantification. The
progress was monitored by NMR spectroscopy where it was observed that
isomerisation did occur and that 6-oxo-6H-benzo[cd]pyrene 210 was generated

(Scheme 44). Signals related to 228 were a so observed.

87



X-H
o H_ H
*ll G@ 9@
T HP “ H,0
H OH

I 22 U1
LT e T

238 237 228

Scheme 44: Theisomerisation of 222 to 210, with 209 being the sour ce of the hydride which is
regenerated.

Further to this, Reid and Bonthrone have previoudy reported the redox
disproportionation of the benzo[cd]pyrenium cation 237 into 6H-benzo[cd]pyrene
209 and 6-0x0-6H-benzo[cd] pyrene 210.3%2 During this disproportionation (Scheme
45) they proposed that it progressed through an intermediate alcohol 228, however

they never managed to isolate this due to its high reactivity.3%
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Scheme 45: Disproportionation of alcohol 228 into 209 and 210.%%

During purification by column chromatography under an inert atmosphere (including
collection and storage), an unknown reactive product was isolated. But it was found
that this compound degrades in base-washed and dried CDClz making analysis
extremely difficult. However, after quick preparation and analysis by NMR
spectroscopy, it was found that this extremely unstable compound isolated was the
alcohol 228 which Reid and Bonthrone postulated, though no one has isolated.%
Within hours of preparation for NMR analysis, the sample soon started to produce
different signals and upon analysis the next day the sample had 6H-benzo[cd]pyrene
209 and 6-oxo0-6H-benzo[cd]pyrene 210 in the redox disproportionation reaction

mentioned previously (Scheme 45)3%

2.3 AFM/STM imaging

Scanning tunnelling microscopy and atomic force microscopy (STM/AFM) can be

used to image planar molecules, therefore the compounds synthesised in this project
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were idea candidates. A sample of 6H-benzo[cd]pyrene 209 was imaged by the
Gross group at IBM Zurich, where a hydrogen was abstracted from the molecule to
create a radical (Figure 45). This was completed by a voltage pulse being applied
while the STM tip was above the dihydride group. The compound was chemisorbed
onto the copper surface, which caused a dlight tilt of the compound. The benefit of
this technique is that the structure including carbon-carbon bonds can be seen, as

well as being able to form unstable molecules containing radicals in this case.

Figure 45: a) AFM image of benzo[cd]pyrene radical 205.3%

Additionally, the final step of the reaction which produced a crude mixture of 6H-
benzo[cd]pyrene was also analysed by AFM. A number of isomers both dihydride

and oxidative products were imaged as shown in Figure 46.
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Figure 46: NC-AFM images of a) 6H-benzo[cd]pyrene 209, b) 6-oxo-6H-benzo[cd]pyrene 210, c)
benzo[cd]pyreneradical 205, d) 5H-benzo[cd]pyrene 232, €) 5-oxo-5H-benzo[ cd]pyrene 222, )
4,5-dihydro-3H-benzo[cd]pyrene 207. The dark areasin imagesb and c arethe C=0 regions
and the bright areason images a, d and f arethat of the CH2 regions.3?

a) H H b) Q ©) .
209 205

210
d) HH © o K
232 222 207

Figure 47: Corresponding structuresto the AFM images from Figure 46.

Constant height AFM was used and the images were captured at 5 K with a CO tip
on a copper surface. The bright spots are the CH2 hydrogen atoms (repulsive
interactions) whilst the dark spots are electron withdrawing ketones (ettractive

interactions).
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Furthermore, a very unstable isomer 5H-benzo[cd] pyrene 232, was also seen, which
has never been observed before. This result suggests that the SH-position is probably
the next most stable isomer as both 5H-benzo[cd]pyrene 232 and 5-oxo-5H-

benzo[ cd] pyrene 222 were imaged but none of the other isomers were found.

Reid and Bonthrone have already reported that the six-position is primarily the
favoured site of reaction for radicals, anions and cations.*%? In addition, Figure 48
shows that isomers 209, 232 and 208, contain two Clar sextets and are therefore
more likely to be stable. Furthermore, Vaentine et al. have studied the
benzo[cd]pyrene skeleton computationally.3? They have deduced that 6H-
benzo[cd] pyrene 209 is the most stable isomer thus, this isomer is predominantly
seen in the reactions conducted.®?232* Thereafter 208 (24.5KJmol™Y) and 232
(29.7 KImolt) are the next isomers which are low in energy compared to the rest

which correlate with the Clar’ s sextet theory.!

H H H H

QL0 OO QL
O Ug

209 232 208

239 240 241
Figure 48: Isomers of benzo[cd]pyrene. ™ 322324

Pauling RBOs were also calculated on the three isomers which contained two Clar
sextets, where the 6H position showed dightly more aromatic character then the

other two isomers (Figure 49).% 848
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Figure 49: Pauling bond orders of the 6H-isomer 209, 5H-isomer 232 and 3H-isomer 208 of
benzo[cd]pyrene.

These results ultimately demonstrate that AFM/STM is a powerful tool, not just in

molecule manipulation but also for the characterisation of compounds.

24 Summary

A new synthesis of 6H-benzo[cd]pyrene has been described. STM/AFM has been
utilised to abstract a hydrogen from 6H-benzo[ cd] pyrene to form a clear image of the
olympicene molecule. In addition, better understanding of the reaction has accounted
for the other products formed within the cyclisation step in PPA. The isolation of
unstable compounds such as 6H-benzo[cd]pyren-ol has further proved theories
which were postulated previoudly in literature. The disproportionation of products as
well as the discovery of the isomerisation of 5H-oxo-benzo[cd]pyrene using 6H-
benzo[cd]pyrene as a hydrogen transfer catalyst has been discussed. AFM has aso
been used to identify products within the mixture of the cyclisation step where the
unstable 5H-benzo[cd]pyrene compound has been imaged for the first time aong

with other more stable compounds.
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3 Chapter 3: Peri-condensation reactions

3.1 Introduction

There exists a short two-step synthesis of 6H-benzo[cd]pyrene 209 from pyrene 8.
The first step was first published by Scholl and Meyer in 1935, whilst the second

was published by Vollman et al. in 1937 (Scheme 46).2%7 2%

o H H
glycerol / 100 °C O“ LiAIH, O“
64 % H,SO, OO AlCl, OO
210 209

Scheme 46: An alter native synthesis of 6H-benzo[cd]pyrene 209,297 2%

While this reaction seems simple, the yield for the intermediate 6-oxo-6H-
benzo[ cd]pyrene 210 was only 40 %, which poses two questions: i) Firstly, why is
the yield low for such areaction?ii) Secondly, is the conversion low or are there any

other products formed which are previously unreported?

In 1904 BASF used this type of reaction with anthracene 5 as the starting material
instead of pyrene, again it yielded the addition of a single ring to produce 7H-

benz[ de] anthracen-7-one 242 (Scheme 47) as the only reported product.3% 326

OOO glycerol / 64 % H,SO,
100 °C

5

Scheme 47: The synthesis of benzanthrone 242, with glycerol and sulfuric acid which was used
asa common red dye. 3?5 3%
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BASF patented benzanthrone 242 and its derivatives as it was used as a common red
dye during the 1900s. Glycerol was used as a cheap reagent and thus these reactions

were carried out on alarge scale, although they did not publish any yields.3% 326

This type of addition was interesting as it not only involved the addition of a ring
onto a stable compound, but also because of the ssimplicity of the reagents. For these
reasons we decided to investigate this style of reaction to gain further insight into the

reactivities of PAHSs.

3.2 Synthesisof 6H-benzo[cd]pyreneusing glycerol

An updated version of Scholl and Meyers' reaction published by Morgenthaler and
Richardt was initially employed. The main difference was that 80 % H>SO4 was
used instead of 64 %.3' The reaction uses simple and cheap reagents to produce
compounds which may be beneficial to the organo-electronic field and graphene, by
growing structures with the addition of aromatic rings. Glycerol is a commercially
available reagent, a by-product of biodiesel production and can be found in
numerous sectors from the food to the cosmetics industries. Glycerol can be
converted into another in-demand product glycidol, by dehydration.®?”-32° Glycidol is
also used in many applications in the pharmaceutical industry and as a surface
coating. Due to the epoxide, it is more reactive than glycerol. Morgenthaler et al.
stated that the workup was time consuming (‘filter for three days’), the conversion
was low (approximately 30 % yield) and after four hours some starting material was

recovered.30!

Therefore, this work started with the optimisation of reaction conditions; firstly,
glycerol was replaced with the more reactive glycidol, the temperature was reduced

to 80°C and left to react overnight. The workup was simplified to minutes by
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neutralising the reaction mixture with 5M NaOH to pH 7. Finally, the number of
equivaents of glycerol and sulfuric acid were changed from 4.4 to 8.0 equiv. and to

33 to 10 equiv. respectively.

The reaction was repeated with the changes made, but the conversion was still low;
however, a large amount of black solid was isolated from the reaction which could
be a possible reason for the low yield. In addition, NMR analysis of the product
showed not only 6-oxo-6H-benzo[cd]pyrene 210 but a small amount of 6H-

benzo[ cd] pyrene 209 was also present.

These results raised afew questions, such as:

1. Is there an intermediate formed before 6-oxo-6H-benzo[cd]pyrene 210 is
produced?

2. What is the mechanism of the reaction?

3. What is the black solid which is formed and is this what is causing the low

yield?

To understand the first question, the reaction with pyrene was completed under an
inert atmosphere, where pyrene was dissolved in a minimum amount of chloroform
first; as a cautionary step as the slow addition of reagents would generally be quite
violent. This mixture and glycidol were subsequently added drop-wise to a stirring

solution of 80 % H>SO4, and | €ft to react at 80 °C overnight.

The NMR spectrum of the crude reaction product showed that the majority of the
product formed was 6H-benzo[cd]pyrene 209 and 6-oxo-6H-benzo[cd]pyrene 210
(amost equal amounts of each), with small amounts of alcohol 228. This result
suggests that there is an intermediate before ketone 210 is formed. From this

evidence, one can deduce that after the formation of 209 a hydrogen can be lost to
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form either aradical 205 which can then be oxidised, or a cation intermediate 237, to
form the alcohol 228 and/or ketone 210 (Scheme 49). Trace amounts of alcohol 228
were recovered due to its instability, as it can disproportionate into 6H-
benzo[cd] pyrene 209 and ketone 210 which is previously shown in the results of
Chapter 2. Furthermore, the reaction to form the ketone is an oxidation, whereas the

formation of the dihydride is not (Scheme 48).

9@ 0 (I . o
+ +
Ho A ?
243

8
CieH10 C3HgO2

Scheme 48: For mation of the dihydride 209 using glycidol 243 with a balanced equation.

glycerol / 80 °C OH
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Scheme 49: A possible route to explain why 209 isa major product along with ketone 210 in this
reaction.
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These results, especialy the notion that 6H-benzo[cd]pyrene is produced before 6-
ox0-6H-benzo[cd]pyrene, have not been mentioned before in the published
literature. The most recent literature by Morgenthaler and Richardt in 1999, also did
not state that multiple products were formed; however, this would probably be due to
the changed experimental parameters.®®* Notably, after their three day work up, 6

would have oxidised into 5,2%7-2%9. 301, 302

The modified work-up neutralised the highly acidic solution with base (NaOH) and
this thick viscous solution was filtered through a Blichner funnel. Large amounts of a
black-tar like solid was separated from the crude mixture which was easily dissolved

in halogenated solvents.

Furthermore, undertaking a large scale reaction under an inert atmosphere produced
small amounts of different products, as observed from the *H NMR spectrum of the
crude reaction product. After laborious purification using silica column

chromatography, a number of different products were isolated (Scheme 50).
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H H (0] OH
9 0 28

24 % 19 % 12 %

o O
NS seleeeRrrs
Glycidol (8 equiv.) / Nz*
222 206 OO 123

80 % H,S0,(10 equiv.)

0,
80°C / Overnight <1 % <1% <1 %
HH
*o
9 ‘ 244 O 245
4% 2% <1%

Scheme 50: Various compoundsisolated from the reaction of pyrene with glycidol in 80 %
H2S04, approximately 2.0 g of black solid was also obtained. Per centages worked out from the
'H NMR spectrum and ar e representative from each pyrene molecule used from the starting
material.

Compounds 209, 210, 222 and 228 have all been previously characterised before
(Chapter 2), compounds 123 and 9 were fully characterised, with the data matching

that of known literature of Shen et al. and Cremonesi et al. respectively.1°% 330

Trace amounts of impure compound 206 were isolated and fully characterised by
NMR spectroscopy. To confirm the assignment further, the synthesis of 206 by
Didenko et al. which was published without NMR data was undertaken.®3! Pyrene
and aluminium chloride was added to a mixture of phosphorus pentachloride and
cinnamic acid 246, to produce cinnamoylpyrene 247. After purification, ketone 247
was treated with aluminium chloride to produce 3-oxo-3H-benzo[cd]pyrene 206
(Scheme 51). Full analysis was performed and the data was consistent with the data

gained from the product of the glycidol reaction.
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O‘ N, 246
OO AlCl;/PCls  84%

benzene 247

\ benzene

34 %

Scheme 51: Theindependent synthesis of 3-oxo-3H-benzo[cd]pyrene 206 by the method of
Didenko et al .3

Scheme 52: M echanism for the synthesis of 206 using the method of Didenko et al .33

Compounds 244 and 245 were larger PAH species and were therefore more difficult

to characterise. However, the 'H NMR spectrum showed that when compound 244
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was left to oxidise in ar it would turn into 245, thus, these were related redox
compounds. Using 2D NMR experiments the structures of 244 and 245 were

determined (Figure 50).

O 244 O 245

Figure 50: The characterisation data pointed to compounds 244 and 245 having seven-fused
ring structures.

These new compounds were sent to IBM Zirich for NC-AFM analysis to confirm
their structures. The group encountered difficulties during sample preparation for
AFM/STM anaysis. Nevertheless, a relatively large amount of this materia was
produced within the pyrene condensation reaction (Figure 51). This compound also

correlates to the structural data confirmed by NMR of compounds 244 and 245.

a)

244 H H

Figure51: a) AFM image of 244, which was prominent in the mixture.3?

Along with the isolated compounds, a considerable amount of black insoluble
powder was also isolated after filtration. This solid was collected via a Blchner

funnel during workup but for completeness it can be fully collected by centrifuging
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the mixture and washing it with water. These washings were collected but were kept

separately at the time as this was an unknown substance.

3.3 Anthracene

Due to the findings from the pyrene-glycidol reactions in the previous section,
anthracene 5 was used as another PAH starting material. The modified procedure
developed in the previous section was used. The only notable change from the
pyrene reaction is that 30 equivalents of sulfuric acid were used due to the solubility

of anthracene.

After the usual workup, the *H NMR spectrum of the crude reaction mixture seemed
to show that the dihydride 7H-benz[de] anthracene 253 was formed, in addition to the
ketone 7H-benz[de]anthracen-7-one 242 as a mgjor product. Furthermore, there were
also a number of minor peaks suggesting additional multiple minor products. These

were isolated by column chromatography purification (Scheme 53).
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I! 253 I! 242

10 % 15 %

OH C
I 'li o)
255

254 2o,

+ isomer 3 %

OOO Glycidol (8 equiv.) / N,
80 % H,S0, (30 equiv.) O O
1g 5 80°C / Overnight
1% 256 0/ 257
259

Scheme 53: Various compoundsisolated from the reaction of anthracene with glycidol in 80 %
H2S04, approximately 1.5 g of black solid was also obtained. Per centages worked out from the

'H NMR spectrum and ar e repr esentative from each anthr acene molecule used from the
starting material.

Compounds 242, 253, 256 and 257 were fully characterised and were consistent with
the reported data. 3323 NMR analysis suggested the structure of compound 255 but
to aleviate any doubt an independent synthesis of an aternative isomer 264 was
completed (Scheme 54).3% The data of 264 did not match that of 255, thus proving

that 255 was made.
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263 OOO 262
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264

Scheme 54: Synthesis of 3-oxo-3H-benz[de]anthr one 264, method taken from Cameron et al 3%

Column chromatography under an inert atmosphere of the anthracene crude mixture
also resulted in the collection of an unknown unstable compound. NMR
spectroscopy  suggested that there were two compounds which euted
simultaneously, both showing a typical secondary acohol CH-peak in the 3C NMR
spectrum at 58 ppm. We believe these compounds to be benz[de]anthracen-ol 254
isomers which are highly unstable. The sample disproportionated and oxidised to
7H-benz[de]anthracen-7-one 242 aong with a smal amount of 7H-
benz[de]anthracene 253. This result suggests that these compounds underwent the
same disproportionation reaction as 6H-benzo[cd]pyren-6-ol 228 (Chapter 2).
Therefore, one could assume that one of the isomers could be that in the 7H-position

254 and the other isomer is unknown. Due to the instability of 254, only NMR data
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were obtained. The 7H-isomer of the alcohol 254 has been reported by Clar et al. but

only amelting point was given.3’

Compounds 258 and its oxidation product 259 were difficult to analyse by 2D NMR
spectroscopy due to overlapping signals. The data suggested the possible structures
of the compounds but these were sent to IBM Zirich to be analysed by NC-AFM for

structure determination (Figure 52).

a)

S
&y

O 259

259

Figure 52: Compound 259 characterised by AFM (a).3%

In addition to this, 1.5 g amount of black powdered solid was also collected in the

same way as the pyrene reaction, as a side-product.

3.4 Naphthalene

Naphthalene 4 was also used as a starting material in the same reaction.
Interestingly, the isolated products from this reaction were exactly the same as that

of the pyrene 8 reaction (Scheme 55).
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2% 09 A,

17 % 10 %
glycidol (8 equiv.) /N2
4 80 % HySO4(10 equiv.)
80°C / Overnight

19 vemig 228 123

<1 % %
H H 0
‘l ‘l il 9 . '
s 244 245
<1% 8 %

Scheme 55: Various compoundsisolated from the reaction of naphthalene with glycidol in 80 %
H2S04, approximately 1.7 g of black solid was also obtained. Per centages worked out from the
'H NMR spectrum and ar e repr esentative from each naphthalene molecule used from the
starting material.

All these compounds have been characterised from the pyrene condensation reaction
where the data is consistent. Likewise, there was a large amount of black powdered

solid side-product obtained (1.7 g).

3.5 Perylene

Perylene 25 was the largest arene used as a starting material. With the same reaction
conditions employed (the only changes were that there were 25 and 27 equivalents of
glycidol and sulfuric acid added), there were not as many compounds isolated

(Scheme 56).

106



II glycidol (25 equiv.) / N O
OO 80 % H,S0, (27 equiv.)
25 100 °C / Overnight

19

19 % 21%

Scheme 56: Compoundsisolated from the reaction of perylene with glycidol in 80 % H2SO4,
approximately 3.1 g of black solid was also obtained. Percentages worked out from the*H NMR
spectrum and arerepresentative from each perylene molecule used from the starting material.

The results show the formation of 257, which has been characterised before as it is
present in the anthracene mixture.32 Peropyrene 265 is formed when two rings are
added on either side of perylene 25.3% Again, like the rest of the reactions a large

amount of black solid (3.1 g) was also obtained during filtration.

3.6 Multiplering addition —‘glycidol units

Examining al four sets of results from the condensation reactions of pyrene,
naphthalene, anthracene and perylene, a number of compounds with multiple rings
were discovered. All of the additional rings produced are however six-membered
rings. Appreciating that one ring can be added to pyrene to form 6H-
benzo[ cd] pyrene 209, if another ring were to be added, compounds 9 and 123 can be
produced. Furthermore, the compounds formed from naphthalene are the same as
those from the pyrene reaction due to pyrene being formed in the naphthaene

reaction.

These products are al consistent with the addition of either a single or multiple three
carbon unit(s) having added to the starting arene, which are shown in bold on the

products in Scheme 57, 58, 59 & 60.

For the annulation to occur, two adjacent ‘peri’ positions must be available where
the ring can add, and it can be seen that all of the arene starting materials possess this
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feature. Moreover, there are multiple ways of adding these units onto the ‘peri’

positions however, for ssimplicity, only one method of addition is shown.

24% 19% 12%

Glycidol (8 equiv.) / Nz* O ‘O
222 206 123

‘ 80 % H,S0,(10 equiv.) o
80°C / Overnight <1 %
‘ I 244 ' 245
4% 2% <1%

Scheme 57: The multiple addition at the ‘peri’ positions are shown in bold, only one method of
addition is shown.
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10 % 15 %
OH
+ isomer 3 ‘V > 3%
OOO glycidol (8 equiv.) / N °
5 80 % HyS0O4(30 equiv.) O O
19 80°C / Overnight

1% 256 257
H H 0
3% |I 258 4% |I 259

Scheme 58: The multiple addition at the ‘peri’ positions are shown in bold, only one method of
addition is shown.
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8 OO
4%

17 % 10 %
Glycidol (8 equiv.) / Ny
4 80% HzS04(10 equiv)
19 80°C / Overnight
228 123
<1 % 4%
<1% l 244 ' 245
<1 % 8 %

Scheme 59: The multiple addition at the ‘peri’ positions are shown in bold, only one method of
addition is shown.

glycidol (25 equiv.) / N2 “
80 % H,S0, (27 equiv.) O
100 °C / Overnight

19 % 21 %

Scheme 60: The multiple addition at the ‘peri’ positions are shown in bold, only one method of
addition is shown.

However, if the system does add one ring at a time onto the starting material,
phenalene 182 should be observed in the naphthal ene 4 condensation products. As it
is not observed it probably signifies that phenalene is too reactive. Thus, the reaction
was conducted in air rather than an inert atmosphere in the hope of oxidising the
intermediate phenalene. This indeed worked, as the *H NMR spectrum of the crude
reaction mixture showed that perinaphthanone 266 was formed, which is consistent

with phenalene 182 being a reactive intermediate (Scheme 61).
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Scheme 61: The formation of the reactive phenalene 182 inter mediate.

3.7 Possible mechanism of reaction

Both glycerol 268 and glycidol 243 can be used in these condensation reactions and
with the assumption that a ‘three carbon unit’ (glycidol) adds each time across a pair

of ‘peri’ positions on the arene, a reaction mechanism can be proposed.

In 1880 the Czech chemist Z. H. Skraup published a synthesis of quinoline 269,
involving heating glycerol 268 and aniline 267 in sulfuric acid with an oxidising

agent such as nitrobenzene (Scheme 62).33-34

H,SO4 A X
R + HO OH R
L, T L )
NH, nitrobenzene N
267 268 269

Scheme 62: Skraup’s quinoline synthesis also uses glycerol as a three-unit addition.33% 340

Soon after this discovery O. Doebner and W. Miller carried out the synthesis of
quinolines 271 using similar reaction conditions, but using o,B-unsaturated

aldehydes 270 as a substitute for glycerol (Scheme 63).34-348
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267 270 271

Scheme 63: Substituted quinolines produced by replacing the glycerol by Doebner and
Miller 342 343,348

Acrolein 276 can be synthesised from glycerol (and therefore glycidol 243) by acid
catalysis (Scheme 64).3%3* Condensation with aniline and oxidative cyclisation is

known as the Skraup-Doebner-Von-Miller quinoline synthesis.33%-34

@) .
H ® COH OH O ®0-y
243 272 273 |'_| 274
O H HF/r‘\FH
G U s
H ‘OH @(ll)I\H
276 275

Scheme 64: The acid catalysed for mation of acrolein 276 from glycidol 243,343

We believe that the peri-condensation reactions proceed via the o,f-unsaturated
aldehyde acrolein 276 like the Skraup-Doebner-Von-Miller synthesis. For example,
naphthalene 4 is most reactive at the one position and this is where the first peri

addition occurs. It can add one of two ways in a polar mechanism (Scheme 65).3%
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Scheme 65: The possible acid catalysed mechanisms, annulation of naphthalene 4 with acrolein
276.

182

The formation of a ring onto naphthalene produces a non-Kekulé structure,
phenalene 182. The addition of the next ring to reform a Kekulé PAH can either
proceed by a polar or radical mechanism. If it is a polar mechanism, the most
nucleophilic site of phenalene 182 would seem to be the two position. Density

functional theory (DFT) calculations by Dr David Fox show that there are multiple
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sites which an electrophilic attack can occur from, not just the two position (Figure
53). However, the DFT calculation for the phenalenyl radical 7 show that the most
prominent sites of attack are the peri-positions (Figure 53). It is known that the
methylene C-H bond of phenalene is weak.28% 302 319 35 phengene 182 and 6H-
benzo[cd]pyrene 209 have a bond dissociation energy (BDE) of 58.1 and
66.8 kcal/mol respectively, compared to the BDE of the methyl C-H toluene
88.5 kcal/mol and diphenylmethane 81.4 kcal/mol .3t% 3% 357 These bonds can easily
dissociate and form a radical, which in turn would form a six membered ring in the
peri positions by a radical addition mechanism. A possible mechanism is shown in
Scheme 66. With radical character only present at peri-positions in the reactive
intermediates, only six-membered ring products are possible. Radical reactions to
form six membered rings in aromatic and C=0 species are well known and therefore

support this mechanistic proposal .3%8-362

a) b)

182 7

Figure53: DFT calculations: @) HOM O of phenalene 182, b) SOM O of the phenalenyl radical 7.

An dternative polar reaction involving the nucleophilic addition of the most reactive
carbon onto acrolein would produce a two-substituted phenalene. This would then
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only react further to produce five-membered ring containing compounds which are

not observed in the product mixture (Scheme 67).

Radical
SO OGN OO
/H\‘f\ ' <Ol : ‘ N
H O—ny = H o
182 ~0 7 o N__+©O 286

Scheme 66: Possible acid catalysed radical reaction of the formation of a Kekulé structure
pyrene 8.
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Scheme 67: If thereaction from a non-K ekulé species proceeded from a polar reaction only a

five-membered ring would be made.

To confirm the orientation of the initial reaction of acrolein in our mechanism
(Scheme 68), the two possible 1,2- and 1,4 addition intermediates were
independently synthesised and reacted. Both 3-(1-pyrenyl)propional dehyde 300 and
1-(pyrene-1-yl)prop-2-en-1-ol 302 were reacted in PPA and (80 %) sulfuric acid

under an inert atmosphere separately, to see if they produce similar cyclic products

(SChefne 68) .324, 363-365
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— OH -
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Scheme 68: Possible inter mediates 300 & 302 in the mechanism of the for mation of 6H-
benzo[cd]pyrene 209. * Observable in the PPA reaction.

3-(1-Pyrenyl)propional dehyde 300 produced the same cyclic products (209 and 210
were major products) under these conditions, but 1-(pyrene-1-yl)prop-2-en-1-ol 302
did not. This result suggests the mechanism is more likely to go via conjugate

addition of the areneto acrolein.

Furthermore, in the early 1900s Bally and Scholl studied the addition of ring(s) to
anthracene using glycerol and sulfuric acid, where they believed that a Skraup type
reaction took place and that acrolein was an intermediate.3® They assumed that the
cyclisation proceeded from an akene intermediate but in 1939 Calcott et al. and
Weinmayr et al. proposed an aldehyde intermediate.®®” 3%8 These works from 1939
also studied the addition of ring(s) on anthracene, phenanthrene and other substituted

polyarenes but by using HF and acrolein after studying Scholl and Meyer’'s work
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with glycerol and sulfuric acid.?®” 37 38 Weinmayr et al. aso produced perylene
from phenanthrene, which is an addition of two rings from acrolein. Calcott et al.
used the term ‘peri condensation’ for these types of reactions as they proceeded to
give the products expected as with the conditions of Scholl and Meyer.297: 367. 368 |
addition, it was mentioned that starting materials contained at least two benzene
rings (possible reference to peri-positions) and that ‘higher or non-fusible’ products
which could not be determined were probably formed. This again supports our
theory (see Section 3.2) as well as others who have suggested ‘ peri-condensation’

reactions with PAHs, 366372

Peri annulation continually produces an arene which can react further. However,
further DFT calculations and stability judgements need to be completed, as it is

difficult to predict why/if one peri site is more reactive than another.37 3™

3.8 Carbon-13labelling experiments.

To further investigate the mechanism of poly-annulation and to confirm that the
‘ring’ addition was coming from an intact three carbon unit (glycidol), $3C-labelling
experiments were undertaken. Naphthalene 4 was used as the staring arene as it
would provide reaction products which are easier to analyse and collect with

multiple ring additions and also includes the largest number of ring additions.
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10 % "3C3- glycerol O 266a O
in glycerol (8 equiv.)
80 % H,S0,4(10 equiv.) H H o)
209a 210a

Scheme 69: Reaction of naphthalene 4 with glycerol doped with *Cs-labelled glycerol (10 %), to
produce labelled products 8a, 209a, 210a, 266a.

The glycerol was doped with 10 % 3Cs-labelled glycerol, and after undertaking the
reaction in air, product purification was completed by column chromatography
where 3C-labelled perinaphthanone 266a, pyrene 8a, 6H-benzo[cd] pyrene 209a and

6-0x0-6H-benzo[ cd] pyrene 210a were isolated.

Initial analysis showed that perinaphthanone 266a and 6-oxo-6H-benzo[ cd]pyrene
210a could be analysed by NMR spectroscopy, however due to magnetic

inequivalence both pyrene 8a and 6H-benzo[ cd] pyrene 209a could not.

3.8.1 Carbon labelled Perinaphthanone (266a)
There are three isomers of peringphthanone possible for the single peri-condensation

of a Cs-unit onto naphthalene (Figure 54).
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Figure 54: Thethree possible additions of a ring onto naphthalene 266b-d, wher e the squares
show the carbons which will never belabelled.

The carbon assignments were fully assigned for perinaphthanone. Then each peak in

the 3C NMR spectrum was anaysed to see if the carbon is labelled (Figure 55).

2.129.2
3.1418

3a 12750r 1278

4.1313

51266

6 1319

Ba. 1321

7.1349

8.1271 |
9.130.3

%a. 1294 |
8b. 127 50r 1278 I
J

)

Figure55:; a) Assigned perinaphthanone 266 compound (ppm), b) Expanded section of carbonyl
peak, c) *C NMR of partially labelled perinaphthanone 266a.
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The carbonyl carbon region at 185.7 ppm has three peaks (Figure 55b). The middle
peak is due to the non-adjacently *C-labelled product while the peaks either side are
a 54.5Hz doublet, which is within the typical values for C-C coupling.3>3"
Importantly, as only one doublet is observed, only one adjacent carbon is C
enriched, and one intact C3 unit has added and has not dissociated during the
reaction. The proposed addition mechanism suggests that the carbonyl **C-labelled
carbon has the possibility of one neighbouring carbon which can be labelled
(assuming no scrambling of 3Cs unit), as the quaternary carbons on the other side
would not be labelled (Figure 54). Indeed, a single doublet is observed which
represents the *C-labelled carbons overlapping along with the singlet from the non-
adjacent labelled carbons. The centre of the doublet is not exactly at the same

chemical shift asthe singlet due to a small isotopic shift.

The relative intensity of the singlet and doublet peaks in the NMR spectrum can be
explained. The sample was doped with 10 % *Cs labelled glycerol. Therefore, there
is a possibility of 10 % *C-labelled and 90 % of non-labelled carbon in the product.
Furthermore, there are three different arrangements (226b, 266¢ & 266d) which the
13C-labelled compounds can acquire (Figure 56) each with an approximate

proportion of 3.3 %.
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Figure 56: The proportion of labelled to non-labelled signals expected. Thetop arrows showing
the doublet and the bottom non-labelled portion 266.

For example, one out the three arrangements can be labelled in the carbonyl position
(Figure 56, top arrows). Hence the doublet peak can be said to be 100 % *C of
3.3%. In addition, roughly 1.1% of natural carbon contains isotopic carbon
therefore the singlet (Figure 56, bottom arrow) is 1.1 % of the remaining 96.7 % of
the product. This explains why the doublet is more intense than that of the singlet by
afactor of roughly 3.1.

a) o b) C)
9 545 Hz 9

1.5 Hz
9
25 sy
: 7 62 Hz (" b
2 @ 6a O 59.5 Hz
4 6 54 Hz @61.5 Hz

2 Hz
266a

545 Hz

J 129.0

Figure57: a) Carbon 2 and its neighbours, b) the *C NM R spectrum for C2, c) the observed
coupling constants of the labelled perinaphthanone.
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The 13C peak at 129.2 ppm corresponds to the C2 peak, next to the carbonyl which is
a singlet overlapping with a double-doublet peak (Figure 57). The double-doublet
(represented by the arrows) is due the coupling of two neighbouring non-identical
labelled carbons with J values of 62.0 and 54.5 Hz. Again due to the NMR isotope
shift the double-doublet peak is not exactly centred to that of the unlabelled carbon
singlet. The * peak can be ignored in this case as it belongs to the quaternary C9a.
After complete analysis, all J values for the three different 13Cs environments can be

deduced (Figure 57c¢).

Furthermore, if the mechanism is correct, there should be four quaternary carbon
singlets in the NMR spectrum that are never *C-labelled, which is observed (Figure

58).

132.0 131.0 130.0 129.0 128.0 127.0
ppm (t1)

Figure 58: The arrows showing the quater nary carbons, which are all singlets and therefore not
labelled.

In addition to the 1D *H and 3C spectra, an INADEQUATE *C-13C correlation
experiment was performed to support the assignment of the *C spin systems of

perinaphthanone.

The INADEQUATE shows coupling between neighbouring carbons which can
determine spin systems. Perinaphthanone 266 has three spin systems, carbons 1, 2, 3,
carbons 4, 5, 6 and carbons 7, 8, 9. The signa is represented by a contoured circle,
and those which are on the same horizontal axis are those which are coupling
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together. Figure 59 shows two lines; the first shows two strong signals at 129.2 and

141.8 ppm which represents the coupling of carbons 2 and 3. The second line shows

two strong signals at 129.2 and 185.7 ppm which correspond to the coupling of

carbons 1 and 2. Collating these results concludes that carbon 1, 2 and 3 are part of

the same spin system. The rest of the spin systems can also be determined in this

way (Figure 60). The scale on the right hand side of the INADEQUATE is the

double quantum frequency which is made up of the sum of the two correlating

frequencies.
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Figure59: INADEQUATE of perinaphthanone 266a, showing the assignments on the car bonyl
ring, wherethe signals‘spots which arein line with each other are from the same spin system

(lines).
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Figure 60: INADEQUATE of perinaphthanone 266a showing therest of the spin systems.

1.185.7

2.129.2

3.141.8
3a.127.50r 127.8
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8.127.1
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Figure 61: The analysis of the ADEQUATE results of perinaphthanone 266a, carbons 3, 4 and 8
had overlapping signals.

Furthermore, an ADEQUATE experiment was a so undertaken which deduces which
are neighbouring carbons. Figure 61 shows a summary of al of the measured *C-

13C coupling patterns. Thisis also in agreement with the INADEQUATE results.

Aswell as *C NMR spectroscopy, mass spectrometry is also a valuable method for

the analysis of |abelled compounds.
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- [CisHgO+Na]*

203 0467

[*2C10"CsHsO+Na]*

Figure 62: Mass spectrometry of the 3C-labelled perinaphthanone 266a wher e the **Csz mass
can be seen.

Perinaphthanone 266 has a molecular mass of 180.06 and the labelled version 266a

with 3Cj3 is 183.03455, the corresponding peaks can be seen in Figure 62.

3.8.2 Carbon labelled 6-oxo-6H-benzo[cd]pyrene

Also from the 3C labelled reaction, 6-oxo0-6H-benzo[cd]pyrene 210a was anal ysed.

The different ring additions onto naphthalene 4 are shown in Figure 63.

1.127.0
2.128.7
2a.131.2
3.134.5
4.126.9
5.129.2
5a.129.6
5b. 128.2
6.184.4
11a. 1321
11b. 121.1

Figure 63: The possible additions of rings on the naphthalene starting material (210b-€) to make
6-0x0-6H-benzo[cd]pyrene 210a. The different lettersrepresent the different type of single
additions encountered (A-E). In addition, the full assignment of 6-oxo0-6H-benzo[cd]pyrene 210
is shown (ppm).

After dl the carbon signals are characterised the *C NMR spectrum was fully
analysed (Figure 63) where one of the more interesting peaks was the carbonyl C6.
Figure 63 shows the four possible additions which have five different environments
(A-E) of 1*Cs units which should be found in the product given the proposed peri-
condensation pathway.
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The C6 peak at 184.4 ppm has three possible environments a C and D spin system as
well as an unenriched environment. The splitting in the C spin system would be
either a doublet or if 2] coupling is observed a double-doublet, whilst the peak in the
D type system would be a triplet in *C NMR spectrum. In the spectrum, both a C

(double-doublet) and D (triplet) type environment are observed (Figure 64).

SOl eos)

c6inC

| T T T T | T T T T |
184.50 184.00
ppm (1)

Figure 64: The C6 peak, two types of additions can occur C (double-doublet: 54.5, 40 Hz —
dashed arrows) and D (triplet: 55.0 Hz — solid arrows) where both can be seen with the non-
labelled singlet in the centre.

The signal at 134.5 ppm is the C3 carbon, which has only an A type environment, a

double-doublet is seen with coupling to C4 and C5 (Figure 65).
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Figure 65: C3 (double-doublet: 57.0, 1.5 Hz) coupling to C4 and C5, *peak in the middleisthe
non-labelled singlet.

The C4 peak at 126.8 ppm is a double-doublet in an A type environment coupling to

C3and C5.
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ppm {t1)

Figure 66: Type A environment of C4 (double-doublet: 57.0, 55.0 Hz — solid arrows), *peak is
the non-labelled C4 singlet. In addition, C1 isobserved here, with a B type (doublet: 61.5 Hz -
dotted line) and an E type environment (double-doublet: 62.5, 53.0 Hz — dashed ling), **peak is

the non-labelled C1 singlet.

The C1 signal at 126.9 ppm is overlapped with that of C4, whereit is part of a B type

and E type environment (Figure 66).

The peaks C2 at 128.7 ppm is in the same B and E spin systems as C1, with a

doublet and a double-doubl et observed in the spectrum respectively (Figure 67).
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Figure67: C2 at 128.7 ppm hasboth a B (doublet: 62.5 Hz — dotted lines) and E type (double-
doublet: 62.0, 53.5 Hz — dashed lines), *peak isthe C2 non-labelled singlet. C5 at 129.3 ppm, A
type environment (double-doublet: 55.0, 1.5 Hz — solid line), ** peak isthe non-labelled C5
singlet.

The C5 peak at 129.3 ppm are in the A type spin system and is split into a double-
doublet as it couples to C4 and C3. The splitting pattern is overlapped with C1 and

can be observed in Figure 67.

Consequently, the peri-addition can incorporate some quaternary carbons from the

molecule (Figure 68).
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Figure 68: Summary of the quaternary carbonswhich arelabelled with the proposed
mechanism, the squarerepresentsthe C11b which isnot labelled.

The Cbha peak at 129.8 ppm is part of a C and a D type spin system, therefore a
double-doublet and a doublet is expected respectively, however due to overlapping
peaks and signal strength only a doublet can be observed in the spectrum. The
quaternary carbons of C2a at 131.2 ppm and Clla at 132.1 ppm, are always at the
end of a*3Cs unit therefore a doublet is seen for both (Figure 69). C5b splitting is not

observed due to overlapping peaks.

C2ainB

CllainE | A |

I NI N

Figure 69: 3C NM R spectrum showing C11a, E type (doublet: 54.0 Hz-dashed ling), C2a, B type
(doublet: 54.0 Hz-dotted line) and C5a D type spin systems (54.5 Hz-solid line). *peaks arethe
respective non labelled singlets.

Note that one quaternary carbon C11b at 121.1 ppm is never labelled (Figure 68)
using the Cs unit addition and in the 1*C spectrum only asinglet is observed, which

further supports the peri-condensation mechanism.
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A coupling constant map can be produced after collating all the information from the

13C spectral data (Figure 70).

Figure 70: Coupling constant map of *C-labelled 6-oxo-6H-benzo[cd]pyrene 210a, all J values
arein Hertz.

Due to only 10 % carbon labelled doping of glycerol the probability of more than
one 3Cs unit adding onto one naphthalene is very low (1 % or 0.1 %). Hence, further
coupling is not observed in the 3C NMR spectrum. In addition to the 1D H and *3C
spectra, an INADEQUATE 3C-13C correlation experiment and ADEQUATE was
performed which supports the assignment of the 3C spin systems of 6-0x0-6H-
benzo[ cd] pyrene.

A mass spectrum was also performed on *Cs doped 6-oxo-6H-benzo[cd]pyrene
210a. The non-labelled 210 has a molecular mass of 254.0732 and can be seen at
277.0625 with sodium. The labelled molecule 210a with one *Cs unit is seen at

280.0725 with sodium, the corresponding peaks can be seen in Figure 71.

imEFIS.1

ot [CagHsoO+Na*
1 19M1200+
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Figure 71: Mass spectrum of *C-labelled sample of 6-oxo0-6H-benzo[cd]pyrene 210a.
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Additionally, the peak at 278.0660 represents the 1% of 3C part of the natural

abundance peak (predicted: 278.0657) and the same can be seen for [M+H]™ signal.

These results obtained suggest that a *3+3' annulation of adjacent ‘peri’ positions
occurs rapidly when available and that the ketone products proceed via their
dihydride precursors. Carbon labelled glycerol experiments were undertaken proving
the addition of rings was from the glycerol and not scrambled, supporting the
mechanism proposed. The analysis was aso further supported by INADEQUATE

and mass spectrometry experiments.

3.9 Thesolid black powder product of the annulation reactions

The black solid which was produced in all the reactions,; naphthalene 4, anthracene
5, pyrene 8 and perylene 25, were analysed. As there was low conversion rate into
the expected products and high amounts of this solid obtained, it was necessary to
determine if this is a side-product and therefore, what the structural composition of

thismaterid is.

Due to the solubility issues no relevant NMR data could be obtained as the material
would not dissolve in solvents including DMSO, DMF and DMS. Thereafter, a
soxhlet extraction was performed, however only the higher molecular weight
compounds purified from the crude mixture were obtained. Therefore, techniques
using solid samples were used, including those which were typically used for

graphene oxide analysis (all spectra can be found in the experimental section).

3.9.1 Infra-red spectroscopy
The IR spectra of the black solid obtained from all the different reaction mixtures are
very similar with characteristic peaks around 3400 cm* (O-H stretch), 2900 cm* (C-

H stretch), 1700 cm? (C=0 stretch), 1600 cmt (C=C stretch) and 1000 cm™ (C-O

133



stretch). This has not provided much more information about the structure of the

material.

3.9.2 Raman spectroscopy

Raman uses vibrational frequencies of the material, where they are displayed as a
band in the spectrum which are very specific to the orientation and weight of atoms
in question. The Raman spectrum shows two broad peaks which are ‘D’ and ‘G’
bands (see experimental section 6.3.4) attributed to graphene oxide-like compounds
according to literature.38382 Alternatively, the mixture contains a variety of
compounds with very similar structures, this difference in frequency is smaller than
the resolution that the instrument provides. Thus the resulting peak will be an

average for all vibrations with similar energy.383 384

Due to the similarities of all the data collected so far of the black powder from the
different starting materials, the pyrene condensation reaction black solid product was

the only solid fully analysed further.

3.9.3 Solid state NMR (ssNMR) spectr oscopy

Due to the poor solubility of the black solid, solution state NMR spectroscopy could
not be conducted. Therefore, solid state NMR spectroscopy was performed by Dr M.
Reddy on the black solid to gain a more accurate analysis of the chemical
composition. A strong broad peak around 115 - 150 ppm was present, which can be
attributed to high proportion of sp? carbons within the structure. There is also a small

peak around 20 - 40 ppm which is attributed to CH2/CH3z groups.

3.9.4 Thermogravimetric analysis (TGA)
Thermogravimetric analysis measures the weight difference as a function of

temperature where plots can be compared with standards to help determine any

134



changes in properties. It can be seen (Figure 72) that an initial small mass loss
around 200 °C is due to decomposition of functional groups such as carbonyls and
acohols. The main mass loss around 550°C is due to the decomposition of the core

of the structure which can be considered similar to graphitic-type compounds, 32 38

386

120
40
20
0
0 100 200 300 400 500 600 700 800
Temperature °C

Figure 72: TGA plot of the black powder wherethetemperature wasraised at 10 °C/min from
25 °C - 800 °C.

3.95 Energy dispersive X-ray spectroscopy (EDX)

Energy dispersive x-ray spectroscopy is a form of elemental analysis using x-rays
emitted from the sample. This analysis was completed by Dave Burnett which was
used to determine the ratio of carbon to oxygen in the sample, the results show a

C:O:Sratio of 87:11:2. The sulfur detected is probably due to residual sulfuric acid.

3.9.6 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy is another form of elemental analysis which
gathers information from the photoelectrons emitted from the material, which was

performed by Dr M. Walker. The results detected carbon, oxygen and sulfur from the
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sample in aratio of 85:14:1, respectively. The results match closely to that of the

EDX ratio.

3.9.7 Scanning electron microscopy (SEM)

Scanning electron microscopy uses an electron beam which scans over the samplein
question, whereby the signal collected forms an image of the topology of the sample.
The images, obtained by Helen Thomas, show that there are no large graphitic sheets

present and that the material is clumped together probably due to n-stacking.

3.9.8 Transmission electron microscopy (TEM)

Transmission electron microscopy passes a beam of electrons through a sample,
which idedlly is thin. The TEM images obtained by Dr R. Beanland show that the
black powder is made up of small structures of seemingly amorphous carbon due to

no diffraction pattern observed.

The use of these different techniques has not provided any new information relating

to the structural arrangement of the material.

3.9.9 AFM/STM analysisby IBM Zirich group
Anaysis by NC-AFM showed that the black product contained a mixture of PAHs
(including isomers) containing up to 11 rings (Figure 73), but it was difficult to

examine the whole sample so other PAHs may also be formed in the reaction.
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Figure 73: Selected AFM images (a-j) of the black powder from the pyrenereaction, with
correlating structures.®?
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The NC-AFM images obtained showed a number of compounds produced including
isomers 305 & 306 (Figure 73), dihydrides 209, 258, & 307, ketones and radicals
304. In addition, they are al consistent with the proposed three-carbon peri-addition

mechanism, starting from pyrene 8 (Figure 73).

Due to the conditions of AFM/STM including ultra-high vacuum and low
temperature, observation of very unstable intermediates such as a Cz-symmetric
nine-ring structure 310 was aso possible (Figure 74). To prove that this compound
was a radical, scanning tunneling spectroscopy (STS) was performed. STS probes
the electronic structure to show information about the density of states in the
molecule by using negative (NIR) and positive ion resonance (PIR). For example, to
prove 310 (Figure 74) isaradical, an electron was both independently inserted (NIR)
and removed (PIR) from the SOMO. The results are shown by STM, where both the
NIR and PIR orbital images are identical, thus proving that this compound is indeed

aradica asit involves the same molecular orbital (Figure 74).

a)

Figure 74: a) Cs-symmetric radical 310 observed by AFM from the black powder. b) STM of
the negative ion resonance (NIR) and c) the positiveion resonance (PIR) of 310.3%* d) isthe DFT
calculated SOM O of 310 by Dr D. Fox.
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Furthermore, the mixture also contained some PAHs with side chains. Through this
method the structure of the side chains could not be determined. However, one can
postulate that these could possibly be due to failed ring closures, which look to be on

the peri-positions of the molecules (Figure 75).

314

Figure 75: Selected AFM images (a-f) of compoundsfound with side chains from the black
powder mixture, with therelated PAHs shown with addition units (bold). R = unknown side
chain.®?

These results show that the previous techniques used can be interpreted in multiple
ways, and that the images produced by AFM/STM can either confirm or decline

some of the assumptions made to provide a clearer analysis. NC-AFM in this case
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alleviated the uncertainty with impressive imagery of various PAHS in a mixture,

including novel ones.

3.9.10 Mass spectrometry

ESI mass spectrometry was undertaken on the black powder samples beforehand but
because most PAHs do not contain groups to be ionised easily they are not observed.
Therefore, a different method was developed by using the published work of
Simpson et al. where a solid sample was attached onto a MALDI plate and the
readings measured in this way.®® With this type of direct ionisation of a sample the
mass readings were not particularly accurate, but did suggest structures for species

which could have been formed.

The mass spectrometry results for the pyrene derived black solid product are below.
There were also a number of unidentified peaks but these were probably those that
did not cyclise fully and can have different substituents on the side chains. In
addition, the mass spectrometry results can aso provide information concerning the

size of the PAHs, abeit some of the larger ones will have avery low signa intensity.
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m/z obser ved m/z of possible | Possible compound
compound

(Only oneisomer drawn)

477.1420

350.1096 ".“

551.1640
825.2073

Table 1. Mass spectrometry results of pyrene derived black powder, where proposed structures
are drawn in accordance with the mass observed; pyrene m/z peaks were detected at just over
800.
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The first three compounds in Table 2 (at m/z 328, 350 and 402) were aso detected

by the AFM as the images can be seen above (Figure 73).

The anthracene and perylene derived samples were aso similarly analysed (Table 2

& 3).

m/z observed m/z of possible | Possible compound
compound
pou (Only oneisomer drawn)

327.157 327.1168

343.177 343.1117
363.212 363.1179

379.237 379.1123

Table 2: Mass spectrometry results from anthracene derived black powder, wher e proposed
structuresare drawn in accor dance with the mass observed; anthracene m/z peaks were
detected at just over 530.
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m/z observed m/z of possible | Possible compound
d
compotn (Only oneisomer drawn)

363.001 363.1179
379.017 379.1117

400,048 400.1252
H-Q°
417.077 417.1274 yH

438.100 438.1409

512.174 512.1565

Table 3: Mass spectrometry results from perylene derived black powder, where proposed
structuresare drawn in accordance with the mass observed; perylene m/z peaks wer e detected
at just over 510.
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3.10 Summary

The peri-condensation reactions on naphthalene, anthracene, pyrene and perylene
produced numerous products due to poly-annulation, which were purified and
characterised. The glycidol units can add onto PAHs which contain peri positions
multiple times rather than only once, with the increasing ring sizes being harder to
form. Pyrene has been observed to react to produce products with up to seven
additional rings. Where not all the cyclisations are completed, side chains can
remain. A mechanism was proposed in relation to the Skraup-Doebner von Miller
quinolone synthesis, where experiments including **Cs carbon labelling were
conducted to help support this. This has yielded better understanding of the reaction
and thus, the characterisation of the black solid product has now been completed

which was of unknown chemica composition.

STM/AFM was utilised successfully where other analytical methods failed to help
characterise unknown compounds especially those which were difficult to dissolvein
common organic solvents. Hopefully STM/AFM can be used more regularly in the
future for the characterisation of difficult compounds which may be difficult to

analyse under normal conditions.
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4 Chapter 4: Synthesis of triangulene

4.1 Introduction

Having synthesised and imaged the benzo[cd]pyrene radical by means of
AFM/STM, we would attempt to image triangulene 10. This would require the
abstraction of two hydrogens from the parent dihydro-triangulene 12 rather than one

to form the reactive diradical (Scheme 70).

Scheme 70: Abstraction of two hydrogens from dihydro-triangulene 12 to for m triangulene 10.

The potential existence of triangulene 10 can be dated back to 1941 when it was first
discussed by Clar and thus, it is commonly known as Clar's hydrocarbon.®’ This
Dan-symmetric compound is the smallest triplet ground state polybenzenoid and due
to its arrangement it isimpossible to draw a Kekulé structure.®® Triangulene' s open-
shell triplet ground-state is an estimated 20 kcal mol™ lower than its singlet state.?®
39 Thus, it is of great interest to many material scientists for its use in organo-
electronics, since this field attempts to exploit spin and molecular electronics of such
compounds.3® 3% Triangulene 10 is part of a triangular shaped series of PAHs with
increasing ground-state multiplicity, with the phenalenyl radica 7 the smallest

member (Figure 76).
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Figure 76: Thetriangular series of graphene fragments which dueto their structure, do not
have a singlet ground-state. Thefirst structureisthe phenalenyl radical 7 and the second isthe
triangulene diradical 10.

Triangulene 10 is yet to be isolated due to its open-shell nature it is considered to be
highly reactive and unstable.?® 37-3% Clar could not isolate triangulene, although he
synthesised numerous derivatives. Others have attempted but have only been able to
form substituted and more stable triangulenes. Clar attempted to form triangulene by
many synthetic methods with one of his shorter routes summarised in Scheme 71.316
31 n the last step where 1,2,3,5,6,7-hexahydro-dibenzo[cd,mn]pyrene 342 was
dehydrogenated, Clar reported that during the reaction 4,8-dihydro-4H,8H-
dibenzo[ cd,mn]pyrene 12 was observed via UV spectroscopy. However, at the end of
the reaction a brown solid was obtained with a very small quantity of the starting
materia persisting and nothing else identifiable.3X® With this result, Clar concluded
that triangulene 10 was probably generated but because of its instability and high
reactivity it polymerised immediately and therefore he was unable to isolate it.316 392
Clar proceeded with further work in this area, predominantly working to produce
different derivatives with the core of the triangulene structure in attempts to
understand these compounds further and to identify a different synthetic route to
triangulene.31% 3% Unfortunately Clar was unable to isolate triangulene with the

equipment availablein the 1950s.
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Scheme 71: One of Clar’sfirst synthetic attemptsto form triangulene 10,316 3%

The next significant step in triangulene chemistry was completed by Hara et al. in
1977 where they were able to successfully obtain the triangulene dianion 13 with
analysis by NMR spectroscopy at -50 °C in deuterated THF.?® 4,8-Dioxo-4H,8H-
dibenzo[ cd,mn] pyrene 340 (diketo-triangulene) was reduced with lithium aluminium

hydride and treated with butyl lithium at -78 °C to produce the dianion 13.26 The
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anion was then quenched in D-O adding two deuteriums; one at each dihydride site

producing species 343 as confirmed by mass spectrometry.?

Scheme 72: The formation of the dianion 13 by Hara et al. with NM R spectr oscopy
confirmation.

In the 1990s Allinson et al. were interested in making non-Kekulé PAH radicals for
the potential use as organic molecular magnets. 34 38 3%4.3% A number of structures
were considered with one of the frontrunners being triangulene 10. Allinson et al.
reported the first synthesis of a stable tri-substituted triangulene derivative, the

trioxytriangulene trianion 349 (Scheme 73).134 388, 3%
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Scheme 73: Allinson et al. synthetic route to a stable trioxytriangulene derivative 349,134 388 3%

The synthesis of this triplet state trioxy derivative was similar to the synthetic route
of Clar but most of the more hazardous reagents were substituted with more
contemporary reagents.®®® The trioxytriangulene derivative 349 was anaysed by
electron paramagnetic resonance (ESR) readings, where the triplet ground-state was

observed 29, 388, 395

In the most recent work of Inoue et al. another derivative of triangulene was
synthesised; tri-tert-butyl-triangulene 350.2° This ground state triplet compound was
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formed to mimic similar electronics to triangulene although it is stabilised by the
three tert-butyl groups. These groups were chosen as they would provide the least
effect in terms of electronics when compared to heteroatoms such as oxygen which
were used by Allinson et al.?® 38 ESR was used to detect the diradical triplet ground

state of the tri-tert-butyl triangul ene species 350.%°

-

350

Figure 77: Tri-tert-butyl triangulene species 350 synthesised by Inoue et al.%®

Since the 1950s triangulene has been of interest to many scientists especially due to
its potential use in material science, but due to its instability it has yet to be isolated

in the triplet form without any stabilising substituents.

4.2 Route 1: Coupling reactions

We proposed a significantly shortened synthetic route to triangulene 10 via the

dihydride (4,8-dihydro-4H,8H-dibenzo[ cd,mn] pyrene) 12 (Scheme 74).
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Scheme 74: Proposed scheme for the synthesis of 4,8-dihydro-4H,8H-dibenzo[cd,mn]pyrene 12.

In the proposed synthesis, a Suzuki paladium cross coupling reaction would
generate the main framework of the triangulene molecule. The product 353 is tetra-
ortho-substituted which is very sterically demanding with limited coupling methods
available3% Literature predominantly suggests that using a very bulky ligand is
needed for good yields but most ligands are very expensive to make or buy.397-403
Due to the uncertainty in success surrounding this route, a cheaper aternative was
pursued as this step could be optimised later in development. During extensive
screening of the palladium catalyst reaction conditions, modest results and a cheaper
aternative ligand was found. Raders et al. used a tri-tert-butylphosphine (TTBP)
ligand, which provided a moderate yield of 36 % of the product 353 (Table 4).3% 404
In addition a negligible amount of bis-anthracene was also produced. The optimised

conditions are summarised in Scheme 74.
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Reagent TTBP 24 hours 48 hours
mol% % yield % yield

Experiment 1 2 3 19% 21 %
Experiment 2 3 4 25% 30 %

Experiment 3 4 5 27% 36 %

Table 4: Optimisation of catalyst and ligand conditions.

Due to the steric hindrance, it was thought that the selective mono-bromination of
each methyl group would be difficult, and this proved to be the case (Figure 78). A
range of brominated products were formed including at the ten-position of the
anthracene. This made purification of the products difficult and reduced the overall

yield of the desired product 354 (Scheme 75).

Figure 78: Crystal structure of 9-bromo-10-(2,6-bis(bromomethyl)phenyl)anthracene 355.
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NBS 354
Benzoyl peroxide

— 21 % 12 %
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Br 356 Br 357
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Scheme 75: The different products produced when brominating 9-(2,6-
dimethylphenyl)anthracene 353 in the presence of NBS, benzoyl peroxide and light in CCl4.4%

A Friedel-Crafts cyclisation was attempted on product 354, however the desired
product was not obtained with the reaction producing a complex mixture. After the
low yielding steps and the difficulties met in bromination of the hindered substrate,
including purification and the initially unsuccessful cyclisation, a previously

successful pathway reported in literature would be pursued.8

4.3 Route 2: Cyclisation method

3,8-Dihydro-3H,8H-dibenzo[ cd,mn]pyrene (dihydro-triangulene) 12a is a known
compound though only Hara et al. in 1977 has published any data related to it (basic
H NMR spectroscopy and mass spectrometry only).?® The synthetic route was not
mentioned by Hara et al. but unsuccessful attempts by Clar have contributed to
forming the main skeletal structure of dihydro-triangulene.31® Furthermore, Allinson
et al. improved some of the synthetic steps which Clar published in their synthesis of

the trioxytriangulene derivative 349.% Therefore using a combination of these
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synthetic steps a simplified synthetic pathway to form a dihydro-triangulene species

12a could be proposed (Scheme 76).
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Scheme 76: An amalgamation of previous synthetic stepsin an effort to synthesise dihydro-
triangulene 124,316 388

LiAIH, / AICI,
dry THF / Et,0

The first step produces a Grignard reagent from 2-bromotoluene 333 which is then
reacted immediately with phthalic anhydride 41 to produce 3,3-di-o-tolyl-1,3-
dihydro-2-benzofuran-1-one 337.38 This method was taken from Allinson et al.,
which was an improvement of Clar's earlier work, where hydrazine monohydrate
was added to solubilise the other major diketone impurity 358 whilst 337 could be

collected as a solid.316: 388
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The use of sodium amalgam from the Allinson et al. synthesis was avoided by using
potassium permanganate to oxidise the methyl groups by the method of Ye et al 3%
406 The oxidising agent (2.5equiv.) was added twice, 2 hours apart, at room
temperature in between heating, Since potassium permanganate is known to
decompose under heating.*® After acidification, a pure white precipitate of di-(o-
carboxyphenyl)-phthalide 338 was collected in a good yield of 72 %, requiring no
further purification. The cyclisation step was completed by Clar's method, using
copper powder in concentrated sulfuric acid with heat (Scheme 77).31° A Friedd-
Crafts type cyclisation occurred on both carboxylic acids, which formed water as a
leaving group in strongly acidic conditions. A stable tertiary carbocation is then
produced in the middle of the symmetrical structure 363 which is reduced by copper,
and with further tautomerisation, produces the stable intermediate 339. This
intermediate was reduced with zinc, in base without further purification.®® After
column chromatography a bright red solid of pure 4,8-dioxo-4H,8H-

dibenzo[ cd,mn] pyrene 340 was obtained.
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Scheme 77: Cyclisation mechanism of 338 wher e a stable carbocation is produced and the
structur e tautomerisesto make the inter mediate 339, thisisthen reduced by zinc to produce
compound 340.

4,8-dioxo-4H,8H-dibenzo[cd,mn]pyrene 340 was reduced by using lithium
aluminium hydride and aluminium chloride complex under an inert atmosphere, as
reported by Hara et al.?® One would assume that the reduction would produce isomer
12 (Figure 79) where the dihydrides have substituted the ketones, as Clar stated.
However, upon completion of the reaction the *H NMR spectrum did indeed show

isomer 12a as the major component which Hara et al. observed.
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121

Figure 79: All possible dihydro-trianguleneisomers 12-121: 12a is observed whilst 12 was
expected.

Furthermore, the *H NMR spectrum also showed that other minor products were
present which appeared to be different isomers, however these were difficult to
distinguish due to overlapping peaks. The 3C NMR spectrum showed that the minor
product also contained characteristic dihydride peaks. The NMR spectrum was
measured immediately after work-up as dihydro-triangulene 12a started oxidising
within hours and had completely oxidised in a sealed NMR tube in deuterated

chloroform within 5 days. Unfortunately, in an attempt to investigate the unknown
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isomers and purify the mixture, column chromatography under an inert atmosphere

was attempted, however the material oxidised rapidly.

v Yo YIird
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Figure 80: *H NMR spectrum of dihydro-triangulene 12a, the major isomer (integrated). Other
minor peakscan also be seen of what is expected to be other isomers. An expanded version of
the aromatic region is also shown wher e each peak isalmost distinguishable.

NOE experiments were undertaken to distinguish the isomers of 12a. The *H NMR
spectrum shows the minor isomer has a similar pattern to that of the major isomer
12a, even though the aromatic region is overlapping and difficult to distinguish.
Further up-field next to the maor doublet of triplets (6.34 ppm) there is another
minor doublet of triplets (6.81 ppm). Next to the other major doublet of triplets
(6.18 ppm) there is another minor doublet of triplets (6.22 ppm) (Figure 81). The
same occurs next to the two broad singlets (4.87 & 3.90 ppm), aminor broad singlet
can be seen directly next to these (5.08 & 3.98 ppm) with integrals which match the
ratio of these peaks, indicating this minor product is most likely to be isomer 12b or

12c (Figure 79).
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Figure 81: 'H NMR spectrum of dihydro-triangulene 12a wher e another minor isomer can be
seen. Thisisomer hasthe sametwo broad singlets (5.08 & 3.98 ppm) and two doublet of triplets
(6.81 & 6.22 ppm) in close proximity to the major isomer 12a.

Surprisingly the NOE experiments did not provide any signals of note, even when

irradiation occurred at adjacent protons.

After the dihydro-triangulene 12a sample was left to completely oxidise, the NMR
spectroscopy data showed both isomers turned into ‘diketo-triangulenes' . However,
isomer 12a did not turn back to 4,8-dioxo-4H,8H-dibenzo[cd,mn]pyrene 340. The
specific isomer could not be determined due to unsuccessful purification, as the
isomers eluted together during column chromatography. Furthermore, the minor
isomer also oxidised into a ‘diketo-triangulene’ as identified by the NMR spectrum,

but again the structure could not be determined due to the mixture of isomeric peaks.

During the analysis of dihydro-triangulene two isomers 12 and 12a were aways
considered as the two most stable isomers. To help distinguish which would be more
stable, Pauling Bond Order analysis was undertaken.8 8 & This determined that
both isomers had the same degree of bonding (Figure 82) which suggested they were
very similar in energy. On the other hand, DFT calculations by Dr D. Fox suggest
that the unsymmetrical isomer 12a is more stable than the symmetrical isomer 12 by

4.5 kJ mol 1,497
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Figure 82: Pauling Ring Bond Order of two of the main isomers of dihydro-triangulene 12 &
12a.

4.3.1 Triangulenesample1

Dihydro-triangulene 12a was synthesised and sent for analysis to IBM. In addition,
1,2,3,5,6,7-hexahydro-dibenzo[ cd,mn]pyrene 342, was aso synthesised, with the
prospect that should dihydro-triangulene 12a be too unstable, IBM would be able to
cleave off four hydrogens from this stable compound. The synthesis of 1,2,3,5,6,7-
hexahydro-dibenzo[cd,mn]pyrene 342 was undertaken using Clar's zinc-dust

reduction from intermediate 339 (Scheme 78).

O Cu
H H
02C C02 HZSO4 Zn
O o) O 120 °C NaCl/ ZnCl,
| 300 °C
© - OH - 342
338 339

Scheme 78: Clar’s zinc reduction reaction produced 1,2,3,5,6,7-hexahydr o-
dibenzo[cd,mn]pyrene 342, a stable derivative of the triangulene series.

The imaging results show that the sample had oxidised, as at least one ketone was

always observed (Figure 83).
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Figure 83: AFM images on NaCl (100) of oxidised samples a-e, with a possibleradical structure
shown 367. AFM image of 368 on Cu (111) where the compound shows a bright spot on an inner
carbon suggesting an inner hydrogen present .32

A dihydride and ketone triangulene radical 367 was also identified, as well as a
possible ‘mono-ketone triangulene’ 368; where an inner hydrogen seems to be
present. The sublimation stage of sample preparation for AFM analysis may result in
the modification of some molecules, such as 367 and 368. These compounds would

not have been isolated if it was not for the existence of STM/AFM.

As for 1,2,3,5,6,7-hexahydro-dibenzo[ cd,mn] pyrene 342, the IBM group found it
difficult to abstract the desired number of hydrogens. This was due to the number of
dihydride groups in close proximity which destabilised the position of the compound

and hence it was unsuccessful.
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4.3.2 Triangulenesample 2
To circumvent the issue of oxidation in transit, the reduction of 4,8-dioxo-4H,8H-
dibenzo[ cd,mn]pyrene 340 was completed at IBM in Switzerland and placed in the

AFM/STM vacuum chamber immediately.

Figure 84: STM imageson a Cu(111) surface wherethe dihydride group of 12a can be clearly
seen asa very bright spot on the images.®%

Dihydro-triangulene 12a was dehydrogenated by pulsing a current of specific energy
over the bright dihydride region with the STM tip. After the hydrogen is cleaved, the
same is completed on the second dihydride (Figure 84). Thus, triangulene 10 is
formed (Figure 85). In addition to the observed dihydro-triangulene isomers, some
oxidised products were also visualised (Figure 85). This illustrates how unstable the

precursor dihydride 12a is given that it was prepared with little exposureto air.
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Figure 85: AFM images of molecules observed on NaCl (100) surface; (a-b) dihydro-triangulene
isomers. (c-€) oxidised speciesincluding 4,8-dioxo-4H,8H-dibenzo[cd,mn]pyrene (f) with its
STM image (€). Imageson Cu (111) surface of triangulene (g-h) and the corresponding STM (i).
I mage of triangulene on Xe (111) surface (j).3*
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The STM image relates to the AFM image in the same way, where the bright area
contains more electron density then the darker areas. For example, the STM image of
triangulene is triangular, though the dark patches of the ketones appear to have
indented either side of the image for 4,8-dioxo-4H,8H-dibenzo[cd,mn]pyrene 340
(Figure 85). Triangulene was produced on a xenon surface at 5K, as this crysta
formation is inert and will create the least perturbation of the structure, thus forming

arealistic image of triangulene.

Furthermore, STS and STM orbital imaging were performed on triangulene using the
same method as compound 310 (see Chapter 3, Figure 74). Using NIR and PIR, both

orbital images were identical, thus proving the triplet state of triangulene (Figure 86).

E m

Figure 86: a) STM image of the PIR (-1.4 V), b) STM image of the NIR (1.85 V) of triangulene
12a. DFT calculation of ¢) SOMO 1, d) SOMO 2 and €) SOMO 1 & 2 combined. f) the ssimulated
image of (e) under the STM tip, where the actual images can be seen in (a) & (b). All data and
calculations provided by IBM Zirich.31% 412
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4.4 Summary

After the initial setback in the synthetic route, the formation of the very unstable
triplet-state of triangulene, by the combination of synthesis and STM/AFM was
successfully completed. It has been over 74 years since Clar first mentioned
triangulene, including many remarks stating that it cannot exist due to its non-Kekulé
nature. Nevertheless, STM/AFM is a powerful tool in producing and characterising

unstable and sensitive molecules for material and organic chemists.
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5 Chapter 5: Conclusions and future work

Successful synthesis of the 6H-benzo[cd]pyrene radical and the imaging of the
olympicene molecule by the use of AFM/STM was accomplished. Optimisation of
the synthetic route led to the discovery that 6H-benzo[cd]pyrene is produced first but
oxidises in the reaction conditions to 6-oxo-6H-benzo[cd]pyrene. From this,
different arene starting materials were tested in glycidol and sulfuric acid
(naphthalene, anthracene and perylene) and the discovery of further reactions were
observed. Furthermore, it is suggested that peri-condensation reactions occur on the
starting materials until the products formed precipitate out of the solution due to their
insolubility. Carbon labelled studies have supported this view. The mechanism has
also been proposed for ring addition, as a sequentia two-stage polar and radical
reaction onto each starting material with agreeable DFT calculations. AFM/STM
proved to be the best technique to identify most of the products formed in the
reactions, including the larger PAHs which were created due to multiple ring

additions (black solid) where previous literature did not analyse this.

Another target was also accomplished in that of triangulene, where an optimised
method of an older synthesis was utilised. The unstable diradical was isolated and
imaged for the first time since its proposa in 1941 by the use of AFM/STM. It has
become apparent that PAHs are difficult compounds to study, due to the simple
structure they possess and therefore, many have found them difficult to characterise.
Here, AFM/STM has served as an invaluable technique to fully characterise PAHs
and aso for the production of reactive non-Kekulé structures. In the future, this
technique is sure to become increasingly popular to the wider scientific field, for

example synthetic chemistry, to characterise compounds which are not just planar,
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but also challenging to identify and difficult to prepare by common techniques in

order to aleviate any doubt about their structure.

Future work would include more analysis and cal culations on the mechanism of peri-
condensation ring addition with the suggested polar and radical pathways.
The production of structures with different side chains to be observed under the
STM/AFM to help distinguish side-groups of compounds. Furthermore, imaging
different molecules with heteroatoms to gain a better understanding of how different
elements look under the microscopy techniques, such as poly-thiazoles.
Synthesise a library of difficult but interesting PAHs such as other triplet state
compounds of interest and possibly those in the triangulene series.
Finally, to consider how graphene could be synthesised via this peri-condensation

reaction so there are less defects within the structure then current methods.
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6 Experimental

6.1 Experimental synthetic chemistry

Reactions were carried out a room temperature unless otherwise stated. Column
chromatography purifications were carried out using silica gel LC60A40-63 micron.
Melting points were recorded twice on a Stuart SM10 instrument. Infra-red spectra
were recorded on a Perkin-Elmer paragon 1000 FT-IR spectrophotometer. Hydrogen
and carbon NMR were recorded on a Bruker Advanced DPX-300 MHz, DPX-
400 MHz, DRX-500 MHz, AVIII-600 MHz or AVII-700 MHz Fourier transform
spectrometers and al samples were submitted in deuterated CDCl3 unless otherwise
stated. All coupling constant (J) values are quoted in Hertz (Hz) and are rounded to
the nearest 0.5 Hz and all chemical shift are in parts per million (ppm). Hydrogen-
decoupled carbon NMR spectra were taken using PENDANT (polarization
enhancement during attached nucleus testing), HMQC (heteronuclear multiple
guantum  coherence), HMBC (Heteronuclear multiple-bond correlation
spectroscopy), INADEQUATE (incredible, natura-abundance double-quantum
transfer experiment) and COSY (correlation spectroscopy) to further assist in
compound analysis. Mass spectra were obtained on amicrOTOF 87 instrument using
mass el ectrospray ionization with positive ion polarity unless otherwise stated and a

Varian 3800-4000 GC-MS/MS (El) Advion CMS instrument with an ASAP source.

EDX & SEM: SEM images of the samples were collected using Zeiss SUPRA 55VP
FEG scanning electron microscope. A working distance of 10 mm and a gun voltage
of 10 kV were used. Energy Dispersive X-ray Anaysis was also performed using the

SEM in order to determine the elemental composition of the materials.
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TGA were recorded using on a Mettler-Toledo DSC1-Star system at a heating rate of

10 °C/min from 25 °C — 800 °C under air, unless otherwise stated.

Raman measurement were taken on a Renishaw inVia Reflex Raman Microscope
machine, under 633 nm excitation with a 20x microscope objective lens. All samples

were deposited in powder form without use of any solvents.

TEM images were taken using a JEOL 2100 TEM operating at 200 kV with a Gatan

Orius SC600 digital camera.

Solid-state NMR  experiments were performed using Bruker Avance Il NMR
spectrometer operating at a 'H Larmor frequency of 500.1 MHz for 3C-H
experiments (*3C Larmor frequency of 125.8 MHz). A Bruker 4 mm triple-resonance
Magic-Angle Spinning (MAS) probe operating in a double-resonance mode was
used, with 36 mg of Gace packed into the rotor. One-pulse H, *C, 3C CPMAS and
13C-1H heteronuclear correlation experiments were performed. 64 coadded transients
for the 1H experiments using a relation delay of 5s to overal acquisition of
5 minutes. For the 1*C one pulse experiments, 5120 coadded transients were acquired
using a relation delay of 10s to an overal recording time, 11 h, whereas °C
CPMAS experiments were acquired with 2048 coadded transients using a recycle
delay of 6 sto an overall acquisition time of 4 h. In all cases, 13C experiments were
performed at variable spinning frequencies; 10 kHz and 12.5 kHz in order to identify
spinning sidebands. In *C-H correlation and in CP MAS experiments, SPINAL64
H heteronuclear decoupling with a pulse duration of 5pus was applied for an
acquisition time of 40 ms. The *H nutation frequency for pulses and decoupling was
100 kHz, where the *H 90 degree pulse duration was 2.5 ps. For *C pulses, the 1*C

90 degree pulse length was 4.0 ms. Data was zero filled to 2048 points prior to
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Fourier Transformation. 3C and H chemical shifts are referenced with respect to
neat TMS using adamantane as a secondary reference (38.5 ppm for the higher-ppm
13C resonance and 1.85 ppm for the *H resonance). For the 2D *H-C correlation
experiment, eDUMBO-122 homonuclear decoupling was employed during the H
evolution period and the t and t¢ spin-echo durations. The 32 ms eDUMBO-122
cycle was divided into 320 steps of 100ns. Pulse sequences employing H
homonuclear decoupling use pre-pulses to take into account the tilting of the
effective field away from the x, y plane of the rotation frame using a pre-pulse

duration of 0.8 mswas used.

XPS: The samples investigated in this study were mounted on Omicron sample
plates using carbon tape and loaded in to the vacuum chamber. During the
experiments the samples were stored in a 12-stage storage carousel, located between
the preparation and main analysis chambers, for storage at pressures of less than 2 x
10-10 mbar. The x-ray photoemission spectroscopy (XPS) measurements were
performed in the main analysis chamber (base pressure 2 x 10-11 mbar), with the
sample being illuminated using an XM1000 monochromatic Al ko x-ray source
(Omicron Nanotechnology). The measurements were conducted at room temperature
and at a take-off angle of 90° with respect to the surface parallel. The photoel ectrons
were detected using a Sphera electron analyser (Omicron Nanotechnology), with the
core levels recorded using a pass energy of 10 eV (resolution approx. 0.47 eV). The
spectrometer work function, resolution and binding energy scale were calibrated
using the Fermi edge and 3d {5/2} peak recorded from a polycrystalline Ag sample
immediately prior to the commencement of the experiments. An Omicron CN10
charge neutraliser was used throughout the experiment in order to prevent surface

charging. As a result, all binding energies were referenced with respect to the
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adventitious carbon component in the C 1s region at 284.6 eV. The data were
analysed using the CasaXPS package, with Voigt (Gaussian-Lorentzian) lineshapes
and Shirley backgrounds used throughout. For compositiona analysis, the analyser
transmission function has been determined using Ag, Au and Cu foils to determine
the detection efficiency across the full binding energy range to an accuracy of better

than 2 %.

AFM and STM: The experiments were carried out in a homebuilt combined STM
and AFM operating under ultrahigh vacuum conditions (base pressure p <
10" mbar) at a temperature T = 5K. The microscope was equipped with two
different gPlus sensors (1, 2) with eigenfrequenciesof 31036 Hz and 25035 Hz,
respectively, a stiffness of k = 1800 N/m and Q values on the order of 10°. The
voltage V was applied to the sample. The AFM was operated in frequency-
modulation mode (3), and an oscillation amplitude of A = 50 pm was used. STM
images were recorded in constant-current mode (closed feedback loop) and show the
topography z. AFM images were performed in constant-height mode (open feedback
loop) and show the frequency shift Af. A height offset Az with respect to an indicated
STM set point above the bare surface (Cu, NaCl, Xe) is given for each AFM image.
Positive height offsets refer to a distance decrease. Scanning tunneling spectra, that
is I(V) curves, were aso recorded in constant-height mode. The differential
conductance, di/dV (V), was then obtained by numerical differentiation of the I(V)
signa. STM and AFM images, as well as numerically obtained di/dVv (V) curves
were post- processed using Gaussian low-pass filters (FWHM corresponding to 4 to
6 image pixels for raw data of 160 x 160 to 640 x 640 pixels). The tip had been
terminated with a CO molecule for al AFM images. STM images and STS spectra

were acquired with metal-terminated tips, except where stated otherwise. CO
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molecules were picked up from NaCl islands, or on Xe monolayers from step edges
to two-layer-thick Xe idands. Sample preparation for AFM/STM: Cu(111) single
crystals were cleaned by sputtering and annealing cycles. Experiments were
performed on the bare Cu(111) surface, on 2 monolayer (ml) thick islands of NaCl
and on 1-ml-thick islands of Xe. NaCl islands were grown by sublimation from a
crucible onto the cleaned Cu(111) surface held at a temperature of 270 K (4). This
resulted in (100)-terminated NaCl islands of 2 mL to 3 mL thickness. Closed-packed
Xe films were grown by Xe adsorption onto the Cu(111) crysta while the sample
was inside the microscope head at temperatures below 15K. A background Xe
pressure of 2 x 107> mbar was maintained in the UHV chamber, and a shutter to the
microscope head was opened for about 30 s. This resulted in Xe islands of 1 mL to
2mL thickness. Precursor molecules were thermally sublimed in a two-step
procedure. First, the compound was filled into crucibles made from tantalum, which
were inserted into the load-lock of the UHV chamber, and evacuated to a pressure
better than 1 x 10~* mbar. Next, the compound was sublimed from the crucible onto
amobile evaporator in the load- lock (at p ~ 10°* mbar) of the UHV chamber. Then,
this evaporator was introduced into the STM chamber (p < 107! mbar), and the
compound was deposited by means of flash sublimation onto the cold sample (below
10 K) placed in the microscope head. In addition, low coverages of CO molecules

(for tip preparation) were dosed onto the cold sample.

Glycerol (*3Cs, 99 %) was purchased from Goss Scientific to help undertake carbon

labelled experiments.
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PAH Compound carbons are numbered according to the standard numbering scheme

below for five- and three-fused rings:

6.2 Experimental for Chapter 2

6.2.1 Synthesisof 6H-benzo[cd]pyrene: Method 1

6.2.1.1 (Ethoxycarbonylmethyl)-triphenyl phosphonium bromide (370)

1 2

3
0 : 8
PPh3 4\ + S 6 O
- ~
@ Br

By the method of Popaj and Hesse.**®

Ethyl bromoacetate (5.00mL, 45.0mmol) was added to a solution of
triphenylphophine (11.8 g, 45.0 mmol) in THF (65.0mL) and the mixture was
heated at 60 °C overnight. A white precipitate was observed and diethyl ether was
added to aid precipitation. The mixture was filtered, washed with diethyl ether, dried

over NaSO4 and concentrated in vacuo to produce a white powder (18.5 g, 96 %).

Vma/CmL: 3038, 2991 (CH), 1714 (CO), 1588 (aromatic), 1440 (P-Ph), 1307, 880
(aromatic ring); melting point: 158 - 161°C (lit. 153 - 155°C)*%®; &y (400 MHz,
CDCl3): 7.77 - 7.52 (15H, m, H-1, 2, 3), 5.25 (2H, d, J 14.0, H-5), 3.87 (2H, g, J 7.0,
H-7), 0.89 (3H, t, J 7.0, H-8); 5c (100 MHz, CDCl3): 163.9 (d, 2Jcp 3.5, C-6), 134.9

(d, “Jcp 3.0, C-1), 133.5 (d, 3Jcp 11.0, C-2), 129.9 (d, 2Jcp 13.0, C-3), 117.4 (d, LJcp
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89.0, C-4), 62.5 (C-7), 32.7 (d, YJcp 56.5, C-5), 13.3 (C-8); HRMS (ESI) nvz
(C22H2202P [M-Br]* requires 349.1352) found 349.1356. This compound is

previously reported and data are consistent with these reports.%®

6.2.1.2 Ethyl (triphenylphosphoranylidene)acetate (218)
! 2

3
Q+ o NaOH 1M Q 5 ; OMB
P DCM B ;
(@] (@]
Br

By the method of Sadhukhan et al.#®

(Ethoxycarbonylmethyl)-triphenylphosphonium bromide (0.5 g, 1.16 mmol) was
dissolved in dichloromethane and aqueous sodium hydroxide (1.0 M, 20 mL)
solution was added and left to react for 15 minutes with vigorous stirring. The
organic layer was separated and the aqueous layer was extracted with
dichloromethane (3 x 15 mL). The organic layers were collected, dried over NaoSO4

and concentrated in vacuo to give awhite solid (0.4 g, 98 %).

Vma/cm™: 3056, 2977 (CH), 1603 (CO), 1436 (P-Ph), 1370 (CHs deformation), 1328,
890 (aromatic ring); melting point: 126 - 130°C (lit. 128 - 130°C )*%; § (400 MHz,
CDCl3): 7.68 - 7.61 (6H, m, H-aryl), 7.56 - 7.50 (3H, m, H-aryl), 7.47 - 7.41 (6H, m,
H-aryl), 4.08 - 3.81 (2H, br. s, H-7), 2.98 - 2.72 (1H, br. s, H-5), 1.08 - 0.52 (3H,
br. s, H-8); 8¢ (125 MHz, CDCls): 171.1 (d, 2Jce 10.0, C-6), 132.5 (d, 2Jce 10.0, C-
3), 131.5 (C-1), 128.3 (d, *Jcp 12.0, C-2), 126.3 (d, *Jcp 89.0, C-4), 57.4 (C-7), 29.6
(d, Ycp 129.5, C-5), 14.6 (C-8); HRMS (ESI) mVz (Cx2H210,PNa [M+Na]* requires
371.1171) found 371.1177. This compound is previously reported and data are

consistent with these reports.*®
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6.2.1.3 Ethyl 3-(1-pyrenyl)acrylate (219)

(0]
DO )
H
Toluene A

By the method of Hermans et al %

1-Pyrenecarboxaldehyde (1.13 g, 4.90 mmol) was added to a solution of ethyl
(triphenylphosphoranyliden)acetate (1.71 g, 4.90 mmol) in toluene (80.0 mL) and the
reaction mixture was heated under reflux for 96 hours. The mixture was |eft to cool
and the solvent was removed in vacuo to form a crude yellow/orange solid. The
crude product was purified by column chromatography using chloroform : petroleum

ether 40 - 60 °C (8:2) to yield yellow granules (1.30 g, 89 %).

Vmad/cm™: 2980, 2905 (CH), 1705 (C=0), 1620, 1595 (aromatic), 1459 (C-H
deformations), 1372 (CHs deformation), 1278, 838 (aromatic ring) 971 (alkene);
melting point: 106 - 109°C (lit. 102 - 103°C)3'7; §4 (400 MHz, CDCl3): 8.83 (1H, d,
J 15,5, H-12), 8.49 (1H, d, J 9.5, H-aryl), 8.29 - 8.00 (8H, m, H-aryl), 6.71 (1H, d, J
15.5, H-11), 4.37 (2H, g, J 7.0, H-14), 1.42 (3H, t, J 7.0, H-15); 8¢ (125 MHz,
CDCl3): 167.1 (C-13), 141.2 (C-12), 132.6 (C-aryl), 131.2 (C-aryl), 130.6 (C-aryl),
129.6 (C-aryl), 128.4 (C-aryl), 128.2 (C-aryl), 127.2 (C-aryl), 126.2 (C-aryl), 125.9
(C-aryl), 125.7 (C-aryl), 124.9 (C-aryl), 124.8 (C-aryl), 124.5 (C-aryl), 124.1 (C-
aryl), 122.4 (C-aryl), 120.2 (C-11), 60.6 (C-14), 14.4 (C-15) *one *C peak missing

due to overlapping peaks, HRMS (ESI) nVz (C21H1702 [M+H]" requires 301.1223)
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found 301.1230. This compound is previously reported and data are consistent with

these reports. 3!

6.2.1.4 Ethyl 3-(1-pyrenyl)propanoate (220)

By the method of Hermans et al .**

Ethyl 3-(1-pyrenyl)acrylate (3.02 g, 10.1 mmol) was dissolved in ethyl acetate
(70 mL). Ethanol (70 mL) and 10 % Pd/C (2 mol %) were then added to the mixture
and the air in the system was replaced with hydrogen. The reaction was left under a
hydrogen balloon at room temperature for 29 hours. The reaction mixture was then
filtered through a pad of celite with ethyl acetate and the solvent was removed in

vacuo to yield adark yellow solid (3.02 g, 99 %).

Vma/CMTL: 2989, 2916 (CH), 1728 (C=0), 1603, 1586 (aromatic), 1456 (C-H
deformations), 1372 (CHz deformation), 1287, 846 (aromatic ring); melting point:
160 - 162 °C (lit. 168°C)*?; 5n (400 MHz, CDCl3): 8.25 (1H, d, J 9.0, H-aryl), 8.17
- 8.13 (2H, m, H-aryl), 8.10 - 8.05 (2H, m, H-aryl), 8.02 - 7.96 (3H, m, H-aryl), 7.87
(1H, d, J 8.0, H-aryl), 4.17 (2H, g, J 7.0, H-14), 3.70 (2H, t, J 8.0, H-11), 2.86 (2H, t,
J 8.0, H-12), 1.25 (3H, t, J 7.0, H-15); 3¢ (125 MHz, CDCl3): 172.8 (C-13), 134.3
(C-aryl), 131.2 (C-aryl), 130.6 (C-aryl), 129.9 (C-aryl), 128.3 (C-aryl), 127.3 (C-
aryl), 127.2 (C-aryl), 126.8 (C-aryl), 126.6 (C-aryl), 125.6 (C-aryl), 124.8 (C-aryl),
124.7 (C-aryl), 122.7 (C-aryl), 60.4 (C-14), 35.9 (C-12), 28.4 (C-11), 14.1 (C-15)

*three °C peaks missing due to overlapping pesks; HRMS (ESI) mVz (Cz1H190:
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[M+H]" requires 303.1380) found 303.1384. This compound is previously reported

and data are consistent with these reports.*2

6.2.1.5 Ethyl 3-(1-pyrenyl)propionic acid (211)

0
OO EtOH / H,0
o —
KOH A

Under a dinitrogen atmosphere, ethyl 3-(1-pyrenyl)propanoate (0.5 g, 1.6 mmol) was

dissolved in warm ethanol (10 mL), then water (1.0 mL) and solid potassium
hydroxide (0.18 g, 3.2mmol) were added and the solution was left to react
overnight. The reaction mixture was cooled and the solvent was removed in vacuo.
Buffer solution (pH 2, 10 mL) was added and the mixture was extracted with ethyl
acetate (3 x 10 mL). The combined organics were dried over NaxSO4 and the solvent

was removed in vacuo to yield an orange crystalline solid (0.45 g, 99 %).

Vmad/cml: 3037 (OH), 1696 (C=0), 1414 (-COy), 1432 (C-H deformations), 1603,
1586, 1293, 844 (aromatic ring); melting point: 178 - 180°C (1it.174 - 176 °C)3%; 5
(400 MHz, CDCl3): 8.28 (1H, d, J 9.0, H-aryl), 8.21 - 8.11 (4H, m, H-aryl), 8.04 -
7.98 (3H, m, H-aryl), 7.92 (1H, d, J 8.0, H-aryl), 3.72 (2H, t, J 8.0, H-11), 2.94 (2H,
t, J 8.0, H-12); 8¢ (125 MHz, CDCls): 178.7 (C-13), 134.0 (C-aryl), 131.4 (C-aryl),
130.8 (C-aryl), 130.2 (C-aryl), 128.6 (C-aryl), 127.7 (C-aryl), 127.4 (C-aryl), 126.9
(C-aryl), 125.9 (C-aryl), 125.1 (C-aryl), 125.1 (C-aryl), 124.9 (C-aryl), 124.9 (C-
aryl), 122.8 (C-aryl), 35.7 (C-12), 28.3 (C-11) *two *C peaks missing due to
overlapping peaks, HRMS (ESI) m/z (C10H1402 [M+Na]* requires 297.0886) found
297.0881. This compound is previously reported and data are consistent with these
312

reports.

177



6.2.1.6 3-(1-Pyrenyl)propanoyl chloride (221)

OO Q SOCI, / DMF
OH — =
‘O DCM / N,

3-(1-Pyrenyl)propionic acid (0.10 g, 0.36 mmol) was dissolved in dichloromethane

(15.0 mL) at 0°C under a dinitrogen atmosphere. Thionyl chloride (0.026 mL, 0.36
mmol) was then added carefully and thereafter DMF (two drops). The reaction was
left to react in the inert atmosphere for 1 hour at room temperature. The solvent was
removed in vacuo to give the acid chloride as an orange crystalline solid (96 %) and

was used immediately.

vmax/CM: 2915 (CH), 1791 (acid chloride), 1601, 1586 (aromatic), 1205, 840, 757
(substituted benzene rings) 709, 678 (C-Cl); melting point 89 - 92 °C; &4 (400 MHz,
CDCl3): 8.23 - 7.99 (8H, m, H-aryl), 7.89 (1H, d, J 8.0, H-aryl), 3.77 (2H, dd, J 8.0,
7.5, H-11), 3.44 (2H, dd, J 8.0, 7.5, H-12); &c (125 MHz, CDCl3): 173.0 (C-13),
132.2 (C-aryl), 131.2 (C-aryl), 130.6 (C-aryl), 130.4 (C-aryl), 128.4 (C-aryl), 127.9
(C-aryl), 127.3 (C-aryl), 127.1 (C-aryl), 126.9 (C-aryl), 125.9 (C-aryl), 125.3 (C-
aryl), 125.1 (C-aryl), 124.9 (C-aryl), 124.7 (C-aryl), 122.2 (C-aryl), 48.4 (C-11),
28.6 (C-12) *one °C peak missing due to overlapping pesks, HRMS (ESI) nvz
(C19H130 [M-CI]" requires 257.0961) found 257.0964. This compound is previously

unreported.
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6.2.1.7 3,4-Dihydro-5H-benzo[ cd] pyren-5-one (212)

CO_ g, e
Cl

By the method of Weeratunga et al.3*°

Anhydrous aluminium chloride (0.17 g, 1.30 mmol) was added to a stirring solution
of 3-(1-pyrenyl)propanoyl chloride (0.19g, 0.65mmol) in dichloromethane
(15.0mL) at 0°C under a dinitrogen atmosphere. The reaction was then left for
1 hour under a dinitrogen atmosphere at room temperature. The solvent was removed
in vacuo, the residue was acidified with HCI (1.0 M) to pH 2 and then extracted with
dichloromethane (3 x 10 mL). The combined extracts were collected, dried over
NaSO4 and the solvent was removed in vacuo to yield a yellow/orange residue. The

crude product ketone 212 was then used immediately without further purification.

vmadcm: 2919 (CH), 1679 (C=0), 1622, 1545 (aromatic), 1276, 836, 776
(substituted benzene rings); melting point 161 -163°C (lit. 157 - 158 °C)3%; &y
(400 MHz, CDCl3): 8.81 (1H, s, H-6), 8.36 (1H, d, J 7.5, H-7), 8.27 (1H, d, J 7.5, H-
9), 8.19 (1H, d, J 8.0, H-1), 8.09 (1H, d, J 9.0, H-11), 8.07 - 8.02 (2H, m, H-8, 10),
7.95 (1H, d, J 8.0, H-2), 3.71 (2H, t, J 7.0, H-3), 3.17 (2H, t, J 7.0, H-4); &c
(150 MHz, CDCl3): 199.2 (C-5), 131.4 (C-aryl), 131.3 (C-aryl), 129.8 (C-aryl),
129.7 (C-aryl), 128.8 (C-aryl), 127.9 (C-aryl), 127.7 (C-aryl), 127.7 (C-aryl), 127.6
(C-aryl), 127.2 (C-aryl), 126.7 (C-aryl), 126.6 (C-aryl), 126.5 (C-aryl), 125.9 (C-
aryl), 125.2 (C-aryl), 124.7 (C-aryl), 39.1 (C-4), 28.9 (C-3); HRMS (ESI) n/z
(C19H130 [M+H]" requires 257.0961) found 257.0956. This compound is previously

reported but without full characterisation.3%?
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6.2.1.8 5-Ethoxy-6H-benzo[cd] pyrene (224)

Vmax/cml: 3045, 2921 (CH), 2851 (CH aryl ether), 1598 (aromatic), 1454, 1439 (CH
deformations), 1379 (CHs symmetrical deformation), 1247 (aryl C-O), 1118 (C-0),
1278, 831, 782 (substituted benzene ring); melting point: 57 - 60°C; 31 (700 MHz,
CDCl3): 7.80 (1H, d, J 8.5, H-aryl), 7.76 - 7.71 (4H, m, H-aryl), 7.62 (1H, d, J 8.5,
H-aryl), 7.53 (1H, dd, J 7.0, 1.5, H-aryl), 7.51 (1H, t, J 7.5, H-aryl), 7.25 (1H, d, J
9.0, H-aryl), 4.80 (2H, s, H-6), 4.26 (2H, g, J 7.0, H-12), 1.55 (3H, t, J 7.0, H-13); 8¢
(175 MHz, CDCl3): 8¢ 153.4 (C-aryl), 134.0 (C-aryl), 131.8 (C-aryl), 128.9 (C-aryl),
128.1 (C-aryl), 128.1 (C-aryl), 126.9 (C-aryl), 126.7 (C-aryl), 126.6 (C-aryl), 126.4
(C-aryl), 126.3 (C-aryl), 126.2 (C-aryl), 125.7 (C-aryl), 125.3 (C-aryl), 125.3 (C-
aryl), 124.1 (C-aryl), 119.7 (C-aryl), 112.5 (C-aryl), 64.1 (C-12), 29.1 (C-6), 15.2
(C-13); HRMS (ESI) mVz (C21H1s0 [M-H]* requires 283.1128) found 283.1117. This

compound is previously unreported.
6.2.1.9 3,4-Dihydro-5H-benzo[ cd] pyren-5-ol (213)

O]

OO‘ LiAIH, / Et,0
L

Under a dinitrogen atmosphere, lithium aluminium hydride (3.00 mg, 0.08 mmol) in

diethyl ether (3 mL) was stirred at 0°C. 3,4-Dihydro-5H-benzo[ cd]pyren-5-one
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(20.0 mg, 0.08 mmol) was dissolved in THF and added to the mixture slowly. The
solution was |eft to react at room temperature for 1 hour. Water and then dilute HCI
were added (1:3) sequentially under a dinitrogen atmosphere. The organic layers
were collected, dried over N&xSO4 and the solvent was removed in vacuo to obtain
an orange solid. The reaction product was purified by silica column chromatography
using chloroform : ethyl acetate (9:1) to obtain acohol 213 as a light pink powder

(19 mg, 94 %).

vmad/cml; 3272 (OH stretch), 2929, 2852 (CH), 1458 (aromatic), 1334 (OH
bending), 1072 (CO stretching), 1295, 843, 757 (substituted benzene rings); melting
point: 166 - 169 °C (lit. 165 - 168 °C)3%?; 5 (500 MHz, CDCl3): 8.17 - 7.96 (7H, m,
H-aryl), 7.83 (1H, d, J 8.0, H-aryl), 5.29 (1H, dd J 7.0, 3.5, H-5), 3.58 (1H, ddd, J
16.5, 8.0, 5.0, H-4), 3.37 (1H, ddd, J 16.5, 7.0, 5.0, H-4), 2.43 - 2.30 (2H, m, H-3);
dc (125 MHz, CDCl3): 136.6 (C-aryl), 133.3 (C-aryl), 131.3 (C-aryl), 130.9 (C-aryl),
129.6 (C-aryl), 127.4 (C-aryl), 126.5 (C-aryl), 126.0 (C-aryl), 125.9 (C-aryl), 125.8
(C-aryl), 124.8 (C-aryl), 124.8 (C-aryl), 124.6 (C-aryl), 123.8 (C-aryl), 69.9 (C-5),
31.6 (C-3), 26.9 (C-4) *two peaks missing due to overlapping peaks, HRMS (ESI)
m/z (C19H140Na [M+Na]™ requires 281.0937) found 281.0937. This compound is

previously reported but without full characterisation.%
6.2.1.10 6H-Benzo[cd]pyrene (209)
OH
OO‘ Amberlyst
‘O CHCl3, A

3,4-Dihydro-5H-benzo[cd]pyren-5-ol (100 mg, 0.39 mmol) was dissolved in

chloroform (30.0 mL) and Amberlyst 15 (100 mg) was added under a dinitrogen
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atmosphere. The reaction was heated to 30 °C and left to react overnight under the
inert atmosphere. The solution was then filtered and the Amberlyst 15 was washed
with chloroform. The organics were combined and reduced in vacuo. The reaction
product was purified by slica column chromatography under a dinitrogen
atmosphere eluting with chloroform : petroleum ether 40 - 60 °C (1:1) to yield the

product as an off white solid (50.0 mg, 54 %).

vmax/CML: 2953, 2918 (CH), 1595 (C=C), 1280, 833, 757 (substituted benzene rings);
melting point 121 - 124 °C (lit. 123 - 124 °C)*®; §,, (500 MHz, CDCl3): 7.81 (2H, d,
J 8.5, H-2), 7.77 (2H, d, J 8.5, H-1), 7.74 (2H, dd, J 8.0, 0.5, H-3), 7.51 (2H, t, J 7.5,
H-4), 7.46 (2H, dd, J 7.0, 1.5, H-5), 4.98 (2H, s, H-6); ¢ (125 MHz, CDCl3); 133.9
(C-5a), 131.9 (C-2a), 128.0 (C-5b), 127.9 (C-11a), 126.9 (C-2), 126.7 (C-1), 126.4
(C-4), 125.9 (C-11b), 125.5 (C-3), 125.3 (C-5), 24.2 (C-6); HRMS (ESI) m/z (C19H11
[M-H]* requires 239.0855) found 239.0854. This compound is previously reported

but HMBC studies show that the peaks for H1 & H2 were previously misassigned.!
6.2.2 Synthesisof 6H-benzo[cd]pyrene: Method 2

6.2.2.1 3-(1-Pyrenyl)acrylic acid (226)

7
OO 0 oAy
H
Pyridine / 100 °C

By the method of Mizushima et al 312

Malonic acid (3.39 g, 32.6 mmol) was added to a solution of pyrenecarboxaldehyde
(1.5 g, 6.52 mmoal) in pyridine (6.0 mL) and the mixture was l€ft to react at 100 °C.

After 2.5 days HCI (1.0 M, 6.0 mL) was added and the mixture was filtered. The
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solid was washed with water and petroleum ether 40 - 60 °C and dried in a desiccator

to afford ayellow crystalline solid (1.49 g, 84 %)).

Vmadcm™: 3039 (OH), 2818, 2585 (CH), 1670 (C=0), 1419 (CO,), 1437 (C-H
deformations), 1609, 1279, 835 (aromatic rings), 971 (alkene); melting point: 279 -
282°C (lit. N/A); 8u (400 MHz, (CD3)2S0): 8.70 (1H, d, J 15.5, H-11), 8.56 - 8.51
(2H, m, H-aryl), 8.39 - 8.30 (4H, m, H-aryl), 8.26 (1H, d, J 9.0, H-aryl), 8.22 (1H, d,
J 9.0, aryl), 812 (1H, t, J 7.5, H-aryl), 6.83 (1H, d, J 15.5, H-12); ¢ (100 MHz,
(CD3)2S0): 167.5 (C-13), 139.8 (C-11), 132.0 (C-aryl), 130.8 (C-aryl), 130.1 (C-
aryl), 128.8 (C-aryl), 128.6 (C-aryl), 128.4 (C-aryl), 127.8 (C-aryl), 127.3 (C-aryl),
126.6 (C-aryl), 126.1 (C-aryl), 125.8 (C-aryl), 125.3 (C-aryl), 124.6 (C-aryl), 123.9
(C-aryl), 123.7 (C-aryl), 122.2 (C-12), 121.6 (C-aryl); HRMS (ES|) m/z (C1oH1102
[M-H]" requires 271.0765) found 271.0768. This compound is previously reported

and data are consistent with these reports.32

6.2.2.2 3-(1-pyrenyl)propionic acid (211) — second version

H, / PtO,

OH Acetic acid

By the method of Mizushima et al .31

Ethyl 3-(1-pyrenyl)acrylate (0.5 g, 1.84 mmol) was stirred in acetic acid (80 mL) and
PtO> (1.5mol %) and left to react at room temperature under a dihydrogen
atmosphere. After 1.5 days the acetic acid was removed in vacuo and the residue was
diluted with dichloromethane. The solution was washed through a pad of celite, then

the organics were collected and washed with water, followed by drying over NaxSOa.
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The organic layers were filtered and removed in vacuo and the crude product was
recystallised with hexane/dichloromethane to give a yellow/gold crystalline solid
(0419, 81%). Data matches that of compound 211 reported above (see

section 6.2.1.5).

6.2.2.3 6H-benzo[cd]pyrene
Polyphosphoric acid mediated reaction of 3-(1-pyrenyl)propionic acid 211 producing

compounds 8, 207, 209, 210, 222, 227 and 228.

+ 8, 207, 210,
222, 227 and 228.

To a gtirring solution of polyphosphoric acid (10.3g) a 80°C was added 3-(1-
pyrenyl)propionic acid (0.10 g, 0.35 mmol). The reaction was heated at 80 °C under
a dinitrogen atmosphere for 24 hours. The reaction was cooled using an ice bath,
water was added (15.0 mL) and the mixture was extracted with dichloromethane (4 x
20 mL). The organic layers were collected, dried over NaoSO4 and the solvent was
removed in vacuo to produce a red solid (0.95g). Anadysis by *H NMR was
consistent with the molar proportions of products to be 209, 31 % : 210, 30 % : 222,
26 % : 228, 6 % : 207, 4 % : 227, 4 % plus a trace of pyrene 8 which could not be

guantified due to overlapping peaks.

This solid was purified by silica column chromatography under a dinitrogen
atmosphere with a gradient system which consisted of: chloroform : petroleum ether
40 - 60 °C (5:95), (2:8), (100:0) and then finaly 100 % ethyl acetate. The products

were isolated as follows:
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6.2.2.4 6H-Benzo[ cd] pyrene (209)

Data matches that of compound 209 reported above (see section 6.2.1.10).

6.2.2.5 6-Ox0-6H-benzo[ cd] pyrene (210)

vmadomTl: 2921 (CH), 1652 (C=0), 1609, 1570 (aromatic), 1285, 853, 838, 750
(substituted benzene rings); melting point 240 - 245°C (lit. 243 - 244 °C)%%; 5y
(600 MHz, CDCls): 8.87 (2H, d, J 7.5, H-5, 7), 8.32 (2H, d, J 8.0, H-3, 9), 8.10 (2H,
d, J 85, H-2, 10), 7.99 (2H, d, J 85, H-1, 11), 7.88 (2H, t, J 7.5, H-4, 8); dc
(150 MHz, CDCls): 184.4 (C-6), 134.5 (C-3), 132.1 (C-11a), 131.2 (C-28), 129.8 (C-
5a), 129.2 (C-5), 128.6 (C-2), 128.2 (C-5b), 127.0 (C-1), 126.9 (C-4), 121.1 (C-11b);
HRMS (ES) miz (CioHuO [M+H]* requires 255.0804) found 255.0802. This

compound is previously reported and data are consistent with reports. 3%
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6.2.2.6 5-Ox0-5H-benzo[ cd] pyrene (222)

vmad/cmt; 3031 (CH), 1642 (C=0), 1614, 1566 (C=C), 1278, 845, 756 (substituted
benzene rings); melting point 201 - 204°C (lit. 218 - 221 °C)%%; &y (400 MHz,
CDCl3): 9.36 (1H, s, H-6), 8.56 (1H, d, J 7.5, H-7), 8.43 (1H, d, J 7.5, H-9), 8.22
(1H, d, J 8.0, H-1), 8.18 — 8.11 (4H, m, H-2, 8, 10, 11), 8.02 (1H, d, J 9.5, H-3), 6.86
(1H, d, J 9.5, H-4); &c (150 MHz, CDCls): 186.1 (C-5), 143.1(C-3), 134.4 (C-6),
133.2 (C-11a), 131.0 (C-7), 130.7 (C-9a), 130.3 (C-9), 129.6 (C-6a), 128.5 128.4
128.4 (C-2, 4, 10), 128.3 (C-5a), 127.7 (C-11), 127.1 (C-8), 125.2 (C-1), 125.2 (C-
5b), 124.8 124.7 (C-2a, 11c), 123.6 (C-11b); HRMS (ESI) mVz (C1oH110 [M+H]*
requires 255.0804) found 255.0806. This compound is previously reported and data

are consistent with reports.31

6.2.2.7 6H-Benzo[cd] pyren-6-ol (228)

vmax/CMTY: 2916, 2848 (CH), 1484 (aromatic), 1386 (OH bending), 1141 (CO
stretching), 1281, 832, 748 (substituted benzene rings); melting point 160 - 164 °C;
8n (700 MHz, CDCl3): 7.56 (2H, d, J 8.5, H-2, 10), 7.54 (2H, d, J 8.5, H-1, 11), 7.46
(2H, d, J 8.0, H-3, 9), 7.04 (2H, t, J 7.5, H-4, 8), 6.70 (2H, d, J 7.0, H-5, 7), 5.00

(1H, s, H-6 CH); ¢ (175 MHz, CDCl3): 133.2 (C-5a), 130.0 (C-2a), 128.5 (C-5b),
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127.5 (C-11a), 126.2 (C-5), 126.1 (C-2), 125.9 (C-3), 125.6 (C-1), 124.9 (C-4),
123.9 (C-11b), 60.4 (C-6): HRMS (ESl) miz (CioHu1 [M-H2O0+H]* requires

239.0855) found 239.0853. This compound is previously unreported.

6.2.2.8 Pyrene (8)

dH (400 MHz, CDCls): 8.19 (4H, d, J 7.5, H-1, 3, 6, 8), 8.09 (4H, s, H-4, 5, 9, 10),
8.01 (2H, t, J 7.5, H-2, 7); éc (100 MHz, CDCl3): 131.0 (C-3a), 127.3 (C-5), 125.7
(C-2), 124.8 (C-1), 124.6 (C-10b). This compound is previously reported and data

are consistent with reports.3%®

6.2.2.9 4, 5-Dihydro-3H-benzo[ cd] pyrene (207)

As a solid (trace quantity); vmadcm™: 2917, 2849 (CH), 1606, 1583 (aromatic), 1459,
1435 (CH deformations), 1255, 826, 757 (substituted benzene rings), 719 (CH
rocking); melting point 98 - 101 °C (lit. 108 - 109 °C)3%, &y (700 MHz, CDCl3): 8.11
-8.05 (3H, m, H-6, 7, 9), 8.02 (1H, d, J 9.0, H-1), 8.00 (1H, d, J 9.0, H-2), 7.95 (1H,
t, J 7.5, H-8), 7.82 - 7.78 (2H, m, H-10, 11), 3.39 (2H, t, J 6.0, H-5), 3.31 (2H, t, J
6.0, H-3), 2.25 (2H, quin., J 6.0, H-4); 8¢ (175 MHz, CDCl3): 135.3 (C-aryl), 134.6
(C-aryl), 131.4 (C-aryl), 131.3 (C-aryl), 129.6 (C-aryl), 127.6 (C-aryl), 127.4 (C-

aryl), 126.4 (C-aryl), 125.9 (C-aryl), 125.8 (C-aryl), 124.8 (C-aryl), 124.5 (C-aryl),
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124.1 (C-aryl), 123.7 (C-aryl), 123.6 (C-aryl), 123.6 (C-aryl), 31.8 (C-3), 31.6 (C-5),
23.4 (C-4); HRMS (ESI) mVz (CigH15 [M+H]™ requires 243.1168) found 243.1180.

This compound is previously reported without NMR spectroscopic data. 16

6.2.2.10 7,8-Dihydro-9H-cyclopentala]pyrene (227)

o (400 MHz, CDCl»): 8.21 - 7.93 (8H, m, H-aryl), 3.39* (2H, br. t, H-9 or 11), 3.31
(2H, br. t, 3 6.0, H-9 or 11), 2.25 (2H, quin., J 6.0, H-10) *peak at 3.39 ppm is
overlapping with the peak at 3.39 ppm of 4,5-dihydro-3H-benzo[cd]pyrene as this

compound was obtained as a mixture. This compound is previously reported.3’

6.2.2.11 Synthesis of 4, 5-Dihydro-3H-benzo[ cd]pyrene (207)

ZnCl, / NaCl

Zn
300 °C

By the method of Clar and Stewart.3°

Sodium chloride (1.68 g, 2.00 equiv.) and moist zinc chloride (8.40 g, 10.0 equiv.)
were added to a mixture of 6-oxo-6H-benzo[cd]pyrene (0.84 g, 3.30 mmol) and zinc
dust (1.68 g, 2.00 equiv.). The mixture was heated to 300 °C and the melted mixture

was left to react for 1 hour with constant stirring. The reaction mixture was cooled,
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followed by addition of dilute acetic acid and the layer was then partitioned with
dichloromethane (3 x 125 mL) where the organics were collected. The organics were
then washed with water (3 x 100 mL), collected and dried over NaSOq, filtered and
the solvent was removed in vacuo. The reaction mixture was purified by silica
column chromatography using 100 % petroleum ether 40 — 60 °C to produce 207, a
white solid (0.58 g, 73 %) and 132, a dark orange/brown solid (6.00 mg, 0.8 %).
Characterisation data were identicd with the sample isolated from the
polyphosphoric acid mediated ring-closure of acid 211 as described above (207 see

section 6.2.2.9).

6.2.2.12 Dibenzo[jk,uv]dinaphtho[2,1,8,7-defg-2",1",8',7’ -opgr] pentacene (132)

vmax/CM: 2954, 2921, 2851 (CH), 1607, 1580 (aromatic), 1259, 903, 844, 752
(substituted benzene rings); melting point >300 °C (lit. >300 °C)*!8; &y (500 MHz,
CDCl3): 9.53 (2H, d, J 9.0, H-6, 15), 9.34 (2H, d, J 7.5, H-7, 16), 8.58 - 8.53 (4H, m,
H-1, 2, 10, 11), 8.43 (2H, d, J 9.0, H-5, 14), 8.37 (2H, d, J 7.5, H-9, 18), 8.35 (2H, d,
J 85, H-3, 12), 830 (2H, d, J 85, H-4, 13), 818 (2H, t, J 7.5, H-8, 17); oc
(125 MHz, CDCls): 131.7(qua), 129.7(quat), 129.6(quat), 128.9qua), 128.6 (C-7, 16),
128.0 (C-5, 14), 127.4 (C-3, 12), 127.3 (C-4, 13), 126.8 (C-6, 15), 1265 (C-5, 14),

126.4quat), 126 L(quay, 125.9 (C-1 and 10 or C-2 and 11), 125.9 (C-8, 17), 125.6 (C-1
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and 10 or C'2 and 11), 125.5(quat), 124.6(quat), 124.2(quat), 1232(quat), HRMS Ol’bltrap
XL (APCI) m/z (CsgH1o [M+H]" requires 475.1481) found 475.1477. This compound

is previoudly reported and data are consistent with reports.18

6.2.2.13 6H-Benzo[cd]pyrene (209) — from ketone 210.

O

S S ST
SO

210

6-Ox0-6H-benzo[ cd] pyrene (5.00 mg, 19.7 umol) was dissolved in THF and added
dropwise to a solution of lithium borohydride (0.86 mg, 39.4 umol) in THF
(5.00mL) at O °C under a dinitrogen atmosphere. After one hour a room
temperature, water and then agueous HCI were added (1:3) sequentially under a
dinitrogen atmosphere. The organic layers were collected, dried over Na,SO4 and the
solvent was removed in vacuo to obtain 6H-benzo[cd]pyrene as a white solid
(4.30 mg, 84 %) with characterisation data identical to that above (209 see section
6.2.1.10). *This reduction also works with LiAlH4 instead of LiBH4 in the same

conditions.
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6.3 Experimental for Chapter 3
6.3.1 Synthesisof 6H-benzo[cd]pyrene: Method 3

6.3.1.1 Synthesisusing pyrene

glycidol / 80 °C

OO 80 % H,S0, / N, O‘O +9, 123, 206, 210
(1 ([ s

Method modified from literature,27-299 301, 302, 325

Under a dinitrogen atmosphere, pyrene (0.50g, 2.47 mmol) was dissolved in
minimum chloroform and glycidol (1.31 mL, 19.8 mmol, 8.00 equiv.) was added to
this solution. 80 % H>SO4 (1.39 mL, 24.7 mmol, 10.0 equiv.) was then added
dropwise to the mixture. The reaction was heated to 80 °C and left to react for

18 hours under a dinitrogen atmosphere. Work up for either products a) or b).

a) Genera work up for PAH mixtures — the reaction mixture was cooled and

placed into an ice bath where 5.0 M NaOH was added until pH 7. The
mixture was filtered through a Bichner funnel with filter paper guide and
washed through with dichloromethane (2 x 30 mL). The filtrate mixture was
partitioned and the organic layer was collected. The agueous layer was
extracted a further three times with dichloromethane and the organic layers
were collected together, dried over NaxSO4 and the solvent was removed in
vacuo to give the crude product mixture (0.25 g). The mixture was purified
by silica column chromatography under a dinitrogen atmosphere using a
gradient system of petroleum ether 40 - 60 °C with chloroform and another

gradient system of chloroform with ethyl acetate. Several different products
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were formed; (209) 24 %, (210) 19 %, (228) 12 %, (9) 4 %, (244) 2 %, (222)

<1 %, (206) <1 %, (245) <1 %.

b) Genera work up for the black solid — Alternatively, the reaction mixture was
placed into an ice bath and water added (20 mL). The mixture was transferred
into falcon tubes, diluted with water and centrifuged (10000 rpm for 20 mins)
four times, the solid was collected and the water was removed in vacuo. The
solid was then washed with chloroform (4 x 40 mL) and collected in a Hirsch

funnel and left to dry in adesiccator to give ablack solid (1.0 g).
6.3.1.2 Synthesis using anthracene

glycidol / 80 °C

l l l 80 % H,SO, / N,

+ 242, 254, 255, 256
257, 258, 259.

Method modified from literature,2%7-2%9 301, 302, 325

Under a dinitrogen atmosphere, anthracene (0.50 g, 2.81 mmol) was added to a
mixture of chloroform (0.50 mL) and glycidol (1.49 mL, 22.4 mmol, 8.00 equiv.).
80 % H2SO4 (4.78 mL, 84.3 mmol, 30.0 equiv.) was then added dropwise to the
solution. The reaction was heated to 80 °C and left to react for 18 hours under a
dinitrogen atmosphere. General work up for either products a) or b) was same as

above (see section 6.3.1.1).

@) Obtained 0.20 g of the crude product mixture. Severa different products
were formed after purification; (242) 15 %, (253) 10 %, (259) 4 %, (258)
3 %, (255) 3 %, (254) 3 %, (256) 1 %, (257) <1 %.

b) 0.8 g of ablack solid powder was obtained.
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6.3.1.3 Synthesis using naphthalene

H H
glycidol / 80 °C

80 % HpS04 /Ny O‘O +8,9,123, 210
H H H H
’ ‘O 228, 244, 245.

209

Method modified from literature,2%7-2%9 301, 302, 325

Under a dinitrogen atmosphere, naphthalene (0.50 g, 3.90 mmol) was dissolved in
minimum chloroform and glycidol (2.07 mL, 31.2 mmol, 8.00 equiv.) was added.
80 % H2SO4 (2.21 mL, 39.0 mmol, 10.0 equiv.) was then added dropwise to the
solution. The reaction was heated to 80 °C and left to react for 18 hours under a
dinitrogen atmosphere. General work up for either products a) or b) was same as

above (see section 6.3.1.1).

a) Obtained 0.22 g of the crude product mixture. Several different products
were formed after purification; (209) 17 %, (210) 10 %, (245) 8 %, (123)
4%, (8) 4 %, (9) <1 %, (228) <1 %, (244) <1 %.

b) 0.9 g of ablack powdered solid was obtained.
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6.3.1.4 Synthesis using perylene

OO glycidol / 100 °C O‘ “

‘ 80 % H,S0, / N, O . O

Method modified from literature,27-299 301, 302, 325

Under a dinitrogen atmosphere, perylene (0.5g, 1.98 mmol) was dissolved in
minimum chloroform and glycidol (3.30 mL, 49.5 mmol, 25.0 equiv.) was added to
this solution. Thereafter, 80 % H2SO4 (3.00 mL, 53.5 mmol, 27.0 equiv.) was added
dropwise to the mixture. The reaction was heated to 100 °C and left to react for 18
hours under a dinitrogen atmosphere. General work up for either products a) or b)

was same as above (see section 6.3.1.1).

a) Obtained 0.3 g of the crude product mixture. The mixture was purified by
silica column chromatography under a dinitrogen atmosphere using 100 %
petroleum ether 40 - 60 °C to obtain (265 peropyrene) and chloroform : ethyl
acetate (9:1) to obtain (257). Severa different products were formed; (265)
25 mg, 21 %, (257) 40 mg, 19 %, (20 % perylene 25 recovered)

b) 0.9 g of ablack powdered solid was obtai ned.

*The characterisation of most of the products from sections 6.3.1.1 and 6.3.1.3 can

be found in section 6.2.2, due to repetition of products.
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6.3.1.5 Dibenzo[cd,jk] pyrene; Anthanthrene (9)

Vma/cmt: 3033, 2923(CH), 1237, 895, 876 (aromatic rings); melting point: 258 -
261°C (lit. 261 - 262 °C)3%; 54 (700 MHz, CDCl3): 8.81 (2H, s, H-6), 8.54 (2H, d, J
8.0, H-1), 8.22 (2H, d, J 7.0, H-3), 8.16 (2H, d, J 9.0, H-5), 8.15 (2H, t, J 7.5, H-2),
8.08 (2H, d, J 9.0, H-4); &c (175 MHz, CDCl3): 131.5 (C-5a or 5b), 130.7 (C-3aor
12b), 130.6 (C-3a or 12b), 128.5 (C-4), 128.3 (C-5), 125.9 (C-1), 125.9 (C-2), 124.3
(C-6), 1239 (C-3), 123.0 (C-11b), 122.6 (C-5a or 5h); GC-MS (El) 277 m/z
([Cx2H12]*, [M+H]"). This compound is previously reported and data are consistent

with reports.3%°

6.3.1.6 Benzo[ghi]perylene (123)

Vma/CMTL: 2987, 2901 (CH), 1250, 892, 878 (aromatic rings); melting point: 268 -
271°C (lit. 268 - 271°C)*3; &y (700 MHz, CDCl3): 9.04 (2H, d, J 7.5, H-1), 8.38
(2H, s, H-6), 8.21 (2H, d, J 7.5, H-3), 8.15 (2H, d, J 8.5, H-4 or 5), 8.10 (2H, d, J
8.5, H-4 or 5), 8.04 (2H, t, J 7.5, H-2); 8¢ (175 MHz, CDCls): 132.2 (C-33), 130.4
(C-12a), 129.2 (C-5a), 127.4 (C-4 or 5), 126.5 (C-3), 126.2 (C-2), 125.7 (C-3D),

125.6 (C-6), 123.9 (C-5b), 120.7 (C-1), *one 3C pesk missing due to overlapping
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pesks, GC-MS (El) 277 m/z ([CzH12]*, [M+H]"). This compound is previously

reported and data are consistent with reports.t>?

6.3.1.7 Benzo[ €] pyrene (256)

Vmax/CM1: 2919, 2850 (CH), 1261, 897, 825 (aromatic rings); melting point: 175 -
178°C (lit. 175 °C)*%; 54 (700 MHz, CDCls): 8.91 (2H, d, J 8.0, H-3), 8.86 (2H, dd,
J 6.0, 3.5, H-4 or 5), 8.19 (2H, d, J 7.5, H-1), 8.06 (2H, s, H-12), 8.05 (2H, t, J 7.5,
H-2), 7.76 (2H, dd, J 6.0, 3.0, H-4 or 5); 8¢ (175 MHz, CDCl3): 131.7 (C-123), 130.3
(C-3b), 129.3 (C-3a), 127.6 (C-4 or 5), 127.4 (C-12), 126.2 (C-1), 126.1 (C-2), 124.3
(C-12b), 123.8 (C-4 or 5), 120.3 (C-3); GC-MS (El) 252 mVz ([C2H12]*, [M]*). This

compound is previously reported and data are consistent with reports.3®

6.3.1.8 7H-BenZ de]anthracene (253)

Vmadomr: 3037, 2922 (CH), 1593 (C=C), 1455 (CH deformations), 1193, 889, 815,
773 (aromatic rings); melting point: 80 - 82°C (lit. 81.5°C)*2 &y (400 MHz,
CDCls): 8.01 (1H, d, J 7.5, H-11), 7.96 (1H, d, J 7.5, H-1), 7.69 (1H, d, J 8.0, H-3),
7.63 (1H, d, J 8.0, H-4), 7.45 (1H, t, J 7.5, H-2), 7.40 (1H, t, J 7.5, H-5), 7.33 (1H,

dd, J 7.0, 1.0, H-6) 7.31 - 7.21 3H, m, H-8, 9, 10), 4.54 (2H, s, H-7); 5c (100 MHz,
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CDCl3): 134.3 (C-7a), 133.9 (C-3a), 133.2 (C-6a), 132.3 (C-11a), 131.1 (C-11b),
128.9 (C-8), 128.8 (C-6b), 127.7 (C-9), 127.6 (C-3), 126.8 (C-10), 126.2 (C-2),
125.9 (C-5), 125.5 (C-4), 124.4 (C-6), 123.3 (C-11), 118.6 (C-1), 34.4 (C-7); GC-
MS (El) 216 mVz ([Ci7H12]*, [M]"). This compound is previously reported and data

are consistent with reports.3%2

6.3.1.9 7H-Benzo[de]anthracen-7-one; Benzanthrone (242)

VmadCm™: 3054, 2925 (CH), 1646 (C=0), 1599 (C=C), 1191, 877, 796, 780
(aromatic rings); melting point: 168 - 170°C (lit. 162 - 164°C)***; &y (400 MHz,
CDCl3): 8.72 (1H, dd, J 7.5, 1.0, H-6), 8.48 (1H, dd, J 8.0, 1.5, H-8), 8.37 (1H, d, J
7.5, H-1), 8.27 (1H, d, J 8.0, H-11), 8.16 (1H, dd, J 8.0, 1.0, H-4), 7.94 (1H, d, J 8.0,
H-3), 7.73 (1H, t, J 7.5, H-5), 7.72 - 7.67 (1H, m, H-10), 7.62 (1H, t, J 8.0, H-2),
7.52 (1H, td, J 7.5, 1.0, H-9); 8¢ (100 MHz, CDCl3): 183.8 (C-7), 136.1 (C-11a),
135.0 (C-4), 133.3 (C-10), 132.9 (C-3a), 131.0 (C-7a), 130.1 (C-3), 129.7 (C-6),
128.4 (C-6a), 128.1 (C-9), 128.0 (C-8), 127.8 (C-6b), 126.7 (C-11b), 126.5 (C-2),
126.5 (C-5), 124.1 (C-1), 122.9 (C-11); HRMS (ESI) mVz (Ci7H100Na [M+Na]*
requires 254.0629) found 254.0630. This compound is previously reported and data

are consistent with reports.34
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6.3.1.10 4-Oxo0-4H-benZz de]anthracene (255)

Vmadcm™: 2920, 2850 (CH), 1637 (C=0), 1584 (C=C), 1159, 901, 820, 747
(aromatic rings); melting point: 67 - 69°C; d4 (700 MHz, CDCl5): 8.98 (1H, d, J 8.0,
H-1), 8.71 (1H, d, J 8.0, H-11), 8.65 (1H, d, J 7.5, H-3), 8.08 (1H, s, H-7), 7.99 (1H,
d, J 8.0, H-8), 7.92 (1H, t, J 8.0, H-2), 7.82 (1H, d, J 9.5, H-6), 7.78 (1H, t, J 7.5, H-
10), 7.68 (1H, t, J 7.5, H-9), 6.79 (1H, t, J 9.5, H-5); dc (175 MHz, CDCls): 185.9
(C-4), 142.1 (C-6), 134.1 (C-7), 131.6 (C-7a or 11a), 131.5 (C-7aor 11a), 130.2 (C-
8), 129.9 (C-3a), 129.6 (C-11b), 129.4 (C-10), 129.1 (C-5), 128.5 (C-3), 128.3 (C-1),
127.7 (C-9), 127.6 (C-2), 127.2 (C-6b), 126.4 (C-6a), 123.0 (C-11); HRMS (ESI)
m/'z (C17H1210 [M+H]™ requires 231.0804) found 231.0805. The data for this

compound is previously unreported.

6.3.1.11 9-Ox0-9H-benzo[ cd]perylene (257)

Vmadoml: 2922, 2855 (CH), 1630 (C=0), 1571 (C=C), 1145, 945, 838, 761
(aromatic rings); melting point: 298 - 300°C (lit. 298 - 300 °C)**3; &y (700 MHz,
CDCls): 9.30 (1H, d, J 7.5, H-6), 9.02 (1H, d, J 9.0, H-5), 8.94 (1H, d, J 6.0, H-8),

8.77 (1H, d, J 10.0, H-11), 8.53 (1H, d, J 9.0, H-12), 8.40 (1H, d, J 9.0, H-4), 8.31
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(1H, d, J 7.5, H-3), 8.20 (1H, d, J 6.0, H-1), 8.14 (1H, d, J 9.0, H-13), 8.06 - 8.01
(2H, m, H-2, 7), 6.96 (1H, d, J 10.0, H-10); dc (175 MHz, CDCls): 185.4 (C-9),
136.5 (C-11), 132.3 (C-11b), 131.8 (C-13), 131.3 (C-3a or 5b), 131.1 (C-5a), 130.7
(C-4 or 8), 130.6 (C-4 or 8), 130.5 (C-13a), 129.9 (C-8a), 129.4 (C-6), 128.2 (C-3 or
10), 128.1 (C-3 or 10), 127.6 (C-1), 126.9 (C-3aor 5b), 126.8 (C-2 or 7), 126.5 (C-2
or 7), 125.9 (C-8b), 124.9 (C-3b), 123.7 (C-5¢), 122.2 (C-5 or 12), 122.1 (C-5 or 12),
120.4 (C-11a); HRMS (ESI) m/z (CxsH130 [M+H]" requires 305.0961) found
305.0966. This compound is previously reported and data are consistent with

reports.>3

6.3.1.12 Phenalen-1-one; Perinaphthanone (266)

8n (400 MHz, CDCl3): 8.62 (1H, d, J 7.5, H-9), 8.19 (1H, d, J 8.0, H-7), 8.02 (1H, d,
J 8.5, H-6), 7.80 - 7.72 (3H, m, H-3, 4, 8), 7.59 (1H, m, H-5), 6.73 (1H, d, J 10.0, H-
2); 8¢ (100 MHz, CDCls): 185.6 (C-1), 141.7 (C-3), 134.9 (C-7), 132.1 (C-63), 131.9
(C-6), 131.3 (C-4), 130.3 (C-9), 129.5 (C-9a), 129.2 (C-2), 127.8 (C-3aor 9b), 127.5
(C-3a or 9b), 127.1 (C-8), 126.6 (C-5). This compound is previously reported and

data are consistent with reports.*4
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6.3.1.13 3-Ox0-3H-benzo[ cd] pyrene (206)

Vmadcm™: 2918, 2850 (CH), 1625 (C=0), 1570 (C=C), 1141, 917, 807, 720
(aromatic rings); melting point: 197 - 203 °C *(impure) (lit. 204 - 205°C)*; &y
(500 MHz, CDClIs): 8.96 (1H, d, J 8.0, H-2), 8.50 (1H, s, H-6), 8.44 (1H, d, J 7.5, H-
7), 842 (1H, d, J 7.5, H-9), 8.40 (1H, d, J 8.0, H-1), 8.29 (1H, d, J 9.0, H-10), 8.23
(1H, d, J 9.0, H-11), 8.12 (1H, t, J 7.5, H-8), 8.02 (1H, d, J 9.5, H-5), 6.96 (1H, d, J
9.5, H-4); dc (175 MHz, CDCl3): 185.7 (C-3), 140.9 (C-5), 135.2 (C-114), 134.1 (C-
6), 130.6 (C-9a), 130.0 (C-9), 129.9 (C-6a), 129.9, 129.8, 129.8 (C-4, 7, 10), 127.6
(C-11), 127.6 (C-5a), 126.9 (C-8), 126.9 (C-5b), 126.4 (C-2a), 126.2 (C-1, 2), 123.8
(C-11c), 123.3 (C-11b); HRMS (ESI) mVz (CigH110 [M+H]" requires 255.0804)
found 255.0798. This compound is previously reported (without NMR) and data are

consistent with these reports. 3!
6.3.1.14 Synthesis of 3-Ox0-3H-benzo[cd]pyrene: alternative synthesis.

6.3.1.14.1 1-Cinnamoylpyrene (247)

331

By the method of Didenko and Gerasimenko.

To asolution of cinnamic acid (2.50 g, 16.8 mmol) in benzene (25.0 mL) was added

phosphorus pentachloride (3.50 g, 16.8 mmol) and left to react at room temperature
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until fully dissolved under a dinitrogen atmosphere. To this mixture, pyrene (3.00 g,
14.8 mmol) and aluminium chloride (3.00 g, 22.5 mmol) were added portion-wise
and stirred for two hours at room temperature under a dinitrogen atmosphere. The
reaction mixture was then slowly poured into cold dilute HCI. The organic layer was
collected and washed with water twice, the organics were dried over NaxSO4 and the
solvent was removed in vacuo. The crude mixture was purified by silica column
chromatography using chloroform: petroleum ether 40 - 60°C (8:2) to afford a

yellow solid (4.10 g, 84 %).

vma/cmL: 3031 (CH), 1653 (C=0), 1572 (C=C), 1137, 840, 684 (aromatic rings) 965
(CH out-of-plane deformation); melting point: 110 - 113 °C (lit. 118 - 118.5°C)%;
1 (500 MHz, CDCl3): 8.63 (1H, d, J 9.5, H-aryl), 8.27 - 8.23 (3H, m, H-aryl), 8.21
(1H, d, J 8.0, H-aryl), 8.18 (1H, d J 9.5, H-aryl), 8.16 (1H, d, J 9.0, H-aryl), 8.09
(1H, d, J 9.0, H-aryl), 8.05 (1H, t, J 7.5, H-7), 7.66 (1H, d, J 16.0, H-13), 7.62 - 7.58
(2H, m, H-15), 7.48 (1H, d, J 16.0, H-12), 7.43 - 7.38 (3H, m, H-14, 16); oc
(125 MHz, CDCl3): 195.9 (C-11), 145.9 (C-aryl), 134.6 (quay), 133.8qua), 133.2(qua),
131.1quar), 130.7 (C-aryl), 130.6(qua, 129.3(quar), 129.1 (C-aryl), 129.1 (C-aryl), 128.9
(C-14 or 15), 1285 (C-14 or 15), 127.4 (C-aryl), 127.1 (C-aryl), 126.3 (C-aryl),
126.2 (C-aryl), 126.1 (C-aryl), 125.9 (C-aryl), 124.9quay, 124.7 (C-aryl), 124.4qua),
124.0 (C-aryl); HRMS (ESI) m/z (C2sH16ONa [M+Na] requires 355.1093) found
355.1100. This compound is previously reported (without NMR) and data are

consistent with these reports. 3!
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6.3.1.14.2 3-Ox0-3H-benzo[ cd] pyrene (206)

By the method of Didenko and Gerasimenko.®*!

Under a dinitrogen atmosphere to a stirring solution of aluminium chloride (2.00 g,
15.0 mmol) in benzene (15.0 mL), 1-cinnamoylpyrene (1.00 g, 3.01 mmol) was
added and left to react under an inert atmosphere. After 30 minutes the reaction was
cooled and added carefully to cold dilute HCI and the organics were collected. The
organics were washed with water twice, dried over NaxSO4 and reduced in vacuo.
The crude product was purified by silica column chromatography using a gradient
system of chloroform: ethyl acetate (98:2 then 9:1), to produce a light orange solid

(0.29 g, 38 %).

Melting point: 204 - 206 °C (lit. 204 - 205 °C).**! This compound is previously
reported (without NMR) and the other data (above — see section 6.3.1.13) are

consistent with these reports, 33!

6.3.1.15 BenZde]anthracen-ol: Dihydro-benzanthrone (254)

OH

We believe that two isomers are present most likely OH in the 7H position (above)
and another isomer which is difficult to predict. Ratio of isomers’254a and ‘254b’ -

1:1.4

202



81 (600 MHz, CDCl3): 7.66 (1H, d, J 8.0, 254b), 7.58 (1H, d, J 8.0, 254a), 7.53 (1H,
d, J 8.0, 254a), 7.47 (1H, d, J 8.0, 254a), 7.42 - 7.40 (2H, m), 7.38 (1H, d, J 8.0,
254b), 7.30 (1H, d, J 8.0, 254b), 7.28 - 7.23 (2H, m), 7.16 - 7.09 (3H, m), 7.06 - 7.02
(3H, m), 6.96 (1H, t, J 7.5, 254a), 6.76 (1H, d, J 7.5, 254a), 6.49 (1H, d, J 7.0, 2544a),
6.37 (1H, d, J 7.0, 254b), 4.76 (1H, s, 254b), 4.58 (1H, s, 254a). oc (150 MHz,
CDCl3): 134.9quat), 134.7quat), 134.6(quat), 134.3(quat), 132.7(quat), 132.3(qua), 131.7(quat),
131.2(quaty, 130.1(quaty, 129.6(quat), 129.4 (C-aryl), 129.3 (C-aryl), 129.2(quat), 129.Liquat),
126.9 (C-aryl), 126.9 (C-aryl), 126.9 (C-aryl), 126.8 (C-aryl), 126.7 (C-aryl), 126.5
(C-aryl), 126.2 (C-aryl), 126.1 (C-aryl), 125.9 (C-aryl), 125.8 (C-aryl), 125.4 (C-
aryl), 124.9 (C-aryl), 124.8 (C-aryl), 122.5 (C-aryl), 118.2 (C-aryl), 118.1 (C-aryl),
58.5 (CH, 11), 58.3 (CH, 12). *two 3C peaks missing due to overlapping pesks.

These compounds are previously reported by Clar but only melting point reported.3¥’

6.3.1.16 8H-Benzo[e,jk]pyrene (258)

Vma/cml: 2921, 2852 (CH), 1461 (CH deformations), 1041, 822, 765 (aromatic
rings); melting point: 134 - 137 °C; 61 (600 MHz, CDCl3): 8.71 (2H, m, H-aryl),
8.58 (1H, d, J 9.0, H-aryl), 8.54 (1H, d, J 8.0, H-aryl), 7.94 (1H, d, J 9.0, H-aryl),
7.77 (1H, d, J 8.0, H-aryl), 7.72 - 7.66 (2H, m, H-aryl), 7.62 (1H, t, J 7.5, H-aryl),
7.54 - 751 (2H, m, H-aryl), 7.49 (1H, dd, J 7.0, 1.0, H-aryl), 4.95 (2H, s, H-8); &c
(150 MHz, CDCl3): 134.2(qua), 134.Lqua), 132.3(quat), 130.0quat), 129.9quat), 129.7quat),

128.3(quar), 127.6 (C-aryl), 127.2 (C-aryl), 126.9 (C-aryl), 126.8 (C-aryl), 126.6 (C-
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aryl), 126.4 (C-aryl), 125.6 (C-aryl), 125.5qua), 125.3 (C-aryl), 125. Lqua), 125.1(qua),
123.6 (C-aryl), 123.5 (C-aryl), 121.6 (C-aryl), 120.8 (C-aryl), 34.7 (C-8); HRMS
(ESI) mVz (CasH1z [M-H]  requires 289.1023) found 289.1014. This compound is

previously unreported.

6.3.1.17 8-Ox0-8H-benzo[ejk]pyrene (259)

Vmadcm™: 3059, 2922 (CH), 1645 (C=0), 1598 (C=C), 1216, 948, 826, 750
(aromatic rings); melting point: 201 - 204 °C; 61 (700 MHz, CDCl3): 8.84 (1H, d, J
8.0, H-5), 8.75 (1H, d, J 7.0, H-9), 8.71 (1H, d, J 7.5, H-7), 8.61 (1H, dd, J 7.0, 2.0,
H-1), 8.56 (1H, dd, J 7.0, 2.0, H-4), 8.48 (1H, d, J 9.0, H-13), 8.17 (1H, d, J 7.5, H-
11), 7.99 (1H, d, J 9.0, H-12), 7.79 (1H, t, J 7.5, H-6), 7.78 (1H, t, J 7.5, H-10), 7.70
-7.66 (2H, m, H-2, 3); 8¢ (175 MHz, CDCl3): 183.9 (C-8), 134.5 (C-aryl), 131.1(qua),
130.1(quat), 129.9(qua), 129.9(qua), 129.4 (C-aryl), 129.1 (C-aryl), 129.0(qua), 128.9qua),
128.4 (C-aryl), 128.3 (C-aryl), 127.9 (C-aryl), 127.8(qua), 127.8(quat), 127.6 (C-aryl),
126.9 (C-aryl), 126.6 (C-aryl), 123.9 (C-aryl), 123.3 (C-aryl), 121.6 (C-aryl),
119.9(quay. *one C peak missing due to overlapping peaks, HRMS (ESI) mvz
(C23H130 [M+H]" requires 305.0961) found 305.0974. This compound is previously

unreported.
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6.3.1.18 8H-Dibenzo[cd,ghi]perylene (244)

H H

Vma/cml: 2915, 2848 (CH), 1461 (CH deformations), 1052, 836, 727 (aromatic
rings); melting point: 165 - 169 °C; 61 (700 MHz, CDCls): 8.86 (1H, d, J 8.0, H-
aryl), 8.70 (1H, d, J 9.0, H-aryl), 8.16 (1H, d, J 7.5, H-aryl), 8.11 (1H, d, J 8.0, H-
aryl), 8.05 (1H, t, J 7.5, H-aryl), 8.02 - 8.00 (2H, m, H-aryl), 7.99 (1H, d, J 9.0, H-
aryl), 7.86 (1H, d, J 8.0, H-aryl), 7.79 (1H, d, J 7.5, H-aryl), 7.57 - 7.52 (2H, m, H-
aryl), 5.16 (2H, s, H-8); 8¢ (175 MHz, CDCls): 134.4(qua), 132.6qua, 131.9(quar),
131.7(qua), 129.6quat), 129.6(quat), 128.7(quaty, 127.7 (C-aryl), 127.3 (C-aryl), 126.8 (C-
aryl), 126.6 (C-aryl), 126.2 (C-aryl), 126.1 (C-aryl), 125.8 (C-aryl), 125.7qua), 125.6
(C-aryl), 125.6 (C-aryl), 125.4 (C-aryl), 124.8qua), 123.8(quat), 121.9 (C-aryl), 120.1
(C-aryl), 34.9 (C-8) *two 3C peaks missing due to overlapping peaks; HRMS (ESI)
m/'z (CxsHiz [M-H]™ requires 313.1012) found 313.1018. This compound is

previously unreported.

205



6.3.1.19 8-Oxo0-8H-dibenzo[cd,ghi]perylene (245)

Vmadcm™: 2921, 2850 (CH), 1639 (C=0), 1583 (C=C), 928, 812, 718 (aromatic
rings); melting point: >300 °C; (700 MHz, CDCls): 9.11 - 9.09 (2H, m, H-aryl), 8.97
(1H, d, 3 7.5, H-aryl), 8.91 (1H, d, J 9.0, H-aryl), 8.38 - 8.34 (3H, m, H-aryl), 8.30 -
8.26 (2H, m, H-aryl), 8.19 - 8.16 (2H, m, H-aryl), 7.94 (1H, t, J 7.0, H-aryl); &c
(175MHz, CDCls): 183.9 (C-8), 135.3(qua), 134.4 (C-aryl), 131.5@qua), 131.3quan),
130.9(quat), 130.3 (C-aryl), 129.9 (C-aryl), 129.8(qua), 129.8 (C-aryl), 128.6 (C-aryl),
128.4(quat), 128.1(quat), 128.1quary, 127.5 (C-aryl), 126.9 (C-aryl), 126.8(quar), 126.7 (C-
aryl), 126.3 (C-aryl), 126.2 (C-aryl), 123.8qua, 123.2 (C-aryl), 122.9(quay, 122.1 (C-
aryl), 120.8(quay; HRMS (ESI) mVz (CsH1i30 [M+H]* requires 329.0961) found

329.0958. This compound is previously unreported.
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6.3.1.20 Synthesis of 3-oxo-3H-benZd,elanthrone.

6.3.1.20.1 9-Anthraceneacrylic acid (261)

By the method of Atkinson et al.**

A mixture of 9-anthradehyde (1.00g, 4.85mmol), maonic acid (0.65g,
6.25 mmol), pyridine (2.50 mL) and piperidine (0.20 mL) was heated at 100 °C for
3 days, and then heated at 190 °C for 30 minutes. The mixture was cooled and
poured into cold dilute HCl (2.00 M) where a precipitate was formed and collected
by filtration. The precipitate was then dissolved in minimum ethyl acetate and
partitioned with agueous sodium hydroxide (2.00 M), the agueous layer was
collected and acidified with concentrated HCI. The yellow precipitate was collected
by filtration, washed with a little water and left to dry. A yellow solid was obtained

(0.76 g, 63 %).

Vma/cmt: 2821 (CH), 1682 (C=0), 1558 (C=C), 1152, 839, 681 (aromatic rings),
969 (CH out-of-plane deformation); melting point: 246 - 248 °C (lit. 244 -
245 °C)*15; § (500 MHz, (CD3)2S0): 8.65 (1H, s, H-10), 8.39 (1H, d, J 16.0, H-11),
8.21 - 8.19 (2H, m, H-1, 8), 8.14 - 8.12 (2H, m, H-4, 5), 7.60 - 7.54 (4H, m, H-2, 3,
6, 7), 6.34 (1H, d, J 16.0, H-12); 8¢ (125 MHz, (CD3),S0): 167.3 (C-13), 138.7 (C-
11), 130.8 (C-4a, 4b), 130.2 (C-12), 129.5 (C-9), 128.7 (C-4, 5), 128.6 (C-8a, 9a),

127.6 (C-10), 126.4 (C-2, 7), 1255 (C-3, 6), 124.9 (C-1, 8): HRMS (ESI) m/z
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(C17H1102 [M-H]" requires 247.0765) found 247.0763. This compound is previously

reported and data are consistent with these reports.*1°

6.3.1.20.2 3-(Anthracen-9-yl)proponoic acid (262)

By the method of Atkinson et al.**

To a solution of 9-anthraceneacrylic acid (0.15 g, 0.60 mmol) in ethanol (5.00 mL)
was added 10 % Pd/C (0.05 g) and left to react overnight at room temperature under
a dihydrogen atmosphere. The reaction mixture was poured through a pad of celite
which was washed through with ethyl acetate and the solvent was removed in vacuo.
The crude mixture was purified by column chromatography using ethyl acetate :

chloroform (55:45) to afford an off-white solid (0.11 g, 73 %).

Vmad/cm™:; 2924, 2851 (CH), 1692 (C=0), 1156, 836, 689 (aromatic rings), 726 (CH2
rocking); melting point: 188 - 191 °C (lit. 192 - 193°C)*%; §y (400 MHz, CDCly):
8.39 (1H, s, H-10), 8.29 (2H, d, J 9.0, H-1, 8), 8.03 (2H, d, J 8.5, H-4, 5), 7.59 - 7.53
(2H, m, H-3, 6), 7.52 - 7.46 (2H, m, H-2, 7), 4.03 - 3.99 (2H, m, H-11), 2.88 - 2.84
(2H, m, H-12); 8¢ (100 MHz, CDCl3): 178.9 (C-13), 131.9 (C-9), 131.6 (C-4a, 4b),
129.5 (C-8a, 9a), 129.4 (C-4, 5), 126.5 (C-10), 126.1 (C-2, 7), 124.9 (C-3, 6), 123.8
(C-1, 8), 34.9 (C-12), 23.0 (C-11); HRMS (ESI) mVz (Ci7H1302 [M-H] requires
249.0921) found 249.0923. This compound is previously reported and data are

consistent with these reports.*’
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6.3.1.20.3 3-Ox0-3H-benZ d,e]anthrone (264)

By the method of Pham et al .3%¢

To a solution of 3-(anthracen-9-yl)proponoic acid (15.0 mg, 59.9 umol) in dry
dichloromethane (5.00 mL) was added thionyl chloride (5.00 uL, 0.07 umol) and
DMF (1drop) and left to react under a dinitrogen atmosphere for 2 hours. The
solvent was removed in vacuo to leave an orange solid which was used straight
away. The solid was re-dissolved in dry chloroform (5.00 mL) with the addition of
stannic chloride (0.05 mL, 43.0 umol) and the reaction was left to react under a
dinitrogen atmosphere overnight. Cold dilute HCI was added and the organic layers
were collected, dried over NaSO4 and the crude product was purified by silica
column chromatography using chloroform : ethyl acetate (90:10). A red solid was

obtained (5.00 mg, 36 %).

Vmadoml: 3042, 2920 (CH), 1628 (C=0), 1598 (C=C), 1194, 888, 768, 734
(aromatic rings); melting point: 119 - 121 °C (lit. 120 °C) 3%; &4 (500 MHz CDCl3):
8.84 (1H, dd, J 7.0 1.0, H-4), 8.71 (1H, s, H-7), 8.71 (1H, d, J 10.0, H-1), 8.54 (1H,
d, J 9.0, H-8), 8.43 (1H, dd, J 8.0, 0.5, H-6), 8.09 (1H, d, J 8.5, H-11), 7.84 (1H, dd,
J8.0, 7.0, H-5), 7.73 (1H, ddd, J 9.0, 6.5, 1.0, H-9), 7.58 (1H, ddd, J 8.0, 6.5, 0.5, H-
10), 6.93 (1H, d, J 10.0, H-2); 5c (125 MHz CDCls): 185.3 (C-3), 136.4 (C-1 or 6),
1363 (C-1 or 6), 133.2 (C-4 or 7), 133.1 (C-4 or 7), 132.2 (C-11a), 131.9 (C-7a),
129.9 (C-3aor 6a), 129.9 (C-11), 129.8 (C-3aor 6a), 129.2 (C-9), 128.6 (C-2), 126.3

(C-5), 126.1 (C-10), 125.9 (C-6b), 122.4 (C-8), *one °C pesk missing due to

209



overlapping peaks (11b); HRMS (ESI) m/z (C17H100Na[M+Na]* requires 253.0624)
found 253.0620. This compound is previously reported and data are consistent with

these reports.*8

6.3.1.21 Dibenzo[cd, Im]perylene; Peropyrene (265)

vma/cml: 2951, 2915, 2847 (CH), 1462 (CH deformations), 1240, 836, 796
(aromatic rings); melting point: >300°C (lit. >300 °C)**; &n (500 MHz, CDCls):
9.29 (4H, d, J 9.0, H-5, 6, 12, 13), 8.43 (4H, d, J 9.0, H-4, 7, 11, 14), 8.38 (4H, d, J
7.5, H-1, 3, 8, 10), 8.15 (2H, t, J 7.5, H-2, 9); 6c (125 MHz, CDCl3): 131.3 (C-3aor
5a), 127.8 (C-4, 7, 11, 14), 126.1 (C-2, 9), 125.4 (C-3aor 5d), 125.3 (C-1, 3, 8, 10),
125.3 (C-5¢ or 7b), 122.9 (C-5¢ or 7b), 122.9 (C-5, 6, 12, 13); m/z CMS (ASAP)
326.2 ([C26H14], [M]). This compound is previously reported and data are consistent

with these reports.>*
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6.3.2 Synthesisof intermediatesfor mechanism deter mination

6.3.2.1 3-(Pyrene-1-yl)propan-1-ol (299)

By the method of Horaguchi et al .36

3-(1-Pyrenyl)propionic acid (0.10 g, 0.36 mmol) was dissolved in minimum THF
and was added drop-wise to a stirring solution of lithium aluminium hydride (0.02 g,
0.53 mmoal) in THF (10.0 mL) at 0 °C under a dinitrogen atmosphere. The reaction
was left to react at room temperature for 3 hours under a dinitrogen atmosphere. The
solvent was removed in vacuo, followed by addition of water and HCl (1:3)
sequentialy. The mixture was partitioned with ethyl acetate, thereafter the organics
were collected, dried over NaxSO4 and the solvent was removed in vacuo. The crude
product was purified by silica column chromatography using chloroform : ethyl

acetate (9:1) to produce an off-white solid (85.0 mg, 91 %).

Vma/CmL: 3267 (OH), 2942, 2849 (CH), 1585 (C=C), 1168, 914, 840, 752 (aromatic
rings), 720 (CH: rocking); melting point: 96 - 98°C (lit. 67 - 70°C)*°; &u
(500 MHz, CDCls): 8.30 (1H, d, J 9.0, H-4 or 5), 8.17 (2H, d, J 8.0, H-6, 8), 8.11
(1H, d, J 7.5, H-3), 8.10 (1H, d, J 9.0, H-4 or 5), 8.05 - 8.01 (2H, m, H-9, 10), 8.00
(1H, t, J 7.5, H-7), 7.88 (1H, d, J 7.5, H-2), 3.78 (2H, t, J 6.5, H-13), 3.45 (2H, 1, J
7.5, H-11), 2.16 - 2.09 (2H, m, H-12); 3¢ (125 MHz, CDCls): 136.1 (C-10b), 131.4
(C-8a), 130.9 (C-5a) 129.8 (C-10a), 128.6 (C-3a), 127.5 (C-5), 127.3 (C-2), 127.2
(C-9 or 10), 126.6 (C-9 or 10), 125.8 (C-7), 125.1 (C-5b or 1), 124.9 (C-5b or 1),
124.9 (C-6 or 8), 124.8 (C-6 or 8), 124.7 (C-3), 123.3 (C-4), 62.4 (C-13), 34.5 (C-
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12), 29.6 (C-11); HRMS (ESI) vz (C1oH160Na [M+Na]* requires 283.1093) found
283.1090. This compound is previoudy reported and data are consistent with these

reports.*2°

6.3.2.2 3-(1-Pyrenyl)propional dehyde (300)

By the method of Sabitha et al .3%®

An ice-cooled solution of IBX (103 mg, 369 umol) in DM SO (2.00 mL) was added
to 3-(pyrene-1-yl)propan-1-ol (80.0mg, 308 umol) in dry dichloromethane
(2.00 mL). The mixture was stirred at room temperature for 4 hours and filtered
through a celite pad with ethyl acetate. The organics were collected and washed with
water and then brine, dried over Na;SO4 and the solvent was removed in vacuo. The
residue was purified by silica column chromatography with chloroform to produce

an off-white solid (59.0 mg, 62 %).

Vmadcm: 3037, 2894 (CH), 2851, 2747 (C-H aldehyde) 1709 (C=0), 1584 (C=C),
1183, 891, 841, 754 (aromatic rings), 714 (CH2 rocking); melting point: 69 - 71 °C
(Iit.72 - 73.2°C)%*; 54 (500 MHz, CDCl3): 9.89 (1H, s, H-13), 8.17 (3H, m, H-aryl),
8.09 (1H, d, J 9.0, H-aryl), 8.09 (1H, d, J 8.0, H-aryl), 8.04 - 7.99 (3H, m, H-aryl),
7.84 (1H, d, J 8.0, H-aryl), 3.64 (2H, t, J 7.5, H-11), 2.96 (2H, td, J 8.0, 1.0, H-12);
¢ (125 MHz, CDCls): 201.3 (C-13), 134.2quay, 131.3(qua, 130.7(qua), 130.L(quar),
128.4quat), 127.6 (C-aryl), 127.4 (C-aryl), 126.9 (C-aryl), 126.8 (C-aryl), 125.9 (C-
aryl), 125.1 (C-aryl), 124.9qua), 124.9 (C-aryl), 124.9 (C-aryl), 124.8(qua), 122.6 (C-
aryl), 45.4 (C-12), 25.6 (C-11); HRMS (ESI) m/z (CieH14ONa [M+Na]* requires
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281.0937) found 281.0936. This compound is previously reported (without NMR)

and data are consistent with these reports.3

6.3.2.2.1 3-(1-pyrenyl)propionaldehyde reaction with PPA

3-(1-pyrenyl)propionadehyde (0.165 g, 0.639 mmol) was added to a stirring solution
of polyphosphoric acid under a dinitrogen atmosphere and left to react for 18 hours
at 80 °C. The reaction was cooled, followed by addition of water and the mixture
was partitioned with dichloromethane (3 x 20 mL). The organics were collected,
dried over N&»SO4 and the solvent was removed in vacuo. The dark orange solid was

analysed by *H NMR spectroscopy.

6.3.2.2.2 3-(1-pyrenyl)propionaldehydereaction with sulfuric acid

3-(1-Pyrenyl)propionaldehyde (7.50 mg, 29.1 pmol) was added to a stirring solution
of sulfuric acid (80 %) under a dinitrogen atmosphere and left to react for 18 hours at
80 °C. The reaction was cooled, water was added and the mixture was partitioned
with dichloromethane (3 x 20 mL). The organics were collected, dried over NaSO4
and the solvent was removed in vacuo. The dark orange solid was analysed by H

NMR spectroscopy.

6.3.2.3 1-(Pyrene-1-yl)prop-2-en-1-ol (302)

By the method of Lafrance et al.3

To a solution of pyrenecarboxaldehyde (0.50 g, 2.17 mmol) in THF (5.00 mL) was

slowly added vinyl magnesium bromide (2.60 mL, 2.61 mmol, 1.00 M) in THF at

213



0°C under a dinitrogen atmosphere. The mixture was alowed to warm to room
temperature and left to react overnight. The solution was then quenched with
saturated ammonium chloride and extracted with dichloromethane. The organics
were collected, dried over N&SOs and the solvent was removed in vacuo. The
residue was purified by silica column chromatography using chloroform : petroleum

ether 40 - 60°C (8:2) to afford a pale yellow solid (0.40 g, 71 %).

Vmax/cL: 3240 (OH), 3038 (CH), 1585 (C=C), 1182, 886, 840, 752 (aromatic rings),
1058 (C-0), 987, 918 (RCH=CH,); melting point: 101 - 103°C; &x (500 MHz,
CDCl3): 8.21 (1H, d, J 9.5, H-10), 8.14 (1H, d, J 7.5, H-6 or 8), 8.12 (1H, d, J 7.5,
H-6 or 8), 8.08 - 8.05 (2H, m, H-2, 3), 7.88 (1H, d, J 9.0, H-4 or 5), 7.87 (1H, t, J
7.5, H-7), 7.84 (1H, d, J 9.5, H-9), 7.83 (1H, d, J 9.0, H-4 or 5), 6.29 (1H, ddd, J
17.0 10.5, 5.5, H-12), 6.09 - 6.06 (1H, m, H-11a), 5.43 (1H, dt, J 17.0, 1.5, H-13a),
5.27 (1H, dt, J 10.5, 1.5, H-13b), 2.80 (1H, br. s, H-11b); dc (125 MHz, CDCl3):
139.7 (C-12), 135.4 (C-1), 131.Lqua), 130.7(quar), 130.4 (C-3b), 127.7qua), 127.4 (C-
aryl), 127.2 (C-aryl), 127.2 (C-aryl), 125.7 (C-aryl), 125.1 (C-aryl), 124.9 (C-aryl),
124.8 (C-aryl), 124.7(qua, 124.6 (C-10a), 123.8 (C-aryl), 122.6 (C-10), 115.3 (C-13),
72.0 (C-11); HRMS (ESI) m/z (Ci9H14ONa [M+Na]* requires 281.0937) found

281.0938. This compound is previously unreported.

6.3.2.3.1 1-(Pyrene-1-yl)prop-2-en-1-ol reaction with PPA and sulfuric acid
These reactions were treated as the method as above but with 1-(Pyrene-1-yl)prop-2-

en-1-ol.
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6.3.3 Carbon-13labelled experiments

Naphthalene (0.5 g, 3.90 mmol) was added to a mixture of glycerol (1.42 g, 15.4
mmol) and *Cs glycerol (158 mg, 1.66 mmol). Thereafter, 80 % H>SO4 (5.00 mL,
3.51 mmol) was added dropwise to the mixture and the reaction was heated to 80 °C
and left to react for 18 hours. The reaction mixture was cooled and placed into anice
bath where 5.0 M NaOH was added until pH 7. The mixture was filtered through a
Bichner funnel with a filter guide and washed through with dichloromethane (2 x 30
mL). The filtrate mixture was partitioned and the organic layer was collected. The
agueous layer was extracted a further three times with dichloromethane and the
organic layers were collected together, dried over NaSOs and the solvent was
removed in vacuo to give the crude product mixture (0.35g). The mixture was
purified by a gradient silica column chromatography using 100 % petroleum ether 40
- 60 °C to chloroform. Labelled phenalen-1-one, pyrene, 6H-benzo[cd]pyrene and 6-
0x0-6H-benzo[cd] pyrene samples were isolated however each of these samples

would contain different labelled three-unit spin systems (As shown in Chapter 3.8).

6.3.3.1 3C-Phenalen-1-one; 13C-Perinaphthanone (266a)

8¢ (125 MHz, CDCls): 185.7 (d, J 545, C-1), 141.8 (d, J 62.0, C-3), 134.9 (dd, J
57.5, 2.0, C-7), 131.9 (dd, J 60.0, 2.0, C-6), 131.3 (dd, J 54.0, 2.0, C-4), 130.4 (dd, J
55.0, 1.5, C-9), 129.5 (s, C-9a), 129.2 (dd, J 62, 54.5, C-2), 127.8 (s, C-3a or 9),

127.5 (s, C-3a or 9b), 127.0 (dd, J 61.5, 54.0, C-8), 126.6 (dd, J 63.5, 54.0, C-5),
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*one C peak missing due to overlapping peaks (132.1 C-6a); HRMS (ESI) mvz

(C1sHsONa [2C101CsHs0+Na]* requires 206.0569) found 206.0568.

6.3.3.2 13C-6-Ox0-6H-benzo[ cd] pyrene (210a)

Sc (125 MHz, CDCl3): 184.5 (t, J 55.5, C-6), 184.5 (dd, J 54.0, 4.0, C-6), 134.5 (dd,
J57.0, 1.5, C-3), 132.1 (d, J 54.0, C-11a), 131.2 (d, J 54.0, C-2a), 129.8 (d, J 54.5,
C-5a), 129.3 (dd, J 55.0, 1.5, C-5), 128.7 (d, J 62.5, C-2), 128.7 (dd, J 62.0, 53.5, C-
2), 126.9 (d, J 61.5, C-1), 126. 9 (dd, J 62.5, 53.0, C-1), 126.8 (dd, J 57.0, 55.0, C-
4), 121.2 (s, C-11b), *one *C peak missing due to overlapping peaks (128.2, C-5b);
HRMS (ESI) mVz (CigH100ONa [*2Ci6*CsH100+Na]* requires 280.0725) found

280.0730.
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6.3.4 Analysisof the black powder

6.3.4.1 Infra-red spectroscopy
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Figure 87: IR spectrum of the black powder obtained from pyrene, anthracene and
naphthalene, all with very similar readings.
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Figure 88: IR of perylene, with similar reading to the other three peri-condensation black
products.
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Graphitic substances have been reported to have very similar IR spectra containing

the characteristic peaks as above 378 3%. 421

6.3.4.2 Raman spectroscopy
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Figure 89: Raman spectra of the black powder obtained from the reagents anthracene (1),
pyrene (2) and naphthalene (3).

Comparing the Raman spectra to the literature, it shows two broad peaks which are
known to be typical graphene oxide-like; a‘G’ band at around 1587 cm™ and a ‘D’
band at around 1354 cm™. The ‘D’ band is caused by the asymmetry of the
compound in terms of defects in this case. The ‘G’ band is due to carbon-carbon
bond stretching vibrations and at this shift specific to sp? carbons.378 379, 381, 382, 384
Alternatively, the Raman results can also be interpreted as; the broad peaks can be
attributed to the different compound sizes being in a close range (5-11 rings). This
broadening usually occurs in the Raman spectra of big and complex structures such
as polymers and proteins. However, the presence of different compounds with fairly
similar structures would cause the same effect because similar bonds, such as C=C,

in different environments (for example varying number of conjugate states) vibrate
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in similar but not the same frequencies.®® 3 Typically, in a mixture of compounds
with very similar structures, this difference in frequency is smaler than the
resolution that the instrument provides. Thus the resulting peak will be an average

for al vibrations with similar energy.

6.3.4.3 ssNMR spectroscopy

Figure 90: Showsthe 500 MHz Carbon-13 solid state MAS NM R spectra of theinsoluble
product. Two different spin speedswer e used to help deduce real peaks from side bandswhich
aredenoted as*.

A strong broad peak around 115 - 150 ppm was present, which can be attributed to
aromatic rings present within the structure. There is aso a small peak around 20 -
40 ppm which is attributed to CH2/CH3 groups. It was imperative that at least two
different spinning speeds were used in the sSNMR because these peaks (sidebands)
can be easily interpreted as ‘real’ peaks as part of the structure of the compound in
question. In addition, these side bands can aso mask other smaller, less intense

peaks which can be seen in Figure 90 at around 20 - 40 ppm.
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6.3.4.4 Thermogravimetric analysis (TGA)

In the TGA spectrum, the small mass loss (15 % wt %) at around 200°C could be
due to the decomposition of some functional groups, such as carbonyls.
Consequently, this can also be due to the side products with an alkane chain on from
the un-cyclised glycidol as seen in the sSNMR. In addition, the PAHSs can be heavily
n-stacked which therefore increases the temperature of decomposition. There is also
a genera trend that upon increasing the number of the aromatics rings the
decomposition temperature increases with a few exceptions (e.g. pyrene

decomposition is at approximately 330°C and perylene around 375 °C).380. 385 38
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6.3.4.5 X-ray photoelectron spectroscopy (XPS)
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Figure 91: a) XPS survey spectrum of black powder, b) carbon spectrum, c) oxygen spectrum
and d) sulfur spectrum, with the different bondswhich can aretypically expected plotted
underneath the peak of each element.
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The results detected carbon, oxygen and sulfur from the sample in aratio of 85:14:1,
respectively. Thereis a still a high ratio of carbon to oxygen and the results closely
match the EDX data. In addition, it can be said that there was a negligible amount of

sulfur detected, as XPS is generally more sensitive to sulfur.

6.3.4.6 Scanning electron microscopy (SEM)

| —

Figure 92: SEM (a, b) of the black powder for med.

The SEM images show that there are lots of small particles gathered together and no
large sheets exhibited like graphene. In addition, the sample unexpectedly conducts

the electron beam hence bright spots can be seen on the images.
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6.3.4.7 Transmission electron microscopy (TEM)

35nm 4.8 um

821 nm 177 nm

Figure 93: a) Electron diffraction pattern of the black powder. (b, ¢, d) TEM of black solid on a
lacy carbon support film.

Due to the insolubility of the black powder in common solvents the powder was
deposited onto the lacy carbon by direct transfer of the solid. The selected area
electron diffraction pattern (a) shows no diffraction spots and hence there is no order

in the structure in terms of large sheets of molecules.
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6.4 Experimental for Chapter 4

6.4.1 Failed triangulene synthesis: Coupling method.

6.4.1.1 9-(2,6-Dimethylphenyl)anthracene (353)

Br B(OH),
Pd(OAc), / TTBP
) o 2™
Toluene, reflux 3
N2

By the method modified from Zhao et al. and Raders et al 3% 404

Degassed toluene (45.0 mL) was added to a mixture of 9-bromoanthracene (2.00 g,
7.77 mmol, 1.00 equiv.), 2,6-dimethylboronic acid (1.51 g, 10.1 mmol, 1.30 equiv.),
tri-tert-butylphosphine (113 mg, 5 mol %), paladium acetate (69.8 mg, 4 mol %)
and sodium tert-butoxide (2.24 g, 23.3 mmol, 3.00 equiv.) under a dinitrogen
atmosphere and heated at 110 °C. After 48 hours the reaction mixture was cooled
and the solvent was removed in vacuo, the residue was dissolved in dichloromethane
(70.0 mL) and the organic layer was washed with water (2 x 50 mL). The organics
were collected, dried over N&SO4 and the solvent was removed in vacuo. The brown
solid was purified via column chromatography using 100 % petroleum ether 40 -

60 °C where awhite crystalline solid was obtained (0.72 g, 32 %).

vmad/cm™: 3044, 2918 (CH), 1581 (aromatic), 1375 (CH3s sym. deformations), 1309,
883 (aromatic rings); melting point: 144 - 145 °C (lit. 145 - 146 °C)*%; §, (400 MHz,
CDCl3): 8.53 (1H, s, H-10), 8.10 (2H, d, J 8.0, H-4, 5), 7.52 - 7.46 (4H, m, H-1, 3, 6,
8), 7.42 - 7.34 (3H, m, H-4", 2, 7), 7.31 (2H, d, 3 7.5, H-3, 5°), 1.79 (6H, s, H-7"); 8¢
(100 MHz, CDCls); 137.7 (C-2', 6'), 137.5 (C-1'), 135.5 (C-9), 131.6 (C-8a, 93),
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129.5 (C-44, 10a), 128.6 (C-4, 5), 127.6 (C-4'), 127.4 (C-3', 5"), 126.2 (C-10), 125.8
(C-2, 7), 125.6 (C-1, 8), 125.2 (C-3, 6), 20.1 (C-7"); GCMS (El): m/z Cx2H1g 282
[M]. This compound is previously reported and data are consistent with these

reports. %

6.4.1.2 Bis-anthracene (371)

This compound was produced from the reaction above as a minor side product
(60 mg, 2 %). Vma/cm: 3047 (CH), 1518, 1318, 888 (aromatic ring); melting point:
>300 °C (lit. 300 °C)*?; 84 (400 MHz, CDCls): 8.69 (2H, s, H-10), 8.16 (4H, d, J
8.5, H-4, 5), 7.47 - 7.43 (4H, m, H-3, 6), 7.18 - 7.08 (8H, m, H-1, 2, 7, 8); dc
(100 MHz, CDCl3): 133.0 (C-9) 131.6 (C-8a, 9a or 4a, 10a), 131.5 (C-8a, 9a or 4a,
10a), 128.5 (C-2, 7), 127.2 (C-10), 126.8 (C-1, 8), 125.8 (C-2, 7), 125.3 (C-3, 6);
GCMS (El): m/z CagH1g 354 [M]. This compound is previously reported and data are

consistent with these reports.*?
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6.4.1.3 9-(2,6-Bis(bromomethyl)phenyl)anthracene (354)

O NBS

hv

_ =

ool

+ 255, 256, 257.

By the method modified from Lai et al. and Stewart et al.*2* 42

9-(2,6-Dimethylphenyl)anthracene (100 mg, 354 umol) was dissolved in CCls
(8.00mL) and N-bromosuccinimide (190 mg, 1.06 mmol) along with benzoyl
peroxide (50.0 mg, 0.21 mmol) was added. The reaction was heated to 65 °C, under a
dinitrogen atmosphere and a light source used (7 Watt, LED). The reaction was left
for 48 hours to react with benzoyl peroxide was added every 12 hours. After this
period the mixture was cooled and filtered, the filtrate was collected and solvent was
removed in vacuo. The mixture was purified by a gradient silica column
chromatography system using 100 % petroleum ether and then petroleum ether 40 -
60°C : chloroform (1:1), to produce a pae orange solid (32.0 mg, 21 %). With

additional side products (355 12 %, 356 31 %, 357 12 %).

vmad/cm™: 2920, 2820 (CH), 1600 (aromatic), 1449 (CH, asym. deformations), 1343,
886 (aromatic ring) 758, 737 (CBr); melting point: 130 - 133°C (lit. 132 -
134 °C)*24; &y (500 MHz, CDCl3): 8.59 (1H, s, H-10), 8.01 (2H, d, J 8.5, H-4, 5),
7.63(2H,d,J8.0,H-3,5), 7.62 - 7.58 (1H, m, H-4"), 7.49 (2H, ddd, J 8.5, 5.5, 2.0,
H-3, 6), 7.39 - 7.35 (4H, m, H-1, 2, 7, 8), 3.94 (4H, s, H-7’); 8¢ (125 MHz, CDCl3):
138.0 (C-2', 6'), 137.6 (C-1'), 131.4 (C-8a, 93), 131.0 (C-3, 5'), 130.4 (C-9), 130.3
(C-4a, 10a), 129.3 (C-4'), 128.6 (C-4, 5), 127.9 (C-10), 126.2 (C-1, 8 or C-2, 7),
126.0 (C-1, 8 or C-2, 7), 125.5 (C-3, 6), 31.2 (C-7'); GCMS (El): m/z C22H16Br2 440
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[M]. This compound is previously reported and data are consistent with these

reports.*?4

6.4.1.4 9-Bromo(2,6-bis(bromomethyl)phenyl)anthracene (355)

Vmad/cm™: 2920, 2850 (CH), 1572 (aromatic), 1438 (CH2 asym. deformations), 1333,
883 (aromatic ring) 753, 728 (CBr); melting point: 136 - 138 °C; 61 (700 MHz,
CDCl3): 8.65 (2H, d, J 9.0, H-4, 5), 7.71 (2H, d, J 8.0, H-3', 5'), 7.63 - 7.60 (3H, m,
H-4, 3, 6), 7.42 - 7.39 (4H, m, H-1, 2, 7, 8), 3.91 (4H, s, H-7’); &c (175 MHz,
CDCl3): 137.9 (C-2', 6'), 137.1 (C-1'), 131.2 (C-3, 5'), 131.1 (C-9), 130.9 (C-8a,
9a), 130.4 (C-4a, 10a), 129.6 (C-4), 128.1 (C-4, 5), 127.4 (C-3, 6), 126.8 (C-1, 8),
126.3 (C-2, 7), 124.4 (C-10), 30.9 (C-7'); GCMS (El): mVz Ca2H16"Br221Br 520 [M].

This compound is previously unreported.

6.4.1.5 9-Bromo((2-bromomethyl, 6-methyl)phenyl)anthracene (356)

vmad/cm™: 3030, 2970 (CH), 1550 (aromatic), 1438 (CH asym. deformations), 1380
(CH3z sym. deformations), 1333, 881 (aromatic ring) 757 (CBr); melting point: 165 -

167 °C; 5 (400 MHz, CDCl3): 8.64 (2H, d, J 9.0, H-4, 5), 7.61 (2H, ddd, J 9.0, 6.0,
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1.5, H-3, 6), 7.58 (1H, d, J 7.5, H-3'), 7.49 (1H, t, H-4'), 7.44 - 7.35 (5H, m, H-1, 2,
7,8, 5), 3.94 2H, s, H-8"), 1.73 (3H, s, H-7"); 8¢ (100 MHz, CDCl3): 138.4 (Cqua),
137.2 (C-1'), 137.1 (Cqua), 133.7 (Cquat), 130.6 (Cquar), 130.4 (Cquat), 130.3 (C-5'),
128.8 (C-4'), 128.4 (C-3), 128.1 (C-4, 5), 127.2 (C-3, 6), 1265 (C-1, 8), 126.1 (C-2,
7), 123.4 (C-10), 31.8 (C-8'), 19.9 (C-7'); GCMS (El): mVz Cz2H16Br2 440 [M]. This

compound is previously unreported.

6.4.1.6 9-Bromo(2,6-Dimethylphenyl)anthracene (357)

vmadcm™: 2920, 2854 (CH), 1578 (aromatic), 1376 (CH3s sym. deformations), 1333,
879 (aromatic ring) 754 (CBr); melting point: 159 - 162 °C; 8y (400 MHz, CDCls):
8.63 (2H, d, J 9.0, H-4, 5), 7.60 (2H, ddd, J 9.0, 6.5, 1.0, H-3, 6), 7.47 (2H, br. d, J
8.5, H-1, 8), 7.40 - 7.35 (3H, m, H-1', 2, 7), 7.27 (2H, d, J 8.0, H-3', 5), 1.74 (6H, s,
H-7%); 8¢ (100 MHz, CDCl3): 137.6 (C-2', 6), 137.1 (C-1'), 136.3 (C-9), 130.5 (C-
8a, 9a or 4a, 10a), 130.3 (C-8a, 9a or 4a, 10a), 128.1 (C-4, 5), 127.9 (C-4'), 127.5
(C-3',5), 127.1 (C-3, 6), 126.2 (C-1, 8), 125.9 (C-2, 7), 122.4 (C-10), 20.1 (C-7');

GCMS (El): m/z C22H172'Br 282 [M]. This compound is previously unreported.
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6.4.2 Synthesisof 3,8-dihydro-3H,8H-dibenzo[cd,mn]pyrene

6.4.2.1 3,3-Di-o-tolyl-1,3-dihydro-2-benzofuran-1-one (337)

O\/ Mg ©\/ dry toluene
Br dry Et;0 MgBr

2. H,NNH,
Ethanol

By the method of Allinson et al .38

Dry diethyl ether (170 mL) was added to magnesium turnings (8.82 g, 0.36 mol)
under a dinitrogen atmosphere via a cannula. The solution was heated to reflux and
2-bromotoluene (40.0 mL, 0.33 mol) was added drop-wise and the solution was left

to reflux for afurther 3 hours.

In a separate flask dry toluene (280 mL) was added via a cannula to solid phthalic
anhydride (20.0 g, 0.13 mol) under a dinitrogen atmosphere. The o-tolylmagnesium
bromide was then slowly added to the phthalic anhydride solution via a cannula and
the reaction was left to reflux for one and a half days. The reaction was cooled and
quenched with 2.00 M HCI (250 mL) on an ice bath. The organic layers were
collected and washed with water (3 x 200 mL), dried over NaSO4 and the solvent
was removed in vacuo to provide a crude viscous orange residue. The viscous orange
residue was dissolved in ethanol (250 mL), followed by addition of hydrazine
monohydrate (8.60 mL, 0.18 mol) and the reaction was heated to reflux for 24 hours.
The ethanol was removed in vacuo and the solid was filtered and collected in a

Bichner funnel which was then washed with cold ethanol (3 x 20 mL). The solid
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was collected and left to dry in a desiccator to obtain a pure off-white powder

(9.25 g, 22 %).

Vma/cml: 1755 (C=0 egter), 1597 (C=C), 1463 (CH deformations), 1118, 691
(aromatic ring); melting point: 171 - 174°C (lit. 172 - 174°C)%3; 5y (500 MHz,
CDCl3): 7.96 (1H, d, J 7.5, H-3), 7.68 (1H, td, J 7.5 1.0, H-5), 7.56 (1H, td, J 7.5,
0.5, H-4), 7.39 (1H, d, J 7.5, H-6), 7.23 (2H, td, J 7.5, 1.0, H-12), 7.17 (2H, br. d, J
7.0, H-13), 7.09 (2H, td, J 7.5, 1.0, H-11), 7.02 (2H, dd, J 8.0, 0.5, H-10), 2.14 (6H,
s, H-15); 8¢ (125 MHz, CDCl3): 170.0 (C-1), 151.3 (C-7), 138.8 (C-9), 137.3 (C-14),
133.9 (C-5), 132.8 (C-13), 129.2 (C-4), 128.5 (C-12), 127.1 (C-10), 126.5 (C-2),
125.7 125.7 (C-3, 11), 125.2 (C-6), 94.1 (C-8), 21.5 (C-15); HRMS (ESI) m/z
(C22H1s02Na [M+Na]™ requires 337.1199) found 337.1200. This compound is

previously reported and data are consistent with these reports. 3

6.4.2.2 Di-(o-carboxyphenyl)-phthalide (338)

KMnO,

0
O O tBUOH / H,0

| 70°C

By the method modified from Clar et al. and Y e et al .316:40®

KMnOs (1.26 9, 7.97 mmol, 2.50 equiv.) was added portion-wise to a stirring
solution of 337 (1.00 g, 3.18 mmol) in tBuOH/H20 (1:1, 10.0 mL). The mixture was
heated to 70 °C for 2 hours and then the reaction was cooled to room temperature
and more KMnO4 (1.26 g, 7.97 mmol, 2.50 equiv.) was added portion-wise. The
solution was then heated to 70°C and left to react overnight. The hot reaction

mixture was filtered through a pad of celite and washed through with hot water. The
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water in the filtrate was removed in vacuo to approximately 10 % of its original
volume. The residue was then acidified into an ice bath with concentrated HCI to
pH 2 to form a precipitate. The precipitate was collected and dried in a desiccator to

obtain a crystalline white solid (0.86 g, 72 %).

Vmad/cml: 3072 (OH), 1745 (C=0 ester), 1712 (C=0 acid) 1596 (C=C), 1115, 693
(aromatic); melting point: 255 - 261 °C; o1 (500 MHz, (CH3)2S0): 12.72 (2H, br. s,
OH), 7.85 (1H, br. d, J 7.5, H-3), 7.80 (1H, br. d, J 7.5, H-6), 7.77 (1H, td, J 7.5, 1.0,
H-5), 7.63 (1H, td, J 7.5, 1.0, H-4), 7.48 - 7.45 (2H, m, H-13), 7.43 - 7.37 (4H, m, H-
11, 12), 7.24 - 7.20 (2H, m, H-10); 8¢ (125 MHz, (CH3)2SO): 169.5 (C-15), 168.9
(C-1), 151.3 (C-7), 137.9 (C-9), 133.9 (C-5), 132.9 (C-14), 129.6 (C-4), 129.5 (C-11
or 12), 129.1 (C-13), 128.2 (C-10 or 11 or 12), 128.1 (C-10 or 11 or 12), 125.7 (C-
2), 125.2 (C-3 or 6), 125.1 (C-3 or 6), 90.5 (C-8); HRMS (ESI) mVz (C22H140sNa
[M+Na]* requires 397.0683) found 397.0680. This compound is previously

unreported.

6.4.2.3 4,8-Dioxo-4H ,8H-dibenzo[ cd,mn] pyrene (340)

Method modified from literature. 34 316.3%

Copper powder (0.22 g, 3.50 mmol) and sulfuric acid (7.00 mL) were added to 338
(0.77 g, 2.06 mmol) and heated to 120 °C for 2 hours. The mixture was filtered hot

through sintered glass. The solution was cooled and then cold water (5.00 mL) was
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added, thereafter the dark blue precipitate was collected by filtration. The blue
precipitate was then dissolved in minimum dilute 2.0 M NaOH (30 mL) with zinc
dust added (1.5 g) and the mixture was left to react under a dinitrogen atmosphere.
This was stirred (0.5 - 1 hour) until on exposure to air, the solution did not go back
to a dark blue colour when left for about 5 minutes. The solution was then filtered
and air was bubbled through it for approximately 15 minutes where a precipitate was
observed. Concentrated HCl was added and the red solution was partitioned with
dichloromethane (3 x 40 mL), the organic layers were collected and dried over
NaSOs. The dark red crude solid was purified by column chromatography using

chloroform : ethyl acetate (9:1), to obtain a pure bright red solid (22 mg, 35 %).

Vmad/cm™:: 2918, 2848 (CH), 1644 (C=0), 1576 (C=C), 1220, 948, 750 (aromatic
ring); melting point: >300 °C (lit. >300 °C)?!®; &y (500 MHz, CDCl3): 8.96 (2H, dd, J
7.0, 1.0, H-3), 8.84 - 8.82 (3H, m, H-5, 12), 8.49 (2H, br. d, J 8.0, H-1), 7.89 (2H,
dd, J 8.0, 7.0, H-2), 7.81 (1H, t, J 7.5, H-6); &c (125 MHz, CDCls): 182.9 (C-4),
136.3 (C-1), 135.5 (C-4b), 133.3 (C-3 or 5), 133.0 (C-3 or 5), 132.4 (C-12), 130.9
(C-3a or -12a), 130.7 (C-4a), 128.7 (C-3a or -12a), 128.2 (C-6), 126.7 (C-2), 126.7
(C-12b), 116.7 (C-4c); HRMS (ESI) mVz (C22H1002Na [M+Na]* requires 329.0573)
found 329.0575. This compound is previously reported and data are consistent with

these reports.13*
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6.4.2.4 3,8-Dihydro-3H,8H-dibenzo[ cd,mn]pyrene (12a)

LiAlH4 / AICI,

dry THF / Et,0
N2

By the method of Hara et al.?

To a dtirring solution of LiAlIH4 (9.90 mg, 0.26 mmol, 4.00 equiv.) and AICl3
(69.0 mg, 522 umol, 8.00 equiv.) in dry diethyl ether (5.00 mL), 240 (20.0 mg,
65.0 umol) in dry THF (5.00 mL) was added drop-wise in an ice bath under a
dinitrogen atmosphere. The reaction was then left at room temperature for 1.5 hours
to react. The solvent was removed in vacuo, dichloromethane was added (5.00 mL)
to the reaction, followed by the sequential addition of water and agueous HC| (1:3)
under a dinitrogen atmosphere. The organic layers were collected and dried over
NaSOs, this was then filtered through a silica plug and the solvent was removed in

vacuo to produce ared solid (17.0 mg, 93 %).

Vma/CML: 2953, 2919, 2849 (CH), 1585 (C=C), 1231, 930, 751 (aromatic ring) 710
(CH2 rocking); melting point: 182 - 185°C (lit. 178 - 181°C) %; &4 (500 MHz,
CDCl3): 7.94 (1H, d, J 8.0, H-5), 7.58 (1H, d, J 8.0, H-11), 7.53 - 7.49 (1H, m, H-6),
7.47 (1H, s, H-4 or 12), 7.41 (1H, dd, J 7.0, 1.0, H-7), 7.40 - 7.36 (1H, m, H-10),
7.35 (1H, s, H-4 or 12), 7.32 (1H, dd, J 7.0, 1.0, H-9), 6.74 (1H, dt, J 10.0, 2.0, H-
1), 6.18 (1H, dt, J 10.0, 4.0, H-2), 4.87 (2H, br. s, H-8), 3.90 (2H, br. s, H-3); &c
(125 MHz, CDCl3): 146.2 (C-3c), 134.3 (C-7a), 133.0 (C-8a), 131.1 (C-11a), 129.4
(C-12a), 128.1 (C-8b), 127.9 (C-1), 127.6 (C-4b), 126.2 (C-6), 125.8 (C-2 or 10),

125.7 (C-2 or 10), 125.3 (C-11), 125.1 (C-7), 124.8 (C-9), 124.6 (C-3b), 123.9 (C-

233



44), 123.7 (C-4 or 12), 118.0 (C-5), 111.7 (C-3a), 34.2 (C-8), 26.6 (C-3), *one *C
peak missing due to overlapping peaks, HRMS (ESI) m/z (C2H1s [M+H]" requires
279.1168) found 279.1168. This compound is previously reported and data are

consistent with these reports.?

6.4.2.5 1,2,3,5,6,7-Hexahydro-dibenzo[cd,mn] pyrene (342)

Zn

9
NaCl/ ZnCl, 10
300 °C

This method was modified from literature,*3* 316388

Copper powder (0.07 g, 1.10 mmol) and sulfuric acid (2.00 mL) were added to 338
and heated to 120 °C for 2 hours. The mixture was filtered hot through sintered glass.
The solution was cooled and then cold water (10.0 mL) added, thereafter the dark
blue precipitate was collected by filtration. The blue precipitate was added to a
mixture of zinc dust (264 mg, 4.04 mmol, 6.00 equiv.), sodium chloride (274 mg,
4.70 mmol, 7.00 equiv.) and zinc chloride (1.47 g, 10.8 mmol, 16.0 equiv.) and was
heated to 300 °C for 1 hour. The reaction was cooled and dilute acetic acid was
added, which was then partitioned with dichloromethane (3 x 10 mL). The organics
were collected, dried over Na»SO4 and the solvent was removed in vacuo to give an
orange residue. This was purified by silica column chromatography using petroleum

ether 40 - 60 °C : chloroform (9:1), to yield an off white solid (30.0 mg, 16 %).

Vmax/Cm: 2917, 2851 (CH), 1579 (C=C), 1452, 1437 (CH deformations), 1214, 933,
758 (aromatic ring) 739 (CH: rocking); melting point: 168 - 170°C (lit. 175 -
176 °C)316; 5, (500 MHz, CDCls): 7.96 (2H, br. d, J 7.5, H-9), 7.89 (1H, dd, J 8.5,
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6.5, H-10), 7.72 (2H, br. s, H-8), 7.60 (1H, br. s, H-4), 3.35 (4H, br. t, J 6.0, H-5),
3.28 (4H, td, J 6.0, 1.0, H-7), 2.23 (4H, quin., J 6.0, H-6); ¢ (125 MHz, CDCl3):
135.2 (C-7a), 134.0 (C-34a), 131.5 (C-84d), 126.1 (C-3b), 125.9 (C-10), 125.6 (C-4),
124.9 (C-8c), 123.6 (C-8b), 122.7 (C-8), 122.4 (C-9), 31.8 (C-7), 31.6 (C-5), 23.5
(C-6); HRMS Orhitrap XL (APCI) m/z (Cx2H1i9 [M+H]" requires 283.1481) found
283.1483. This compound is previously reported and data (without NMR) are

consistent with these reports.31°
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6.5 Mechanistic schemewith AFM images
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to 9 and 10,

and in the end 6

Scheme 79: Possible explanation into AFM images obser ved of compounds from the pyrene

black powder mixture. Images by IBM Zurich. 32
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6.6 DFT calculation of thedihydro-trianguleneisomers 12 & 12a.

The energies (including zero-point energy) of the symmetrica 12 and non-
symmetrical (12a) isomers of dihydro-triangulene were calculated using the B3LY P-
D3(BJ) functional and the TZVP basis set. The asymmetrical isomer 12a is 4.5

kJmol more stable.
12 -847.2237083 0.288035
12a -847.2254338 0.287947

*The same parameters were used for the DFT calculations for the HOMO of
phenalene 182, and SOMO of the phenaenyl radical 7 in section 3.7, and also the

SOMO of radical 310 in section 3.9.9.
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