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Abstract

Chapter one of this thesis gives an overview of light-matter interactions, organic
photochemistry and two-photon absorption spectroscopy. Conceptual beginnings of the
project are discussed and target compounds for synthesis are identified through
computational studies.

Chapter two, section one outlines the efforts to synthesise dioxaporphycene porphycene
targets through crossed McMurry coupling reactions. Contained are novel crossed
porphycene compounds as well as a newly discovered macrocycle containing both furan
and sulfur functionality, the structure of which was characterised crystallographically. The
crossed McMurry reaction is rationalised computationally, where we identify a key factor
for a compatible cross-coupling partner. The efforts contained in this section have been
published in the European Journal of Organic Chemistry.

Chapter two, section two describes the substantial steps taken to synthesise a new
carbazole structure as a precursor compound to porphycene macrocycles. The chapter
contains key novel structures which led to the direct precursor target and discusses the
synthetic methods used to reach the final structures.

Chapter two, section three describes an alternative synthetic route towards porphycene
macrocycles, via a stepped approach to build complex functionality from common starting
materials.
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Chapter two, section four describes the contributions made towards the group project on
intramolecular nitrofuran Diels-Alder reactions and the counter intuative rate
enhancement observed by the introduction of the nitro-group. A computational study of
the effect is contained and the effect is rationalised in the discussion. A summary of the
research contained in this section has been published in the Journal of Organic
Chemistry.

Chapter three, contains experimental details of all the novel compounds produced in the
research chapters along with details of synthetic improvements or alternative synthesis
of known compounds.
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Chapter 1 Light-matter Interactions, Organic Photochemistry and Two-Photon
Absorption
1.1 Electromagnetic Radiation
1.1.1 Nature of Electromagnetic Radiation

Visible light is the only form of electromagnetic radiation mankind can observe with the
naked eye. It has fascinated us from the very beginning of humanity, from lighting up
caves with a warming glow of a campfire, all the way to seeing light emitting diodes (LEDs)
in our televisions, light has entertained and enthralled people through millennia.

The characterisation of light has developed and been redeveloped with each new
generation of scientific theory offering a more profound understanding of the key
characteristics of light. It began by Isaac Newton using a prism to split white visible light
into it constituent colours1. From that discovery, our understanding of light has been
refined with several major development milestones. In this introductory chapter, I would
like to highlight our understanding of light and introduce several chemical reactions which
utilise light as a key component.
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1.1.2 Fundamentals- Wave- and Particle-like Behaviour of Light

Light can be described as a form of energy that has both particle and wave-like properties.
Light carried with it three major properties of wave motion, amplitude, wavelength and
frequency. In a definitive experiment of the wave-like properties of light, we have Young’s
double slit experiment. The experiment demonstrated that when light was shone through
two slits in a screen, an interference pattern alternating constructive and destructive
interference can be observed, characteristic of waves of light 2. James Clerk Maxwell
envisioned light as interplaying orthogonal waves of electric and magnetic fields. The
perpendicular interactions allow for light to be carried by a wavelength, to form diffraction
patterns and to be polarised.

Conversely there are phenomena that cannot be described with the wave-like properties
of light. Consider Einstein’s photoelectric emission experiment: irradiating a metal surface
in order to trigger the release of an electron. It can be shown that a constant stream of
light does not produce an electron emission, until a threshold frequency could be reached.
If light was purely a wave, an emission will be triggered upon irradiation of a certain time.
However, it is because the energy of light is quantised that the phenomenon of a threshold
frequency can be observed. Einstein described light also as a constant stream of
particles. These photons behave as if they contain a distinct packet of energy, a quantum
of energy proportional to the wavelength of radiation.

The energy contained in light has a significant impact on life on earth. Light can harm us:
too much ultra-violet light can cause burns; intense visible-light exposure can cause
premature blindness; and the radiation of light can mutate DNA to cause melanomas.
However, life as we know it would not have progressed on Earth in the dark. The energy
transferred to earth is used to heat our planet to a survivable temperature. Through the
2

photochemistry in plants, photosynthesis, the energy in light is harnessed to make
carbohydrates, which is the basis of the food chain. Fundamentally light is the crucial
energy source which supports and sustains life on Earth.

3

1.1.3 Photochemical Processes in Biology

Studying light and its interaction with matter forms the science of photochemistry. There
are many processes in which nature utilises light to its benefit. Within our eyes we can
process visible light as information through the visual phototransduction system. Light
entering our eyes is converted to an electrical signal through the rod, cone and
photosensitive ganglion cells within the retina of our eyes. The cycle follows the
bioconversion of a G-protein coupled receptors (GPCR) called opsin, which contains a
chromophore 11-cis-retinal (1). 11-cis-Retinal when reacted with a photon, converts to
the trans version of the compound (2). Enabled by this reaction a conformational change
occurs which allows the dissociation of the opsin GPCR for a signalling cascade, closing
cyclic GMP-gated cation channels, forcing the hyperpolarisation of the photoreceptor cell.
The electrical changes within these cells are then interpreted within the brain as visual
signals to see and understand our environment3. (Scheme 1.1.3.1)

Scheme 1.1.3.1: Photoisomerisation of 11-cis retinylidene (1) prior to use in signalling
cascade

In plants, photosynthesis employs energy from light to process oxygen and carbon
dioxide into sugars though the Calvin Cycle4. Humans utilise photochemistry to our
benefit as well: Vitamin D, a key vitamin for maintaining health, is produced from the
transformation of 7-dehydrochlesterol (3) to vitamin D3(4)5. (Scheme 1.1.3.2)
4

Scheme 1.1.3.2: Conversion of 7-dehydrocholesterol (3) to cholecalciferol (4), Vitamin
D3 via photolysis.

Photochemistry is a key process which has influenced and shaped our environment,
however the understanding of photochemistry has only developed and formulated in the
latter half of the 20th century, in line with the advancement of quantum theory.

5

1.1.4 Foundations of Photochemistry: Absorption and Emission

The energy levels of an atom are distinctly quantised. A species can only exist in a
restricted energy level of a discrete, defined state. Therefore, transition between one state
to another excited state must be of a discrete and defined packet of energy. It is the case
that absorption and subsequent emission of radiation can only occur in specific energies.

In a single atom, internal energy is fixed only to its electronic state (the state of its
electrons). An atom cannot carry any rotational or vibrational internal energy. We can
therefore assume that any changes to the energetic state of an atom involve changes in
the electronic state and the movement of its electrons around its orbitals 6. The energetic
transitions manifest themselves in atoms through the transition of the electron through
the various bonding, non-bonding and the anti-bonding orbitals which are accessible to
the electron. When an atom is irradiated and absorbs a quantum of radiation it can
become excited. Depending on the incident wavelength of the photon, i.e. the energy, an
electromagnetic transition of the electrons can occur, sending an electron to a higher
energetic state. We can begin to describe the transitions between the two quantised
states l and m, with energies εi and εm, where l is a lower energy than m. By absorbing a
quantum of energy, hv, a promotion to state m can be achieved. The de-excitation from
state m to l can be triggered by a spontaneous emission of a photon. The energy will be
conserved and the photon will carry the same quantum of energy as the initial transition
promoter photon.

An excited species has drastically altered reactivity compared to the ground state. The
high-level electronic states which can be accessed by the electron could potentially be a
bonding orbital, or another higher-level orbital, or even an antibonding orbital. An electron
accessing such states can possess the energy to overcome reaction activation barriers,
6

thus excited state species tend to be much more reactive than that of the ground state
molecules.
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1.1.5 Selection Rules

Properties such as spin, orbital momentum, and symmetry between the lower and upper
states determine if excitation by electromagnetic radiation is possible. The potential for
interaction is determined by the theory of wave mechanics, it gives rise to the quantum
numbers which define the electronic state of a species. Electrons possess both spin
angular momentum and orbital angular momentum. These momenta are vector quantities
and the excited species results from the vector addition of these momenta. This gives rise
to a set of rules which govern what transitions to excited energy levels are feasible and
allowed.

The rules, known as selection rules, which give an indication in quantum numbers of the
feasibility of a transition from one state to another, must be satisfied for a successful
transition to take place.

Regarding spin multiplicity:

∆𝑺 = 0

As spin is directional and is of odd parity, transitions must preserve the spin direction and
so spin must not change during an electronic transition.

In atoms, for one-electron transitions the ‘electric dipole’ selection rules apply:
8

∆𝑳 = ±𝟏
∆𝑱 = 𝟎, ±𝟏, 𝑏𝑢𝑡 𝑱 = 𝟎 ⇸ 𝑱 = 𝟎

The change in orbital quantum number, dictates that the electron cannot jump between
two orbitals which differ by more than a single orbital quantum number, nor jump between
the same orbital. The magnetic quantum number, denoted by J cannot transition beyond
a single state.
For diatomic and linear polyatomic molecules, the orbital angular momentum rule is:

∆ 𝜦 = 𝟎, ±𝟏

There are several allowed transitions of orbital angular momentum for the electron
transitions, momentum can be conserved, or transition one state in either direction 7.
And the rules governing symmetry are:

𝒖 ↔ 𝒈, +↔ +, −↔ −

These are derived from Laporte’s rule which state that for any molecule possessing one
centre of inversion, only transitions between 𝒖 and 𝒈 are permitted8.

9

1.1.6 Exceptions to the Rule

Interactions between spin, angular momentum and orbital angular momentum have been
observed experimentally, resulting in spin-orbit coupling. The possibility of such coupling
effects increases with increasing nuclear charge. Thus, the consequence of this is that
spin is no longer a strict valid quantum number. In examples of spin-orbit coupling where
the selection rule for S can be failed, vibrational and electronic motions can also interact
to give so called ‘vibronic’ coupling.

As shown with spin-orbit coupling, ‘forbidden’ interactions can still occur due to the
weakness of the quantum number S to describe the state of the species. The flexibility
(or weakness) of the quantum numbers which describe the system allows the breakdown
of the selection rules. An excitation which is forbidden by the selection rule may be
allowed for magnetic dipole and magnetic quadrupole interactions, as well as electric
quadrupole interactions. The selection rules are derived values and therefore in a
disturbed system, with additional magnetic and electric fields, the rules can fail and be
broken.

10

1.1.7 Reactions of Excited States

The generation of the energetically excited species allows access to new chemistry which
is drastically different from its ground state. The excited species can access a range of
reactions to utilise its greater energy. Outlined in the following are the range of processes
which could occur with the newly excited species.

Dissociation: The direct splitting of the species, also known as photolysis “splitting by
light”, the absorption of the photon is sufficient in energy to split a molecular bond. Usually
from the result of the promotion of an electron to an antibonding orbital though the
absorption of a photon. Photolysis occurs in nature readily, for example the photolysis of
ozone in the troposphere.

𝑂3 + ℎ𝑣 → 𝑂2 + 𝑂( 1𝐷) 𝜆 < 320 𝑛𝑚

The splitting of ozone is hugely important in nature; the generation of the excited oxygen
atom reacts with water to release a hydroxyl radical, initiating atmospheric oxidation
processes of hydrocarbons.

̇ 𝐻
𝑂( 1𝐷) + 𝐻2 𝑂 → 2 𝑂

Ionisation: in a similar vein to dissociation of the energetically excited step, ionisation is
another possible terminative step for the excited species. However, unlike the dissociation
11

of a molecular bond, the energetically excited electron is instead completely released
from the molecule leaving behind an ion. This photoionisation process is the beginning of
a significant amount of atmospheric chemistry, where cosmic radiation energises the
atmosphere to ultimately release a sizeable number of electrons and distinct ionic
species.

Direct Reaction: The energetically excited species can overcome the activation barrier
of a reaction which was not possible in the ground state, which can be an intermolecular
or an intramolecular process.

Isomerisation: Isomerisation of alkenes through photoexcitation is an example of
intramolecular direct reaction. A double bond in the ground state is locked in its
configuration due to the π-bonds restricting the location of the electron in that bond. The
restricted rotation is released however when the electrons are excited from the π-orbital.
When promoted to a higher orbital, rotation along the σ-bond is possible and
isomerisation occurs.

The energy absorbed by a species can be transferred to generate further excited
energetic states in other species than that of the initial excited species. In intermolecular
energy transfer, the energy from the excited species is simply transferred to another
molecule. This is a key mechanism which is utilised in photodynamic therapy (PDT): an
excited sensitiser compound transfers its energy to oxygen, generating in the process a
reactive and highly destructive singlet oxygen species. Within intramolecular energy
transfer, the energy is transferred to another electronic state of the molecule allowing
further reaction where available.
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1.1.8 Quantum Yield

In a photochemical reaction, a single photon can induce a reaction. As stated by the
second law of photochemistry: if a species absorbs radiation then one particle is excited
for each quantum of radiation absorbed. One concept to illustrate this idea is the quantum
yield.

The quantum yield, Φ, is defined as the number of molecules of reactant consumed per
photon of light9. The quantum yield of reactions can vary considerably, from 10−6 to 106 ,
indicating, for numbers greater than 2, the occurrence of secondary processes triggered
by the single photon10. Quantum yield gives an indication of the efficiency of the primary
photochemical process and the extent of any secondary reaction.

13

1.1.9 Internal Conversion and Luminescence

One option for the excited species is for the return of its energetic state back to the ground
state. When an excited species returns to the ground state the excess energy can be lost
as a release of a photon, this process of fluorescence (or phosphorescence, depending
on the pathway taken) is an observable phenomenon to the naked eye, known as
chemiluminescence. The process of excitation and emission can be outlined by the
Jablonski diagram below (Figure 1.1.9.1) and individual processes are characterised in
the following section.

Figure 1.1.9.2: Simple Jablonski diagram showing absorption and the emission process
of fluorescence and phosphorescence.
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1.1.10 Internal Conversion and Intersystem Crossing
The fate of an excited species is governed by the selection rules we had discussed earlier.
As a result, there are only a handful of expected transitions to take place for the transfer
of energy from an excited electron. One of the processes for the depopulation of an
excited energy level is to undergo internal conversion (IC). These processes are
favourable, ‘permitted’ transfers within the energetic states of the same system; we can
see highlighted in the diagram, of an IC between S2 and S1. In IC processes the spin state
is preserved, and this de-excitement process releases energy to the vibrational mode of
the molecule.

Furthermore, another transfer can occur to a different spin multiplicity. This typically
occurs with an energy transfer to a triplet spin state, highlighted in the diagram as T2,
through a process called intersystem crossing (ISC). ISC is an example of a ‘forbidden’
transition, as the spin of the electron transitioning is not preserved, breaking the selection
rule, ∆𝑺 = 0. As a result, ISC is not a favourable transition to make and the time scale of
ISC is very slow, in the order of 10−8 to 10−3 s, making this one of the slowest forms of
relaxation taking place11.

15

1.1.11 Fluorescence, Phosphorescence, and Non-Radiative Decay

Ultimately, an excited species must return to the ground state, either by the emission of
radiation or by collisional de-excitation.

Fluorescence and phosphorescence are the processes of emitting a photon of light as an
electron de-excites down to the ground state of the molecule. As the emission can occur
from a different energy level due to IC and ISC steps, the photon emitted will usually have
a longer wavelength and as a result lower energy. Indeed, fluorescence emissions in
organic molecules are often from the lowest excited singlet level, according to Kasha’s
rule which states that: the emitting electronic level of a given multiplicity is the lowest
excited level of that multiplicity. Fluorescence is a rapidly decaying process which allows
the release of photons from initial irradiation within 0.5 to 20 nanoseconds. Conversely,
phosphorescence is a radio-emission process which is similar in nature to fluorescence
but which occurs from a difference spin multiplicity. Proceeding intersystem crossing to a
triplet spin state, emission similarly to fluorescence can occur, releasing a photon of lower
energy out to the environment. Due to the lengthy process of ISC and the ‘forbidden’
transition from a triplet excited state to a singlet ground state, the process of
phosphorescence can be orders of magnitude slower and drawn out in comparison to
fluorescence. The result is continued phosphorescence following irradiation of several
hours, allowing its adoption to everyday items such as “glow-in-the-dark” toys, watch
faces, stickers, and paints.

Finally, an excited species can release its energy by quenching with another species
through non-radiative decay (NRD). The excited species transfers its energy to vibrational
or translational excitation of another species, M. The process yields a ground state
compound and species M, with more vibrational/translational energy.
16

1.1.12 Reactions with an Excited Species

The chemistry of an excited species can be drastically different to that of the ground state.
The difference arises from the access to higher orbitals or physical configurations not
available to the ground state. As a result, a diverse catalogue of chemistry can be
accessed by irradiating a compound to its excited state.

In larger molecules such as hydrocarbons the photo-dissociation process can yield a
variety of assorted products. The primary reaction process is utilised to generate and
access unique products, which cannot be accessed with traditional chemistry. Methane,
the most basic alkane, begins to absorb light at λ ~144nm12 and longer alkanes interact
with light at increasingly longer wavelengths. The excitation of alkanes is a σ → σ*
transition. The most significant termination step amongst alkanes is through the
elimination of hydrogen atoms. This process is very minor and even occurs at shorter
wavelengths (λ <97nm), thus the formation of radicals from irradiation is very common in
nature:
𝑅𝐶𝐻2 𝑅 ′ + ℎ𝑣 → 𝑅𝐶𝑅 ′ + 𝐻2

Absorption bands at even longer wavelengths are apparent in alkene molecules. The
lowest transition between π → π* orbitals occurs at a range of wavelengths (λ = 123.6 ~
184.9nm). Processes such as isomerisation are common in unsaturated hydrocarbons
but another key process is fragmentation. Here is an example with ethene leading to the
production of ethyne is produced:
𝐶𝐻2 𝐶𝐻2 + ℎ𝑣 → 𝐻2 + 𝐻2 𝐶 = 𝐶:
→ 2𝐻 + 𝐻2 𝐶 = 𝐶:
17

→ 𝐻2 + 𝐻𝐶 ≡ 𝐶𝐻
→ 2𝐻 + 𝐻𝐶 ≡ 𝐶𝐻
Amongst compounds containing a carbonyl group the reactions become exciting. The
initial absorption for excitation in carbonyls is thought to be through the ‘forbidden’ n →
π* transition. This transition involves the transfer of an electron from the non-bonding
electron pair to an antibonding π∗ orbital. In aliphatic aldehydes, the wavelength is
typically near 290 nm and in ketones it is slightly shorter at ~280 nm. Aromatic species
experience absorbance bands which are significantly shifted, ~340 nm for benzophenone
for example.
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1.1.13 Norrish Type 1 & 2 Photolysis

Dissociation reactions in excited carbonyls result in many termination processes which
yield carbon monoxide:

𝑅𝐶𝑂𝑅 ′ + ℎ𝑣 → 𝑅 + (𝐶𝑂𝑅 ′ )∗ → 𝑅 ′ + 𝐶𝑂

→ 𝑅′ + (𝐶𝑂𝑅)∗ → 𝑅 + 𝐶𝑂

The above radical forming processes are known as Norrish Type I photolysis 13 and two
paths are available for the fission of the molecule, the preference for which is dependent
on the wavelength of the radiation. We can see in this following example of Norrish Type
1 photolysis, a radical methyl species (5) or an ethyl species (6) is formed dependent on
the wavelength of the incident radiation. (Scheme 1.1.13.1)

Scheme 1.1.13.1: Norrish Type I photolysis from irradiation at different wavelengths.
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The Norrish Type 2 reaction is the photochemical intramolecular hydrogen abstraction
reaction which can occur from radical species formed from irradiation. Abstraction of a
gamma-hydrogen by an excited carbonyl species forms a 1,4-biradical species (8) as the
primary product. As we can see from the example of the Norrish-Yang reaction, one
possible terminal product from the reaction is the tetra-substituted cyclobutane species
(9). (Scheme 1.1.13.2)

Scheme 1.1.14.2: Formation of cyclobutane (9) from a substituted carbonyl species (6)
via Norrish-Yang reaction.
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1.1.14 Examples of Photochemistry in Synthesis

The Norrish reaction: Aldehydes undergo similar reaction mechanisms to a Norrish
Type 1 and 2 processes, where the structure allows it, as well as intramolecular
elimination reactions to release carbon monoxide:

𝑅𝐶𝐻𝑂 + ℎ𝑣 → 𝑅𝐻 + 𝐶𝑂

Cyclic ketones have several elimination pathways which are unique to the ring structure.
In the case of cyclohexanone, one such pathway is the photolytic intramolecular
elimination reaction of the carbonyl group, yielding a cyclopentane species (10).
(Scheme 1.1.14.1)

Scheme 1.1.14.1: Photolytic Intramolecular elimination of carbon monoxide.
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Another mode the reaction can take is for the diradical formed (9) in the initial excitation
to undergo a Norrish Type 2 reaction, which following the initial 1,4-hydrogen abstraction,
can terminate to form the longer chained 5-hexenal structure (11). (Scheme 1.1.14.2)

Scheme 1.1.14.2: Norrish Type 2 Reaction Yielding 5-Hexenal (11).

Isomerisation and rearrangements: With the disruption photoexcitation can cause to
the π-system of a molecule, isomerisation and rearrangements centring around
unsaturated bonds are common place in photochemistry. The promotion of an electron
from a π-bonding orbital to an unfilled π-antibonding orbital removes the electronic
constraints which prevent free rotation around the double bonds. Examples of simple ‘E‘Z conversion can be observed in trans-azobenzene (12), where the trans-isomer can be
switched to the cis-isomer (13) by tuning the wavelengths of the incidence radiation.
(Scheme 1.1.14.3)

Scheme 1.1.14.3: Photoisomerisation of trans-azobenzene (12).

Photoisomerisation reactions yield many cyclised products through a di-π-methane
rearrangement. The reaction between two π-groups attached to an sp3-hybridised carbon
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progresses through several 1,2-shifts of the single electron, followed by a final ring
closure to terminate the reaction. A named example would be the reaction of the Pratt
diene (14) isomerising to produce a strained cyclopropane ring system14 (15). (Scheme
1.1.14.4)

Scheme 1.1.14.4: Photoisomerisation of Pratt diene (14), series of radical isomerisation
processes producing the final pentasubstituted cyclopropyl group (15).

Photoisomerisation has been successfully utilised in total synthesis. For example in the
synthesis of (±)-α-santalene(18)15 a photoisomerisation is a key step producing a direct
precursor

to

the

santalene

through

an

oxa-di-π-methane

rearrangement

on

bicyclo[3.2.1]octenone (16). Irradiation from a high-pressure mercury lamp affords the
tricycle-octanon (17) in 71% yield. The final product was generated from a ring contraction
via a diazoketone to produce the core of the tricyclene terpenoid. (Scheme 1.1.14.5)
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Scheme 1.1.14.5: Oxa-di-π-methane rearrangement in the synthesis of (+/-)-αsantalene (18).

Intramolecular abstraction reactions (Norrish type II): Arguably the most important
classification of reaction by an excited species is the intramolecular abstraction of a
hydrogen. It occurs in excited states which are (n, π*), i.e. in carbonyl compounds. The
reaction forms the basis of the classic Norrish Type II fragmentation. The reaction
progresses through cyclic intermediates rather than hydrogen abstraction from the
solvent. The radical species which propagates to a terminating cyclisation is a
modification known as the Norrish-Yang reaction, producing a range of cyclobutanes,
oxetanes or azetidines16.

The Norrish-Yang reaction can be illustrated in the synthesis of (±)-paulownin (20) by
Kraus17. A key process in the synthesis of the fused 5-membered ring, irradiation of a
precursor dihydro-3-furanone (19), affording the product at 68%. (Scheme 1.1.14.6)
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Scheme 5: Synthesis of (+/-)-paulownin (20) through intramolecular abstraction.

Intermolecular abstraction reactions: The excited states can also abstract hydrogen
molecules via an intermolecular processes as well. Such photoreduction reactions are
readily observed in examples of benzophenone (21) in the presence of a suitable proton
donor, to produce diphenylmethanol (22). (Scheme 1.1.14.7)

Scheme 1.1.14.7: Photoreduction of benzophenone (21) with H-atom donor R.

The source of the hydrogen dictates the rate and quantum yield of the reaction. If the
donor is a source of hydrogen, e.g. ethanol, then the quantum yield can almost be
quantitative. However, studies on more difficult abstractions with isopropyl alcohol 18(23),
25

interestingly show that two reductions can be performed with the excitation of a single
photon. The radical which is formed from abstraction of the benzophenone produces a
solvent radical (24). The resultant radical species reacts to further reduce a molecule of
benzophenone. The process affords a ketyl radical netting two molecules which were
reduced with a single photon, increasing the quantum yield of the reaction above one.
(Scheme 1.1.14.8)

Scheme 1.1.14.8: Reduction of benzophenone (22) with propan-2-ol (23) displaying the
double reduction from single photon excitation.

Photoadditions and photocyclization: Alkenes can undergo a multitude of reactions
from the electrophilic addition reaction with water, alcohols and carboxylic acids all the
way to homo-(2+2)-photocyclisations. (Scheme 1.1.14.9)
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Scheme1.1.14.9: Photoadditions and photocyclisation reactions of alkenes: i) (2+2)
photocycloaddition of two alkenes to produce a cyclobutane (25); ii) 1,3-addition with
singlet excited benzene (26), yielding complex ring systems (27); iii) photoaddition of
alkenes to α,β-unsaturated ketones (28) producing cyclobutone derivatives (29); iv)
(4+2) addition of alkene to a conjugated diene (30) results in the formation of
cyclohexene derivatives (31); v) formation of oxetane (32) between the addition of
suitable alkenes to ketones.

Photocycloaddition is utilised in a large number of reactions producing some significant
structures. Reviews on photocycloaddition are detailed and plentiful19-21.

Photocyclisation reactions such as reaction iv) in scheme 1.1.14.9, the 4+2 addition of
alkenes to conjugated dienes (30), are governed by a set of quantum mechanical
correction rules which control the products which are formed. Pioneered by R. B.
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Woodward and R. Hoffmann, they developed a system considering the orbital symmetry
of reactants to predict the stereochemical consequences of pericyclic reactions. The rules
take from their names and are called the Woodward-Hoffmann rules.

Nuances of the Woodward-Hoffmann rules for pericyclic reactions can be illustrated using
the same reaction as in scheme 1.1.14.9. In the cyclisation between 2,3-dimethylbut-2ene (33) and 2,3,4,5-tetramethylhexa-2,4-diene (34). The ring is formed as a result of the
creation of two σ-bonds by the overlap of p-orbitals on the C1 and C4 of the butadiene
with the C2 and C3 sections from the but-2-ene. There are two different possibilities of
geometrical change that can bring about this overlap; the conrotatory (35) and disrotatory
(36) ring closures (Scheme 1.1.14.10).

Scheme 1.1.14.10: Axial rotations leading towards conrotatory and disrotatory ring
closures.

The electronic states of the reactants dictate what product is formed in the reaction. For
the disrotatory cyclisation of the 4n+2 reactants the S0 of the reactant correlates with the
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S0 of the of the product, and the reaction can proceed adiabatically from the groundstate22. Such cycloadditions are utilised in the key steps of natural product synthesis of
the hamigerans (39) by Nicolaou et al23, in the intramolecular Diels-Alder reaction of an
ortho-quinodimethane, generated by photochemical methods from the precursor (38).
(Scheme 1.1.14.11)

Scheme 1.1.14.11: Synthesis of (+/-)-hamigeran A intermediate (39) by intramolecular
[4+2] cycloaddition of a photochemically generated ortho-quinodimethane (38).

29

1.1.15 Photosensitisers

So far, we have only examined reactions where an excited species directly reacts with
itself, or neighbouring reactants to produce direct adducts. Another mode of reaction in
photochemistry is the photocatalytic reaction, where an excited photosensitiser
compound, acts as a catalyst towards chemical reactions.

Photosensitisers are compounds which are readily excited by irradiation to efficiently
enter an excited state. The energy then is transferred to another reactant, in turn
promoting that compound to enter an excited state, causing the desired reaction cascade
further downstream.

The aforementioned benzophenone compound (21) is an example of a classic triplet
photosensitiser. The near perfect ISC yield displayed by benzophenone, and the
subsequent abstraction of protons in that state, has led to use of benzophenone in many
photocatalytic reactions. A recent example of this is in the visible light photocatalysis of
benzophenone in radical thiol-ene reactions24. In this simple system, replacing the need
for expensive ruthenium based catalysts, benzophenone promotes the anti-Markovnikov
addition of thiols (41) to olefins (40), producing thioethers (42) in good to excellent yields.
(Scheme 1.1.15.1)
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Scheme 1.1.15.1: Anti-Markovnikov addition via visible light benzophenone
photocatalysis.

The photocatalytic cycle of the reaction can be conjectured to be through the following
pathway: firstly, initial radiation by visible light produces the triplet benzophenone radical
(43); following a hydrogen abstraction from the thiol (41), a free radical thiol species (44)
undergoes addition to the terminal olefin (40); hydrogen abstraction by the thioether
radical (45) from the diphenylmethanol radical (46) regenerates the benzophenone
radical to restart the process. (Scheme 1.1.15.2)

Scheme 1.1.15.2: Proposed catalytic cycle of benzophenone photocatalysis

An an efficient triplet photosensitiser should exhibit strong absorption of the incident
radiation, possess a high yield for intersystem crossing, and have a long lifetime for the
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triplet excited state25. Triplet photosensitisers are not only used for photocatalytic organic
reactions, but also for medicinal purposes in photodynamic therapy. In many PDT
applications, a photosensitiser efficiently absorbs light and transfers that energy to
oxygen, generating the key singlet oxygen species.
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1.1.16 Photosensitised Oxidation - Photodynamic Therapy

Oxidations in photosensitised systems have a significant importance in the medical and
biological field26. The effect of photo-oxidation on cellular structures and small organisms
is known to induce cell damage, mutations, and death. The majority of photo-oxidation
reactions occur by the excitation of a sensitiser dye to a triplet state, and the consequent
transfer of its energy to oxygen, producing a highly reactive singlet oxygen species.

3𝑃𝑆𝑒𝑛∗ + 3𝑂2 → 1𝑃𝑆𝑒𝑛 + 1𝑂2∗

Several reactions utilise this singlet oxygen species for oxidative purposes, for example,
the formation of the endoperoxide (48) with the irradiation of dimethylfuran (49) in the
presence of oxygen. (Scheme 1.1.16.1)

Scheme 1.1.16.1: Oxidation of furan derivative by singlet oxygen.

The generation of singlet oxygen has been utilised in the development of treatments such
as photodynamic therapy, where localised excitation of a photosensitiser directs singlet
oxygen generation in tumour cells27. The production of singlet oxygen severely damages
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the cells, ultimately leading to cell death and the termination of target tumours. The
process has been touted as a future prospect of targeted cancer therapy. The next
segment of my introduction will examine the facts, mechanics and prospects for PDT as
a viable treatment.
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1.2: Photodynamic Therapy
1.2.1 Introduction

In 1900 the Nobel Laureate Paul Ehrlich first conceptualised the “magic bullet” treatment
for chemotherapy28. The idea is that doctors can develop drugs which target and destroy
only harmful bacteria, viruses and tumours, leaving the patient without any lasting side
effects. Like bullets fired from a gun, the therapies were only to hit specific targets within
the body. With that selectivity in mind, Ehrlich had developed Salvarsan, a targeted drug
therapy for syphilis. The compound was very efficient at treating syphilis and became the
primary treatment for the disease, replacing the traditional remedy of routine mercury
injections29. Ehrlich’s success and his approach to pharmacology became a foundation
for pharmaceutical research.

Currently it is still difficult to specifically target and kill tumours in cancer patients; the
magic bullet for cancer is still elusive. The difficulty arises from the inability of drugs to
differentiate between cancer cells and the healthy cells of the patient. Cancer is
composed of a collection of mutated cells from the human body. They have very few
characteristics that differentiate them from their parent cells other than rather more rapid
cell division than most normal tissues. Today’s chemotherapies have problematic side
effects, which patients suffer through to fight off cancer30. Classical therapies
systematically attack the body to destroy the disease in the process. Unfortunately,
patients are often left in an immunocompromised state following chemotherapy;
secondary infection and illness are risks which threatens patients following treatment.
Clearly a highly targeted, “magic bullet” approach to cancer therapy is necessary and is
currently the foremost goal of cancer research.
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1.2.2 Theoretical Background to Photodynamic Therapy

One approach which has shown great promise in recent years and that has been touted
as a targeted method for chemotherapy is photodynamic therapy (PDT)31. The concept
can be broken down into two steps. Firstly a pro-drug, which is completely benign to the
body, is introduced to a patient. This benign form of the drug will have no interaction with
the patient but, through infusion, permeates the body systematically. Once the pro-drug
is introduced, the secondary steps are activated: a trigger, be it chemical or physical, is
introduced to the desired area, transforming the drug into an active form. The active form
of the drug then causes a cytotoxic response, damaging and destroying the local
environment.

With photodynamic therapy the trigger is light, the pro-drug is a photosensitiser, and the
species which evokes toxicity is singlet molecular oxygen (1O2). With pinpoint localisation
of light, through optical cables, the trigger could conceivably be introduced to many
surface and subsurface areas, allowing a targeted approach to chemotherapy. The
potential of photodynamic therapy is that with the correct drug in identified tumours a
specifically targeted, accurate chemotherapeutic technique could be developed.

There are several points to consider about PDT. The disadvantage of PDT is that as a
targeted approach, the treatment cannot be used a prophylactic; conditions and tumours
must be identified before treatment can proceed. Currently there are difficulties in
generating potential drug candidates with enough of an absorption cross-section to
generate a cytotoxic response. As eluded to before another issue is in tissue
transparency; for an effective therapy, light has to be in the 600-1000nm wavelength
range to pass through the affected tissue and to reach the target area32. However, there
are many advantages to PDT; with the correct photosensitiser, the side-effects suffered
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by patients are minimal as the drug is benign before activation. As a targeted treatment,
the collateral damage suffered by the patient’s physiological system, their organs, is
eliminated. The need for sustained periods of hospitalisation is eliminated and many
patients are treated as outpatients. The benefit of leaving hospital is that it minimilises the
risks of contracting a hospital acquired infection or pneumonia, as well as being a great
cost saver for the health service.
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1.2.3 Mechanisms of PDT

The general mechanism for any phototherapy is thus: the photosensitiser for the therapy
will first be irradiated with photons and the molecule will be promoted to an excited
electronic state. Then the sensitiser molecule can operate through two major
photochemical reaction pathways, the Type I and Type II reaction pathway33, in order to
generate a reactive singlet oxygen species. The singlet oxygen species then damages
and destroys key cellular structures and organelles that are the target for the therapy and
the cell can no longer sustain itself, undergoing necrosis or cell apoptosis.

The Type I and Type II reaction pathway: The two different photochemical reaction
pathways are distinguished by subtle differences in how they transfer energy to oxygen
in order to generate the active oxygen species.

The Type 1 pathway utilises radical electrons through a reaction cascade with a thirdparty substrate to give energy to oxygen. Furthermore, the Type I pathway is subdivided
to two routes, the Type I(i) and the Type I(ii), to produce the damaging oxygen species.
Each pathway follows a unique route in activating oxygen for PDT.

The Type I(i) pathway; in this process at the reaction site, an electron transfer between
the excited state photosensitiser and a neighbouring substrate molecule occurs. The
reduction of the photosensitiser then allows the generation of a radical anion and a
substrate radical cation.
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The Type I(ii) pathway; this involves the abstraction of a proton from the substrate by the
reactive photosensitiser. This reaction cleaves the substrate-hydrogen bond and leaves
behind a radical species on the substrate for further reaction. (Figure 1.2.3.1)

𝑃𝑆𝑒𝑛 + ℎ𝑣 → 𝑃𝑆𝑒𝑛∗
𝑇𝑦𝑝𝑒 𝐼(𝑖): 𝑃𝑆𝑒𝑛∗ + 𝑆𝑢𝑏𝑠 → 𝑃𝑆𝑒𝑛 ∙⊝ + 𝑆𝑢𝑏𝑠 ∙⊕
𝑇𝑦𝑝𝑒 𝐼(𝑖𝑖)𝑃𝑆𝑒𝑛∗ + 𝑆𝑢𝑏𝑠𝐻 → 𝑃𝑆𝑒𝑛𝐻 + 𝑆𝑢𝑏𝑠 ∙
Figure 1.2.3.1: Schematic process of PDT and generation of radical species by Type 1
pathways.

The radicals generated from both reaction pathways immediately react with cellular
oxygen, generating a mixture of reactive oxygen intermediates, including; superoxide
radical (O2.-), which can go on to produce hydroxyl radicals (OH.). The cascade of free
radical generation is very damaging to cells due to the oxidative damage of lipid
membranes34. (Figure 1.2.3.2)

𝑆𝑢𝑏𝑠 ∙ + 𝑂2 → 𝑂2 .
4 𝑂2 .

−

−

+ 2 𝐻2 𝑂 → 4 𝑂𝐻 . + 3 𝑂2

Figure 1.2.3.2: Generation of radical oxygen species via type I pathway.

The Type II process is the direct intermolecular transfer of the excited photosensitier to
ground state molecular oxygen (3O2, 3Σg). The transition is permissible if the excited
39

sensitiser is of the same spin state as molecular oxygen. Following the intermolecular
transfer, activated by a molecular collision, a triplet-triplet annihilation occurs generating
the reactive oxygen species. (Figure 1.2.3.3)

𝑃𝑆𝑒𝑛∗ + 3𝑂2 → 1𝑃𝑆𝑒𝑛 + 1𝑂2∗

3

Figure 1.2.3.3: Generation of radical oxygen species via type II pathway.

The transfer of energy from the sensitiser’s excited state inverts the spin of an oxygen
molecule’s outermost anti-bonding electron, generating two singlet oxygen species (1Δg
and 1Σg) (Figure 1.2.3.4). Each species has a different half-life; the high-energy 1Σg
species is very short lived and is virtually undetectable. The species relaxes to the lowerenergy excited state, 1Δg; this singlet oxygen species attacks any organic compounds it
encounters. The typical lifetime of the species being 40ns in biological systems with a
reaction radius of approximately 20nm35.
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Figure 1.2.3.4: Molecular orbital diagram for oxygen, the occupation of the antibonding
pi-orbitals indicate the singlet oxygen species 1Δg and 1Σg. Credit: Martin Paterson36.

The key process involved in the generation of the singlet oxygen can be illustrated via a
schematic Jablonski diagram. The excitation of a ground state sensitizer (porphycene
macrocycle featured) via the absorption of photons, with energy hv, promotes the
sensitiser to an excited state. One-photon absorption (OPA) processes achieves this
promotion from the absorption of a single photon, reaching excited state (S1).
Alternatively, within two-photon absorption (TPA) processes, a sensitiser accepts a single
photon, allowing excitation to an intermediate state, known as the virtual state (VS). Prior
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to relaxation from the VS, another photon is absorbed, further promoting the sensitiser,
allowing it to reach a much higher excited energy level (S3). A series of internal conversion
steps allows the excited state to transition between S3, through to S1, via S2. An
intersystem crossing event allows the population of an energy level which is compatible
with energy transfer to the ground state of molecular oxygen, 3O2, 3Σg. The opportunity for
a sensitiser to access compatible energy levels are increased with access to higher
energy levels. Direct intermolecular energy transfer with molecular oxygen promotes
molecular oxygen to the excited singlet states, 1Δg and 1Σg, which go on to cause the
cellular damage to the target. The final intermolecular energy transfer completes the
photochemical reaction cycle for the sensitizer, which is now available to begin another
reaction cycle, by excitation and energy transfer to another O2 molecule.

Figure1.2.3.5: Schematic Jablonski diagram, describing the individual steps of PDT by
Martin Paterson37.
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Oxygen in cells: The concentration of molecular oxygen at the target site is a crucial
factor in determining the efficacy of the Type II reaction process38. Tumour cell lines are
rapidly respiring and depleting the localised oxygen supply, creating an hypoxic cellcular
environment. The inherently hypoxic nature of tumour cells is a problem in photodynamic
therapy. Without an adequate supply of molecular oxygen the Type I process occurs more
readily. During anoxic conditions the excited photosensitiser has no option but to transfer
its energy by reducing the surrounding tissue via a Type I process to the detriment of its
activity39-40.
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1.2.4 Delivery of Photodynamic Therapy

The delivery of light to the target site is a major hurdle to overcome. Early laser systems
were bulky, expensive and were not suitable for a clinical environment. However, new
developments within laser technology and the creation of fibre optic cables now mean
that targetting lasers directly into a tumour is achievable. The crucial factor in determining
the accuracy of photodynamic treatments is now limited to the wavelength of light used
and its relationship to the photosensitiser. The absorption cross-section of the
photosensitiser must be compatible with the tissue medium and the incident radiation
must be able to pass deeply within tissue to be able to treat deep tissue tumours. The
level of light penetration is dependent on several factors related to the tissue’s properties
including: reflection of the surface, scattering of light, transmission and absorption
properties of the cellular medium. Many tissue components such as DNA, amino acids,
proteins, hemoglobin, and melanin, all contribute towards the absorption of light. As an
unfortunate example pigment rich tissues such as melanomas absorb light readily and as
a result are resistant to PDT.

Penetration into tissue is affected by the wavelength of light used. The region of light
between 600 to 900nm has the minimal amount of interference from organelles and
cellular components32 and this tissue penetration region of light is the most attractive for
potential photosensitisers. The depth of penetration follows a progressive relationship to
wavelength, with penetration being very low below 550nm. The diffusion depth of light
rapidly increases from <550nm to 630nm and increases 10% per additional 100nm
increases in wavelength. Peak penetration is observed at around 800nm with tailing off
beyond that region. A strong photosensitiser should ideally have a broad absorption
cross-section at the region between 600-900nm. Furthermore the photosensitiser should
display flexibility in penetration depth by allowing adjustments in the wavelength, which
could be used in a clinical setting to target specific tumour cells.
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1.2.5 The Ideal Photosensitiser

The model photosensitiser for photodynamic therapy should be chemically well defined,
with a simple structure that is synthetically accessible. The compound should be
completely benign in the ‘dark’ state and highly phototoxic within a narrowly defined
wavelength of light, with a high absorption cross-section at the tissue penetration region
of 600-900nm. The quantum yield for the triplet state (ΦT) for oxygen, the state crucial for
singlet oxygen generation, should be high. The molecule should be customisable with
functional groups in order to allow localisation to designated regions of the body, and be
mobile enough to penetrate into the organelles of a cell. The drug must balance good
pharmacokinetics with ease of formulation, and it should be rapid to clear from the body
once the treatments have taken place.
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1.2.6 Clinical Applications of Single-Photon Absorption Photosensitisers

Despite their difficulty in generation there are a series of photosensitisers which have
been developed and have made it to market. We are currently in the third generation of
photosensitisers. Outlined are some of the developments which have been made from
the first inception of these drugs.

There are several first generation photosensitiers approved and used for photodynamic
treatments on the market today. They include structures based on haeme, as
haematoporphyrin (HP) derivatives, circulated under names such as Photofrin®,
Photobarr®, Photosan® (50). This first generation photosensitiser is formulated as a
mixture of dimers and oligomers of hematoporphyrin with a limited ability to absorb light 41.
(Figure 1.2.6.1)

Figure 1.2.6.1: Structure of Photofrin Oligomer.
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Developments into a new generation of photosensitisers continued with the introduction
of δ-aminolevulinic acid derivatives (ALA/M-ALA) (51). Sold under the names Levulan®
and Metvix®, they are prodrugs which are metabolised to form protoporphyrin IX in situ.
Progress on HP derivatives birthed the second generation of drugs which were chlorin
based structures such as 5,10,15,20-tetra(m-hydroxyphenyl)chlorin (m-THPC) (52);
available under the name Foscan®42, and additionally Visudyne®, a benzoporphyrin
monoacid ring A (BPD-MA) derivative43. Both examples had shown marketable
improvements on Photofrin, both being single active pharmacological agents with traits
which improved the efficacy, pharmacokinetics and the side effects on Photofrin. (Figure
1.2.6.2)

Figure 1.2.6.2: Structures of δ-aminolevulinic acid and 5,10,15,20-tetra(mhydroxyphenyl)dihydroxyporphyrin.

Currently there are endstage research efforts to produce examples of the third generation
of

photosensistier.

Tookad®

(53),

a

pailadoporphyrin

from

a

family

of

bacteriopheophorbides44, is an example of the new generation photosensitiser which has
now begun its emergence to the market. Utilised for vascular-targeted photodynamic
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therapy for localised prostate cancer, the early studies show good promise and
excitement for the treatment is growing. (Figure 1.2.6.3)

Figure 1.2.6.3: Molecular structure of Tookad®.
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Table1.2.6.1: Approved photosensitisers for PDT of cancers in USA and Europe 45-46

Photosensitiser

Excitation

Brand name

Approved Indication

Λ (nm)

Porfimer Sodium

630 nm

Photofrin® (USA)

•

Oesophageal cancer

•

Endobronchial cancer

•

High-grade dysplasia in Barrett’s
oesophagus

5-aminoevulinic acid

635 nm

Levulan® (USA)

(5-ALA)

Ameluz® (Europe)

Methyl aminoevulinate 635 nm

Metvixia® (USA)

•

Actinic Keratosis

•

Actinic Keratosis

•

Actinic Keratosis

•

Actinic Keratosis

•

Basal cell carcinoma

•

In situ squamous cell carcinoma

(MAL)

Metvix® (Europe)

Hexaminolevulinate

635 nm

Hexvix® (USA)

•

Bladder cancer

652 nm

Foscan® (Europe)

•

Head and neck cancer

(HAL)

Temoporfin
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1.2.7 A Critique of Current Photosensitisers

The current generation of photosensitisers are not without their drawbacks. It is still very
difficult to get a strong absorption cross-section at the desired tissue transparency region.
A new approach which has received much attention is the utilisation of multiphoton
photochemistry, specifically a TPA process.

Two photon absorption involves the simultaneous absorption of two photons, promoting
the population of an energy state which is twice as far above the ground state in energy
as the state which is available from absorption of a single photon of that wavelength, or
the same as that from absorption of a single photon at half the wavelength. TPA
processes are only accessed through the most intense light sources and the theory of
TPA was confirmed with the invention of laser apparatus. The adoption of an intense laser
beam for the treatment offers several advantages. Firstly, the resolution of the treatment
is better as the efficacy of the second photon being absorbed increases as a square
function to the light intensity, leading to an accurate focal point for PDT treatments,
minimising the collateral damage of the treatment. Another advantage which TPA
addresses is the issue of tissue transparency, the TPA affect is frequently observed with
the use of IR radiation, the profile of which fits closer to the tissue transparency window
at 600-1000nm. The prospects for TPA are examined in the following chapter of this
introduction.

50

1.3

Two-Photon Absorption Spectroscopy

1.3.1 Theoretical Introduction to Two-Photon Absorption Spectroscopy

As introduced in the previous passage an excited species can simultaneously absorb an
additional photon. The TPA effect was the theorised in the 1930’s 47 and was first
experimentally demonstrated in 196148. The fundamental principles were devised by
Maria Göppert-Mayer, under the same assumptions applying to the Beer-Lambert law for
one photon absorption, with the absorption of TPA from a beam of light given by equation
1.3.1.1:

𝜕𝐼⁄ = − 𝑁 𝑎 𝐼 2 = − 𝑁 𝛿 𝐹 𝐼
2
𝜕𝑧

Eq. 1.3.1.1

Where I is the intensity of incident radiation, z is the distance to the medium, N is the
number of molecules per unit volume, and a2 is the molecular coefficient for TPA. The
intensity can be substituted as photon flux to the medium, F=I/hv, with the unit photons
per second, per area: photons s-1 cm-2. If photon flux is used then the coefficient, 𝛿, can
be simplified and reported as Göppert-Mayer units, (GM), where 1 GM =10-50 cm4s
photons-1molecule-1. GM are the adopted units for the molecular TPA cross-section.

The maximum molecular cross-section in TPA has been derived for plane-polarised light
with the equation equation 1.3.1.2-349-51:
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𝛿𝑚𝑎𝑥 =

2𝜋ℎ𝑣 2 𝐿4
𝜀02 𝑛2 𝑐 2

1

(Γ) 𝑆𝑓𝑔

〈𝝁𝑔𝑖 𝝁𝑖𝑓 〉

𝑆𝑓𝑔 = [∑𝑖 〈𝐸

𝑔𝑖 −ℎ𝑣〉

Eq. 1.3.1.2

2

]

Eq. 1.3.1.3

In the above, 𝐸𝑔𝑖 is the energy gap between the ground state and an intermediate state,
I, and 𝛤 is the half-width at half maximum of the TPA band in energy units. The factor L,
represents the optical field enhancement in the medium related its refractive index, n,
(where, L = (n2+2)/3).

The summation above represents all of the states of the molecule and the amplitude of
the oscillating dipole moment, or polarisation, induced by the electric field of a light wave
between the k and l states, which would be given by 𝝁𝑘𝑙 . These various transition dipole
moment vectors of 𝝁𝑘𝑙 rotate with the molecule in solution, so an average projection is
used in its place, with an averaged value of 1/5 of the total moments as an approximation.
The averaged value of the summation is given by this revised equation 1.3.1.4:

1

𝑆𝑓𝑔 = 5 [(

∆𝜇𝑔𝑓 𝜇𝑔𝑓 2
ℎ𝑣

2 2
𝜇𝑔𝑖
𝜇𝑖𝑓

) + ∑𝑖≠𝑓,𝑔 (
(𝐸

𝑔𝑖 −ℎ𝑣

2)

2

)] Eq. 1.3.1.4

Where ∆𝜇𝑔𝑓 is the change in the static dipole moment in the final state, f, relative to the
ground state, g. The initial argument, (

∆𝜇𝑔𝑓 𝜇𝑔𝑓 2
ℎ𝑣

) , represents the “dipolar” D fragment of

the notation with the latter summation representing the “two-photon” T component.
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Within centrosymmetric molecules the static dipole moments equate to zero and the Dterm of that equation would be absent. Hence when dealing with TPA cross-sections
between a fixed ground state and the equation for the TPA cross section can be simplified
to this equation 1.3.1.5, where C is a constant:

𝛿𝑚𝑎𝑥 ≈ 𝐶

2 2
𝜇𝑔𝑖
𝜇𝑖𝑓
2

Eq. 1.3.1.5

((𝐸𝑔𝑖 /ℎ𝑣)−1) Γ

We can describe the essential states for this model to have alternating symmetry: The
wave functions for the ground-state and final-state are | 𝑔 ⟩ and | 𝑓 ⟩ respectively. With
respect to the centre of inversion they are symmetric, where are any intermediate state
| 𝑖 ⟩ is antisymmetric. Illustrating the issue is the following energy level diagrams 52-53.
(Figure 1.3.1.1)
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Figure 1.3.1.1: Excitation energy levels in centrosymmetric and non-centrosymmetric
chromophores. The states are labelled for each of the centrosymmetric and noncentrosymmetric chromophores, respectively. The diagram describes the transition of
the electronic states in a two-photon system for the lowest level transition.

The transition progresses through a sequential transition of one-photon, electric-dipoleallowed between 𝑔 ↔ 𝑖, followed by 𝑖 ↔ 𝑓, transitions. With two-photon absorption both
transitions progress via a virtual state that is the hybrid of the | 𝑔 ⟩, and | 𝑓 ⟩ wave
functions. The transition to | 𝑖 ⟩, an uneven state, promotes the absorption of the second
photon to induce the final electric dipole transition to the even final state. Under onephoton absorption processes, this transition would be forbidden due to the difficulty
overcoming the selection rules. It is due to the progression through the virtual state via a
two-photon absorption process that this transition to the 2Ag state is possible.

2
2
The strength of 𝜇𝑔𝑖
and 𝜇𝑔𝑓
are proportional to the one-photon oscillator analogue and we

can calculate their values from a linear absorption spectrum. However, the value for 𝜇𝑖𝑓
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is difficult to determine experimentally. As a result, intelligent design of TPA dyes has
been difficult and has progressed empirically. Trends analysed have shown that the
addition of electron donors, D, and acceptors, A, to a long chain chromophore have given
2
systems greater enhancement. This push-pull effect in D-π-A systems enhances the 𝜇𝑔𝑓

as a result of the extension of the charge displacement during the transition between the
donor-centred highest-occupied molecular orbital to an acceptor centred lowestunoccupied molecular orbital54.
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1.3.2 Experimental Aspects of Two-Photon Absorption Spectroscopy

The measurement of the TPA cross-section of a compound can yield different values for
𝛿, depending on the technique used. There are two main methods for probing the direct
TPA cross-section, the Z-scan technique and two-photon excited fluorescence (TPEF).

The Z-scan measures the light intensity of incident radiation after passing through a
sample as a function of its position as moved through the z-axis. (Figure 1.3.2.1)

Figure 1.3.2.1: Schematic representation of a z-scan experiment.

With an open-aperture setup, which allows the collection of all of the light from the sample,
the detected output reflects an intensity-dependent transmission, which can be used to
measure TPA cross-sections. Experimentally two factors should be considered when
examining cross-section data obtained by the Z-scan technique. Firstly, light can be
sequestered at the detector due to the defocusing and non-linear scattering of light, so
the cross-sectional values can be inflated due to additional contributions from apparent
non-linear absorption. Secondly, additional non-linear transmission can be detected
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through the build-up of excited-state absorptions (ESA). The Z-scan technique is a great
tool for probing the non-linear transmission, so the two problems can be difficult to avoid.
As a result, the measured values for the TPA cross-section tend to be inflated above their
true value and a complementary technique should be adopted to corroborate any results
harvested from the Z-scan technique.

Two-photon excited fluorescence, or two-photon excitation microscopy uses a pulsed
laser to probe and directly measure the absorption cross-section of a sample at a variety
of wavelengths. A diluted sample is subjected to a 100fs pulsed laser and the
fluorescence is measured by a detector. The value for the TPA cross-section, 𝛿 , would
be accurate if the contribution from the one-photon extinction coefficient, ε, is known.
Comparison against the ε-contribution of reference samples makes the TPEF technique
very accurate. The limitations of the technique are that TPA cannot be applied to spectral
regions with one-photon absorption contributions and that the sample must be photoluminescent to be detected. It can be said that the first problem is the same with all
techniques and overlap with one-photon absorption regions are unavoidable. To get
around the photoluminescence problem, a secondary photochemical process can be
attached to the experimental setup. Detection of the quantum yield from the energy
transfer to a photoluminescent agent, for example detecting the luminescence from
singlet oxygen generation from direct energy transfer from a TPA-generated triplet
species, allows the measurement of the TPA cross-section.

The two techniques comparatively show that the Z-scan technique consistently yields
higher values of 𝛿𝑚𝑎𝑥 compared with the TPEF values. When examining the two-photon
absorption cross-section it is important to examine the methodology used in obtaining the
data and conservative estimates of TPEF values should be considered where possible.

57

1.3.3 Two-Photon Absorption in Photodynamic Therapy

In considering the use of two-photon absorption on photodynamic therapy, it is important
to recognise that using this non-linear excitation does not affect the ability of a sensitiser
to undergo intersystem crossing to its triplet state, or necessarily have any impact on its
ability to generate singlet oxygen. In fact, two-photon absorption has a number of
advantages over one-photon absorption for PDT. As illustrated in figure 1.3.2.1,
compounds with a centre of inversion can access virtual states available for TPA, which
may be inaccessible to traditional one-photon absorption.

Medicinally advantageous factors include the fact that the probability for TPA relates
quadratically to the focus of the excitation source. With a focussed laser beam the
generation of singlet oxygen can be restricted with accuracy, reducing the collateral
damage of the treatment. This increase in special resolution is highly desirable for PDT
procedures. The major reason why two-photon dyes are attracting so much attention for
PDT treatments is because the TPA process takes place using two photons of lower
energy, whereas established PDT requires one higher energy photon. Thus, one UVwavelength photon is required to achieve the same result as two near infrared-wavelength
photons. For medicine and treatments this is hugely beneficial as photosensitisers can
be designed for the 650-900 nm tissue penetration region of wavelengths. In this region
the absorption due to tissue, haemoglobin, melanin and water is minimal.
Photosensitisers with a large TPA cross-section in this region have an immense potential
for PDT as a much-desired non-invasive cancer treatment.
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1.3.4 Examples of Two-Photon Absorption Dyes

Two-photon absorption in organic compounds was first demonstrated in 1963 by
Rieckhoff and co-workers55. However, it wasn’t until work on trans-stilbene and its amide
derivatives (54-56) in 1997 that there was any structural-activity relationship to develop
on TPA activity56. The substitution of amine donor groups on the 4,4’-positions of stilbene
increased the TPA cross-section tenfold compared to that of the unsubstituted sample.
(Figure 1.3.4.1)

Figure 1.3.4.1: Maximum absorbance cross-sections of trans-stilbene derivatives.

An understanding of the significance of centrosymmetric charge transfer to TPA crosssection led to the exploration of donor-acceptor combinations on linear structures.

Critically examining the donor-acceptor relationship we can see that dialkyl- and
diarylamine-groups (57) are the most widely used terminal donors, while oxygen based
donors (58) are generally less effective57. (Figure 1.3.4.2)
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Figure 1.3.4.2: Maximum absorbance cross-sections of fluorophores between oxygen
and nitrogen electron-donating groups.

Investigations into terminal acceptors have shown that the conversion to higher
absorption cross-sections is better achieved through D-π-D structures (59) over A-π-A
systems (60). (Figure 1.3.4.3)

Figure 1.3.4.3: Maximum absorbance cross-sections of fluorophores with sulfonyl
containing electron-withdrawing and nitrogen based electron-donating groups.
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1.3.5 Structural Effects on Two-Photon Absorption Dyes

Central bridges & extending length π systems: In comparing the central bridge
systems, there are 4 factors to be considered to determine the absorption cross-section;
firstly, its number of π-electrons, secondly its conformation (rigid vs flexible systems),
thirdly the nature of the linkers, and lastly again the nature of donor/acceptor character of
the bridge.

The size of the bridge and thus the size of its π-system has a significant impact on the
absorption cross-section. The number of π-electrons directly increases the value of Ne,
thus linking together two chromophores with no delocalisation will double the TPA crosssection as 𝛿 ∝ 𝑁𝑒 58(61-62). (Figure 1.3.5.1)

Figure 1.3.5.1: Maximum absorbance cross-sections of fluorophores with oxygen and
nitrogen donating groups.

However, when the π-systems are coupled together the TPA cross-section increases
more strongly than with the increase in Ne but as a result of the increase in the transition
dipole moments 𝜇𝑖𝑔 and 𝜇𝑖𝑓 . This is neatly illustrated with the porphyrin oligomers59-60(6367). (Figure 1.3.5.2)
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Figure 1.3.5.2: Maximum absorbance cross-sections of porphyrin oligomers.

Structure Conformation of Linker: The rigidity in the linker in the compound can
contribute towards the overall TPA cross-section of the dye; in the example below can
compare the GM values between compound (68), with a flexible biphenyl bridge, vs (61),
with a rigid dihydrophenanthrene bridge. We can observe an increase in the absorption
cross-section of approximately 1.3~1.7 times greater between the flexible system and the
rigid motifs. An explanation for this could be that the electronic coupling is optimised when
the π-system adopts a planar geometry. Increasing the π-orbital overlap allows
maximisation of the TPA cross-section. (Figure 1.3.5.3)

Figure 1.3.5.3: Maximum absorbance cross-sections of fluorophore x with flexible core
structure.
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Orbital Hybridisation Effects of Linker Compounds: The relationship between spbased (ethynylene-bridges) and sp2 (ethene-bridges) is neatly illustrated in Figure 1.3.5.4.
Changing the bridges from alkyne (69, 71, 72) to a vinyl system (70) disrupted the
relationship between the neighbouring porphyrin rings, and as a result there is a drastic
reduction in the TPA cross-section between the two examples61. (Figure 1.3.5.4)

Figure 1.3.5.4: Maximum absorbance cross-sections of linked porphyrins with varying
linker groups.

Electronic modifications to the central core: Adjusting the electronics of the central
core with additional peripheral functionalisation was one of the first modifications made
to TPA dyes. Introduction of electron-withdrawing nitrile groups on the central core in
compounds (73-74) formed the D-π-A-π-D system. Increasing the transition moment
𝜇𝑔𝑖 in this system effectively polarises the optical field cycle, resulting in significant
increases in the absorption cross-section62. (Figure 1.3.5.5)
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Figure 1.3.5.5: Maximum absorbance cross-sections of fluorophores with modification
to the central-core electronics.

2D chromophores, porphyrins and porphycenes: Large aromatic macrocyclic ring
systems have attracted a lot of attention as TPA dyes for their large transition dipole
moments. Porphyrins (75) and porphycene macrocycles (76) have been reported to have
significant absorption cross-sections. Modifications to the ring system allowed the
generation of dyes with further enhanced TPA cross-sections63-64. (Figure 1.3.5.6)
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Figure 1.3.5.6: Maximum absorbance cross-sections of porphyrin derivatives and
tetraphenylporphycene.
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1.3.6 Designing TPA photosensitisers for PDT: Porphycenes

Many groups have searched for the ideal organic dye for TPA, and in 2012 Paterson et
al reported a computational study examining the structure relationship of TPA in
porphycene macrocycles65-66. Their work used linear and quadratic density functional
response theory to calculate the effects of structure on one-photon and two-photon
characteristics of substituted porphycene photosensitisers.

The calculations on porphycene macrocycles and their derivatives predicted the tuning of
the maximum TPA wavelength based on peripheral functionalisation and core
substitution. They had directly identified that incorporation of two oxygen atoms (77-79)
into the porphycene core would to lead to resonance enhancement that would produce a
remarkable improvement in the TPA cross-section. (Figure 1.3.6.1)

Figure 1.3.6.1: Potential dioxaporphycene structures which display enhancement of
TPA effects identified by Paterson et al.

Porphycene macrocycles displayed promising absorption cross-sections towards the
desired tissue penetration region, exhibiting strong prospects as viable photosensitisers.
Functional group modification and derivatisation of porphycene macrocycles for TPA
66

processes is an active area for chemical research; with the strong precedence for TPA in
PDT applications, porphycene macrocycles represent a very attractive target for
synthesis.
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1.4 Porphycene Macrocycles
1.4.1 Introduction to Porphycenes

Porphyrin compounds are widespread in nature. Porphine (80) and its analogues are
found in plants in the form of chlorophyll; in humans as haem (81), and in other important
compounds such as vitamin B12 as cobaltporphyrin (82). (Figure 1.4.1.1)

Figure 1.4.1.1: Examples of porphyrin analogues discovered in nature.

They drive crucial biological processes and are key structures to be studied. Due to the
ubiquity of porphyrins in nature, they have been an attractive subject of study since the
beginning of the 20th century. Since the first studies of chlorophyll by Willstätter in 190667
and the first synthesis of haemin by Fischer in 192668, porphyrin macrocycles have been
the subject of healthy research interest in areas of medicine69, biomimetic catalysis70,
molecular electronics71, and supramolecular chemistry72.
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It was Woodward who introduced the first expanded porphyrin, a pentapyrrolic
macrocycle named sapphyrin (85), in 196673. Synthesised by the coupling of
bipyrroledicarboxaldehyde (84) with a tripyrranediacid species (83), sapphyrin
represented, in heteromacrocyclic molecules, an expansion of the π-network to 22π
electrons. (Scheme 1.4.1.1)

Scheme 1.4.1.1: Synthesis of Sapphyrin by Woodward, 1966.

The novel aromatic macrocycle followed the Hückel rule, however this isomer did not
possess the ability to complex with a wide range of metal cations. This focused the
attention of chemists on producing a macrocycle with 18π electrons which was theorised
to possess extensive coordination chemistry. The discovery of porphycene (86) in 1986
by Vogel74 changed the background of macrocycle chemistry by introducing a novel 18π
macrocycle with a large tetra coordinating core for additional metal cavity space. (Figure
1.4.1.2)
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Figure 1.4.1.2: Porphycene, Pc, a novel 18π macrocycle synthesised by Vogel, 1986.

Emanuel Vogel’s initial research interest was on valence isomerisation and valence
tautomerism. His work on valence expansion of benzene (87) to a cycloheptatrienenorcaradiene75 (88) progressed to the gradual expansion of the 10π system to a 14π
bisimino[14]annulene (89) , ultimately to the diaza[18]annulene76 (80). (Figure 1.4.1.3)

Figure 1.4.1.3: Benzene 87 and the series of higher homologues following the (4n+2)π
Hückel rule.

Vogel then theorised the expansion of the system to the structural analogue of porphine
(80), where two bipyrrole subunits were joined by opposing ethene bridges. (Scheme
1.4.1.2)
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Scheme 1.4.1.2: Theoretical expansion of an annulene system (90) to porphycene (86).

As porphycene was a rearrangement of the porphyrin macrocycle, efforts have been
exhausted to investigate every possible configuration between the four pyrrolic
heterocyclic units bridged with 4 carbon linkers. The search had led to the discovery of
hemiporphycene77 (91), corrphycene78 (92), and isoporphycene79 (93). (Figure 1.4.1.4)

Figure 1.4.1.4: Porphyrin isomers besides porphine and porphycene; hemiporphycene,
corrphycene, and isoporphycene.
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The first synthesis of porphycene (86) was achieved through the dimerisation of 5,5’diformyl-2,2’-bipyrrole (95) in reductive McMurry coupling conditions74. (Scheme 1.4.1.3)
The reaction proceeds through the dimerization to a 20π-electron intermediate (96),
followed by the spontaneous oxidation of that species with atmospheric oxygen to
produce the macrocycle. Although the initial yield of coupling was very low, Pc: 2%, to
this day the McMurry coupling is still the most widely used synthetic strategy for the
synthesis of porphycene macrocycles.

Scheme 1.4.1.3: Synthesis of porphycene, from bipyrrole (94).

The main advantage of the synthesis is the ease of preparation of the precursor
compound: the 5,5’-diformyl-2,2’-bipyrrole motif. Several derivatives of the motif can be
accessed through the Ullmann coupling of stabilised iodopyrrole species 80 (97), forming
a 2,2’-bipyrrole (98). This can be decarboxylated and rapidly formylated through the
Vilsmeier-Haack reaction81, yielding the key dialdehydes. (Scheme 1.4.1.4)
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Scheme 1.4.1.4: Generic synthetic pathway for the preparation of diformyl-bipyrrole
(95) from iodopyrrole (97).
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1.4.2 Optical Properties of Porphycene

Porphycenes have attracted attention owing to their remarkable stability amongst
porphyrin derivatives with a tetra-nitrogen core82-83. Their ability to form metal complexes
broadly modifies their chemistry and the subject has been studied extensively84-85. The
complexes have been studied for many practical applications, including catalysis 86,
protein mimicry87, and materials chemistry88.

Furthermore, their unique optical properties have given them attention in the medicinal
field of photodynamic therapy89. Porphycenes exhibit strong absorption bands in the farred section (620 nm -760 nm) of the visible spectrum. In the key absorbance regions of
the Q- and Soret-bands, porphycenes show advantageous characteristics compared to
that of their porphyrin counterparts. The Soret-bands appear significantly less intense and
with substantial blue shifting; for porphycenes the Q-band appears at longer wavelengths
with absorption coefficients significantly larger. The position and intensity of the Q-band
in porphycenes confers significant advantages for PDT application as it allows
characteristics such as lower dosing and a reduction in collateral damage due to the Qband residing closer to the tissue transparency window.
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1.4.3 Peripheral Functionalisation of Porphycene

The structure-activity relationship of associated with peripheral functionalisation of
porphycenes has given insight into tuning of porphycenes with respect to optimal PDT
characteristics. Introduction of additional aromatic groups, halogens and electron
withdrawing groups have all been shown to significantly impact the electronic state of the
porphycene90. Some example methods and approaches for peripheral functionalisation
have been included in the following section.

Modification from the bipyrrole precursor: The synthetic flexibility offered by the
Ullmann coupling has spawned several functionalised porphycene derivatives, all of
which have improved the solubility and crystallinity over the first porphycene (86). The
new generation of porphycenes adopting methyl, ethyl, tert-butyl, n-propyl and
methoxyethyl functionality were synthesised rapidly from the first inception 91.

Pre-macrocycle synthesis substituent installation: Peripheral functionalisation of
porphycenes requires two approaches. In case of alkyl and alkoxy substitution, the
functional group is introduced during the synthesis of the parent pyrrole. It is one of the
significant drawbacks of this synthetic method that the functional groups introduced must
be compatible with the Ullmann, Vilsmeier-Haack and McMurry conditions. However,
even with that caveat, a range of peripheral groups have been successfully introduced to
the porphycene structure.

Utilising phenyl-substituted iodopyrrole (99), porphycenes sporting aromatic groups have
been investigated with the 2,7,12,17-phenyl porphycene92(100). (Scheme 1.4.3.1)
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Scheme 1.4.3.1: Synthesis of tetraphenylporphycene. Reaction conditions: a) Cu, DMF,
23oC, 20 h. b) Pd/C, HCOOH/HCOONH4, reflux, 4 h. c) Ethylene glycol, 170oC, 5 h. d)
NH2NH2, EtOH, reflux, 48 h. e) TsCl, pyridine, 23oC, 1 h. f) Diethylene glycol, Na2CO3,
170oC. g) TiCl4/Zn/CuCl, THF, reflux, 3 h.

The introduction of phenyl groups led to a change in the modified porphycene’s (100)
optical properties; its maximum absorption wavelength shifted position by 30 nm
compared to the original unsubstituted porphycene (86). The addition of peripheral
functionality has been seen as a method for adjusting the optical properties of
porphycene, allowing researchers to tune the molecule to contain the desired
characteristics for the PDT process89, 93.

Several synthetic methods have been reported to diverge from the ‘traditional’
approaches to porphycene synthesis. Anju and co-workers have reported in 2008 a new
route to tetra-functionalised porphycenes (102) from benzoin94(103). (Scheme 1.4.3.2)
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Scheme 1.4.3.2: a) NaBH4, MeOH, 0oC, quant. b) MsCl, NEt3, CH2Cl2, 0oC, 12 h, contd.
to c) Pyrrole, 40oC, 48 h. d) p-TsOH, rt, 1 h, contd. to e) DDQ, rt, 1 h.

The group explored the optical properties of the molecule and as expected substitution at
the 9,10,19,20 positions led to significant changes to the absorption spectrum of the
compound. The tetraphenyl derivative (102) displayed the Soret band at 382 nm and Qbands between 584 to 653 nm, closer to the desired tissue transparency region of
absorption.

Post- macrocycle synthesis substituent installation: The reactivity of the porphycene
macrocycles has been investigated. Selective reduction95 can be achieved on the ethylbridge (104) or in a single pyrrole unit from the ring (105). (Scheme 1.4.3.3)

Scheme 1.4.3.3: Reduction of porphycene macrocycles: a) (R = H) H2/Pd/C. b) (R = H)
Na/ROH.
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Electrophilic substitution via halogenation (I, Br)96 (106-108, Scheme 1.4.3.4),
sulfonation97 (109, Scheme 1.4.3.5), nitration (110), and dehydroacyloxylation reactions98
(111) are able to introduce new functionality into the core macrocycle. (Scheme 1.4.3.6)

Scheme 1.4.3.4: Halogenation reaction of porphycene: c) (R = n-propyl) Br2, CCl4,
NaOAc/H2O. d) (R = n-propyl, x = Br) Amberlyst A-26, Br3-form, CH2Cl2, AcOH. (R = npropyl, X = I) I2. e) (R = H) N-bromosuccinimide (NBS), CHCl3.

Scheme 1.4.3.5: Sulfonation of porphycene via f) (R = n-propyl, x = SO3Na)
H2SO4(SO3) 25%, CH2Cl2, yielding a mix of mono- and di-substituted sulfonated
porphycenes.
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Scheme 1.4.3.6: Nitration of porphycene via g) (R = n-propyl) AgNO3, AcOH, CH2Cl2.
Dehydroacyloxylation of porphycene via h) i) Pb(OAc)4, THF ii) NaOMe, MeOH (R = npropyl).

The synthesis of functionalised macrocycles is pivotal in the preparation of clinically
significant molecules. Coupling reactions with selected acid chlorides based on 9hydroxyl porphycenes have generated a group of molecules which modify the
physicochemical properties while maintaining the photochemical profile of porphycene99.
(Scheme 1.4.3.7)

Scheme 1.4.3.7: Functionalisation of 9-hydroxyl substituted porphycenes.
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1.4.4 Metalloporphycenes: Effects on Photochemistry

Metallation of porphycenes is another technique to modify their optical characteristics.
The core, tetra-pyrrolic cavity in the centre of porphycenes (86) is approximately 11%
smaller than that of porphyrin100(80). However, metal cations are still accommodated
within the space to yield nickel101, copper102, tin, iron103, palladium79, cobalt104, and zinc100
metallo-porphycene derivatives84.

The impact of the different metal cations inserted into the cavity was studied in
β‑octamethoxyporphycenes by Panda et al. The parent porphycene was first synthesised
from

3,4-dimethoxypyrrole

(113).

Dimerisation

with

hypervalent

iodine,

[bis(trifluoroacetoxy)iodo]benzene (PIFA)105, followed by formylation (114) and final
McMurry coupling afforded the β‑octamethoxyporphycene (115) in modest yield. The
porphycene was then treated with a variety of metal (II) salts to produce the target metalloporphycenes (116). (Scheme 1.4.4.1)
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Scheme 1.4.4.1: a) PIFA, TMSBr, CH2Cl2. b) POCl3, DMF, 1,2-dichloroethane.
c)TiCl4/Zn/CuCl, THF. d) M(II) salt, solvent.

The compounds displayed a characteristic Soret band between 382-390nm, showing
minor blue-shifting in the region. The Q-bands also displayed a significant shift. For the
free base porphycene (115) there were a series of three peaks at 557, 599, and 636 nm
of weak intensity (Φf = <10-4). With the metallo-derivatives e.g. Zn, there was only a single
peak displayed at 632 nm, with notable increases in its intensity (Φf = 0.025).

Metallation contributes to a further derivatisation that modifies the optical profile of a
porphycene molecule. Metallation represents a useful additional tool for the tuning of
these macrocycles in pursuit for the perfect photosensitiser for PDT.
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1.4.5 Target Porphycenes from Computational Research

The electronic structure of porphycenes has been widely investigated by computational
methods106-108. The tools for the theoretical modelling of linear and non-linear optical
properties have become more sophisticated over the last decade. Recent improvements
have led to methods capable of modelling large poly-electron systems, such as density
functional theory (DFT)109-110, allowing theoretical predictions of structure-TPA
relationship in porphycene structures111-112.

Paterson and co-workers have published a series of computational studies on the
porphycene macrocycle and how structure affects the two-photon absorption
properties65,113. The group examined the effect of partially substituting the nitrogen atoms
in porphycene with oxygen heteroatoms. Their calculations on three isomers of
dioxaporphycene structures (117-119) (Figure 1.4.5.1) revealed nominal impact on the
linear absorption properties (OPA), but with non-linear absorption (TPA), significant
enhancement effects were predicted.

Figure 1.4.5.1: Target dioxaporphycenes identified by Paterson
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Introduction of heteroatoms in porphycene synthesis is not a new phenomenon and the
Vogel group had first introduced a tetrafuran-based analogue of porphycene in 1988114.
Following the furan derivative, subsequent discoveries of thiophene115-116 and imidazole
based porphycenoid macrocycles117-118, have expanded the field of heterocyclecontaining porphycenes. Of the targets proposed by Paterson, only the first isomer (117)
has been reported, specifically in the doctoral thesis of Cöln in 1991119. The reported
synthesis involved dimerisation of 5-(5-formylfuran-2-yl)-1H-pyrrole-2-carbaldehyde
(120) under the modified McMurry conditions as before and only produced (117), not the
isomer (119). However, in his report the procedure for the formation of (117) was reported
without an overall yield for the reaction.

We can see that the structure of porphycenes allows for fine tuning of the two-photon
absorption cross-section. The most important modifications include peripheral
functionalisation, metalation and modifications to the core heteroatoms. With such
versatility, porphycenes are emerging as promising candidates for cancer therapy.
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Chapter 2 Exploratory Studies on New Porphycenes for Photodynamic Therapy
Chapter 2.1 Crossed McMurry Coupling Reactions for Porphycene Synthesis
2.1.1 Introduction to Crossed McMurry Reactions

The Paterson group has identified several dioxaporphycenes, containing two oxygen
atoms in the central core of the molecule (117-119), as candidate molecules for PDT
sensitisers. One of these non-centrosymmetric compounds (118) has been predicted to
possess strong resonance enhancement in its non-linear absorption at the key Q-band
region, leading to a much greater predicted TPA cross-section. Given that the target
shows remarkable promise for two-photon absorption, it is a key synthetic target for PDT
application. (Figure 2.1.1.1)

Figure 2.1.1.1: Target dioxaporphycenes identified by Paterson.

Porphycene macrocycles are traditionally prepared through the reductive McMurry
coupling of two bipyrrolyldicarbaldehyde units1. Several examples of oxidative synthesis
exist but are unfortunately, low-yielding strategies which rely on the preparation of 5,6diaryldipyrrolethane2. Performing retrosynthetic analysis on our dioxaporphycene target
(118), we can conceive of coupling a bipyrrole dialdehyde (121) and a bisfuran dialdehyde
(122) in a crossed McMurry reaction. (Scheme 2.1.1.1)
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Scheme 2.1.1.1: Retrosynthesis of non-centrosymmetric porphycene.

The reduction of ketones with low-valent titanium and formation of olefin products was
independently reported in the early 1970’s by the research groups of T. Mukaiyama 3, and
JE McMurry4. McMurry then spent the subsequent years exploring the chemistry of this
process, which now bears his name5. The mechanism of the McMurry coupling is elusive
but it has been suggested that it proceeds through two distinct steps: a pinacol coupling
reaction followed by deoxygenation of the resultant species to form the alkene. (Scheme
2.1.1.2)
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Scheme 2.1.1.2: Mechanism of the McMurry reaction on the surface of titanium.

The nature of the intermediates is dependent on the characteristics of the carbonyl
compound and the conditions of the reduction, making the reaction highly variable and
so the reactions can be difficult to reproduce in the laboratory. Extensive reviews on the
McMurry coupling reaction are available and provide an excellent resource for the
catalogue of reactions performed under McMurry conditions6-7.

The reaction is mostly used for the homocoupling of aldehydes and ketones. However,
cross-coupling is indeed feasible under certain circumstances. This is often achieved by
having one reactant in significant excess or by utilising a diaryl ketone species (123). With
the use of the diaryl ketone, it has been hypothesised that the mechanism changes
drastically; the reaction now begins with the quantitative formation of a dianion (124)
followed by the addition of the carbanion to the saturated ketone (125)8-9. Computational
studies of the reaction have been conducted and support the nucleophilic addition in the
proposed mechanism10. (Scheme 2.1.1.3)
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Scheme 2.1.1.3: Ionic mechanism of crossed McMurry coupling in diarylketones.

Crossed McMurry reactions have been seen as a useful method to reach highlyfunctionalised alkenes. However, controlling the selectivity for the desired isomer is
difficult and the yields for these reactions are modest. Such crossed McMurry reactions
have been used in the synthesis of Tamoxifen analogues (132-136) for use as potential
anti-cancer agents. This strategy has been used to provide an array of derivatives which
show cytotoxicity towards human cancer cell lines11. (Scheme 2.1.1.4)

Scheme 2.1.1.4: Production of Tamoxifen analogues via crossed McMurry coupling.
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2.1.2 Crossed McMurry Reactions for Porphycene Synthesis

Within porphycene synthesis, the crossed McMurry coupling has been used to produce
several examples of non-symmetric porphycenes9-11. The use of two different bipyrroles
(137, 138) in the same McMurry coupling reaction yields a statistical mixture of three
porphycenes (139-141) which can be separated using conventional chromatography12-13.
Kuzuhara et al., outline a very detailed methodology for the preparation of cross-coupled
benzoporphycene compounds14. (Scheme 2.1.2.1)

Scheme 2.1.2.1: Crossed McMurry coupling reactions between bipyrroles producing
non-centrosymmetric porphycenes.

The desire to reach the dioxaporphycene target (118) led to the investigation of the
McMurry

coupling

reactions

as

a

method

for

cross-coupling

the

two

bipyrrolyldicarbaldehyde (121) and bisfuranylcarbaldehyde species (122).

In order to investigate the viability of the cross-coupling reaction, a pair of suitably
substituted bipyrroles were synthesised (142, 143). (Figure 2.1.2.1)
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Figure 2.1.2.1: Bipyrrole Structures, 4,4'-dihexyl-[2,2'-bipyrrole]-5,5'-dicarbaldehyde
(142) and 3,3',4,4'-tetraethyl-[2,2'-bipyrrole]-5,5'-dicarbaldehyde (143).

Following the methodology of Kuzuhara14 the green crystalline dihexyl-bipyrrole (142)
was synthesised from ethyl-3-n-hexyl propiolate (144) in 5 steps with 31% yield overall.
(Scheme 2.1.2.2)

Scheme 2.1.2.2: Synthesis of dihexyl bipyrrole via key Ullmann coupling.

The tetraethyl bipyrrole (143) was produced following the methodology outlined by
Shevchuk15. The direct precursor (145) was produced by Dr. Lorna Kennedy within the
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Bebbington group. Decarboxylation followed by immediate formylation produced the
bipyrrole (143) with 26% yield over the two steps. (Scheme 2.1.2.3)

Scheme 2.1.2.3: Decarboxylation followed by formylation of tetra-ethyl bipyrrole.

As a cross-coupling substrate, [2,2'-bifuran]-5,5'-dicarbaldehyde (122) was synthesised
by the route outlined by Märkl16. Their adoption of a protected 2-furan-2-yl-[1,3]dioxolane
(146) species allowed oxidative dimerization of the 5-lithio intermediate with copper (II)
chloride to produce the protected intermediate bifuranyl (147). Deprotection in the workup
allowed the collection of target bisfuran (122) in modest yields (25% over two steps).
(Scheme 2.1.2.4)

Scheme 2.1.2.4: Dimerisation of furan leading to the production of 5,5'-diformylbisfuran.

The viability and reproducibility of the cross-coupling reaction was still unknown and
required testing. The methodology was tested with the two available bipyrroles (142, 143),
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which so far had not been cross-coupling partners in any literature McMurry reactions.
The two species were subject to the modified McMurry coupling conditions as outlined by
Kuzuhara. (Scheme 2.1.2.5)

Scheme 2.1.2.5: Cross-coupling of hexyl and ethyl bipyrrole species leading to the
formation of the crossed porphycene product.

The reaction produced the homocoupled products (148, 149) in modest yields, but
excitingly amongst the products was the crossed target (150). The presence was detected
in the 1H NMR spectrum of the crude product with a pair of signals at 9.69 and 9.62 ppm,
separate from the homocoupled products. The sample was obtained after being
chromatographed on silica gel, to yield deep blue crystals.

The structure was confirmed to be the crossed porphycene by a single crystal X-ray
diffraction experiment. The porphycene displayed a planar, aromatic macrocyclic core
found in similar porphycene structures with the pyrrole rings in conjugation with the C=C
double bonds. The space group observed was C12/c1. (Figure 2.1.2.2)

99

Figure 2.1.2.2: X-ray crystal structure of (150) drawn to 50% probability level. Colour
code: C, grey; N, blue; H, white.

With the confirmation of our methodology for cross-coupling and a pair of cross-coupling
partners synthesised, a crossed McMurry reaction between bipyrrole (142) and bisfuran
(122) was attempted. (Scheme 2.1.2.6)

Scheme 2.1.2.6: Reaction between bipyrrole and bisfuran, leading to the unsuccessful
cross coupling.
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Unfortunately, under this set of conditions the reaction only yielded the homo-coupled
products (151, 149) in approximately 1:3 ratio. Should the crossed reaction proceed, we
would expect to see new signals in the NMR spectrum of the crude product in the 5.5~7.0
ppm region from the new crossed macrocycle. However, the reaction did not produce any
components of the signals pertaining to the target crossed dioxaporphycene product
(152) or any further macrocyclic product in the spectra. The total yield for the reaction
was within the normal range by comparison with a typical reaction conducted with a single
dicarbaldehyde species, tentatively suggesting that we had isolated all the macrocycles
present in the crude reaction mixture. We intuitively therefore wished to rationalise this
phenomenon based on the accepted mechanism of the McMurry reaction. We assume
that the more electron-rich pyrrole carbaldehyde (142) is likely to be more difficult to
reduce than the bisfuran species (122). The pyrrole is more electron-rich and therefore
also should be less reactive in the subsequent dimerisation step of the radical anion
species. We hypothesised that under these circumstances the bisfuran might be
consumed much more rapidly than the bipyrrole, leading to the observed selectivity.
(Scheme 2.1.2.7)

Scheme 2.1.2.7: Reaction between bipyrrole and bisfuran, indicating the qualitative
order of coupling events.
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With the concentration of bisfuran (122) diminishing notably more rapidly than that of the
bipyrrole (142), we would expect that the likeliness of cross-coupling to diminish as the
gap in concentrations grows.
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2.1.3 Modifications to the Bisfuran Structure

We wished to diminish the rate of dimerisation in the bisfuran species. The rate of
dimerisation is linked to how accessible the carbonyl is sterically and how readily it can
accept an electron from the McMurry conditions to start the coupling process. We aimed
to achieve this by decreasing the accessibility and reducibility of the carbonyl reaction
centre. We expected that by hindering reactivity for overall McMurry coupling in the
bisfuran, the window available for cross-coupling should increase. As a strategy to reduce
the rate of reaction at that site, a series of substituted bisfuran McMurry substrates were
synthesised.

Diacetylbisfuran (153) was first prepared for this strategy. Using the methodology outlined
by Ono, the compound was obtained in good yields from the palladium-catalysed
dimerisation of 1-(5-bromofuran-2-yl)ethan-1-one (154). Several derivatives of the
bisfuran series were prepared by an alternative strategy, with the addition of a Grignard
reagent to dialdehyde (122) followed by oxidation with manganese (IV) dioxide. The
combined strategy is summarised in Scheme 2.1.3.1.
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Scheme 2.1.3.1: Synthesis of functionalised bisfuran ketone species via two different
routes.

Each method held certain advantages. Ono’s dimerization strategy worked well for
available pre-functionalised furan carbonyl systems however, there were very few
examples of structurally useful, inexpensive furan derivatives that were available for cross
coupling. The direct functionalisation of [2,2'-bifuran]-5,5'-dicarbaldehyde (122) was
simple and elegant but required the addition of an oxidation step following Grignard
addition.

Having obtained a series of functionalised bisfuran compounds (153, 156, 157), the
crossed McMurry coupling reactions were attempted with 4,4'-dihexyl-[2,2'-bipyrrole]-5,5'dicarbaldehyde (142). The results of the dimerisation are summarised in table 2.1.1.
(Scheme 2.1.3.2)
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Scheme 2.1.3.2: McMurry coupling between functionalised bisfuran systems and
dihexylbipyrrole.

Table 2.1.3.1: Results of crossed McMurry coupling reactions between different
bisfuran systems.

Bisfuran species

A(%)

B(149, %)

C(%)

122 (R=H)

151:12

30

N/A

153 (R=Me)

158:12

23

N/A

156 (R=iPr)

N/A

Observed in NMR spectra

N/A

of the crude product

157 (R=4-tBu-aryl)

N/A

Observed in NMR spectra

N/A

of the crude product

In the second series of crossed McMurry reactions there was a reduced rate of homodimerisation and once again only homodimeric products were observable. It seems that
the addition of the large substituents had lowered the rate of dimerisation so significantly,
not even the homocoupled products of the (156, iPr) and (157, 4-tBu-C6H4) samples were
observed under these reaction conditions. This result was a blow to the project, as we
had hoped that the reducibility of the carbonyl centre would be sufficiently lowered with
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our modifications. However, the modifications to the system were inefficient or inadequate
to change the selectivity of the reaction.
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2.1.4 Computational Rationalisation

The underlying assumption is that the rate of reaction was the determining factor in
successful cross-coupling. We hoped to study the likelihood of this hypothesis with the
aid of our computational collaborators: Justyna M. Żurek and Martin J. Paterson of the
Theoretical Photochemistry group, Heriot-Watt University.

The success of crossed McMurry coupling reactions is dependent, in part, on the
reducibility of the reactants17. We hypothesised that for successful crossed McMurry
reactions each compatible coupling partner should have a similar rate of reduction, so
that each reduced species can exist simultaneously at a significant concentration.
Mechanistically it is the single electron transfer (SET) from the reducing metal which is
the rate-determining step in the McMurry reaction18. (Scheme 2.1.4.1)

Scheme 2.1.4.1: Highlight of the key SET featured in the McMurry coupling reaction.

With the aid of the Paterson Group we computed the electron affinity, and thus overall
reducibility, of each bisheterocyclic dialdehyde, in two complementary ways 19. Firstly, we
utilised electron propagator theory (P3 propagator method) to calcuclate the 3rd order
correlated electron affinity (EA) for the LUMO (using the cc-pVTZ basis)20-22. The derived
values for EA are given in table 2. The pole-strengths (PS) of the system are all above
0.85 for the given biheterocycle systems, thus giving us a valid picture of the quasi-single
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particle. Density functional theory (B3LYP functional and cc-pVTZ basis) was used to
complement the results by directly calculating the relaxed electron affinities, as a
difference between geometry optimised neutral and radical anions. (ie. opposite sign
electron attachment energies). In the species studied for the tabulated results, the alkyl
chains of the bipyrrolic species were omitted; it was noted that calibration calculations
with smaller basis sets show the effect of such substitutions to be minimal. (Table 2.1.4.1)

Table 2.1.4.1: Key computational LUMO EA values for a variety of dicarbonyl systems.
Dicarbonyl Derivative

Diformyl-bisfuran (122)

Diformyl-bipyrrole (121)

3rd order

B3LYP

LUMO
EA

Relaxed
EA

LUMO

-0.506 eV

-1.47 eV

PS

0.882

LUMO

-0.003 eV

PS

0.883

Orbital

Dicarbonyl Derivative

Diacetyl-bisfuran (153)

-1.01 eV
Diformyl-bisthiophene (159)

3rd order

B3LYP

LUMO
EA

Relaxed
EA

LUMO

-0.264 eV

-1.24 eV

PS

0.882

LUMO

-0.891 eV

PS

0.884

Orbital

-1.78 eV

The kinetics of the electron transfer from the metal to the carbonyl are governed by the
3rd order LUMO electron affinity. We predict that the rate of formation of the key radical
anion species is closely related to this parameter, as it correlates to the energetic
requirements of the initial electron transfer. The calculated values of relaxed EA derived
from DFT methods also highlight the stability of the radical anions produced.

108

We can observe from the table that the bipyrrole species (121), with a LUMO EA value of
-0.003 eV, is seemingly more difficult to reduce than the bisfurans (122, 153) and
bisthiophene (159) under the same study, which have a much more favourable LUMO
EA of -0.26 eV and -0.89 eV, respectively. The results, corroborated across the two
differing techniques, support our hypothesis that indeed the bisfuran derivatives (122,
153) are more readily reducible, compared to bipyrrole (121), which may substantially
increase the rate of reaction and result in homocoupling. The calculated data could
explain the absence of cross-coupled products in any of our McMurry reactions. Using
the calculated values for the LUMO EA, we can observe that for the bisfuran (122, 153)
and bithiophene species (159) were both negative than that of the bipyrrolic species
(121), by several orders of magnitude. However, as both the diformyl-bisfuran (122, 0.506 eV) and bithiophene (159, -0.891 eV) possess negative LUMO EA values in a
similar region, they could potentially be compatible coupling partners in a crossed
McMurry reaction.
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2.1.5 Validation of Computational Analysis: Synthesis of a Crossed Macrocycle

We thought to corroborate our theory by attempting to cross-couple both bipyrrole (121),
and bisfuran (122), with the new bithiophene species (159). Should our hypothesis about
LUMO EA be correct, then we predict no coupling between bipyrrole (121) and
bithiophene (159), but there should be a possibility of observing a new macrocycle
through the coupling of bithiophene (159) with bisfuran (122).

We sought to synthesise the bithiophene structure (159) and the product was successfully
obtained through the dimerisation of 5-bromothiophene-2-carbaldehyde (160) under
identical conditions as described by Ono previously. (Scheme 2.1.5.1)

Scheme 2.1.5.1: Dimerisation of 5-bromothiophene-2-carbaldehyde (160).

The cross-coupling product profile of [2,2'-bithiophene]-5,5'-dicarbaldehyde (159) was
examined by reaction with 4,4'-dihexyl-[2,2'-bipyrrole]-5,5'-dicarbaldehyde (142) and
[2,2'-bifuran]-5,5'-dicarbaldehyde (122).
Unfortunately, the reaction with the bipyrrole (142) did not result in any observable crosscoupling and the reaction only yielded the expected homo-coupled products. (Scheme
2.1.5.2)
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Scheme 2.1.5.2: McMurry coupling between functionalised bisthiophene (159) and
dihexylbipyrrole (142).

However, as we had previously predicted, through the LUMO EA values of the
compounds, the bisthiophene species (159) was indeed able to cross-couple to [2,2'bifuran]-5,5'-dicarbaldehyde (122). The reaction yielded the heterodimerised macrocycle,
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(162), amongst the expected homo-coupled products (163, 164) from the bisthiophene.
(Scheme 2.1.5.3)

Scheme 2.1.5.3: Crossed McMurry coupling between bisfuran and bisthiophene
systems leading to the production of a crossed macrocycle.

Precise chromatography allowed the isolation of macrocycle (162), the structure of the
sample was determined following the extraction of crystals suitable for an X-ray diffraction
experiment. (Figure 2.1.5.1)
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Figure 2.1.5.1: Elipsoid projection of (3Z,7Z)-1,2(2,5)-Difurana-5,6(2,5)dithiophenacyclooctaphane-3,7-diene at 50% level. Colour code: C, grey; S, yellow; O,
red; H, white.

The macrocycle follows a similar motif to the crossed porphycene macrocycle (151) but
is not fully planar, as it cannot readily be aromatised to an 18π-electron system. The furan
rings appear to be in conjugation with the C=C double bonds, the O1–C11–C10–C9
dihedral angle is 5.0°. The larger, bulkier thiophene rings are rotated out of the ring plane
significantly, with S2–C8–C9–C10 dihedral angle of 24.9°.
The results obtained from the two cross-coupling reactions give supporting evidence for
the theoretical model developed in this study; the compounds obtained and reactions
observed provide backing to the validity of the LUMO EA values as a key factor in crossed
McMurry coupling.
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2.1.6: Section Summary

This study of reactions for porphycene macrocycle production, has examined the
prospect of cross-coupling several bipyrroldicarbaldehydes with bisfuran and bithiophene
counterparts. The viability of the cross-coupling pathway for the synthesis of
dioxaporphycene target (118) was evaluated using computational chemistry and backed
up with experimental evidence. Successful McMurry cross-coupling reactions were able
to produce crossed porphycene (150) and a new class of macrocycle (162). However, the
experimental investigation with bisfurancarbaldehydes could not establish a route to the
elusive dioxaporphycene (118).

The computational support has allowed the development of a new outlook to view the
cross-coupling conditions of the McMurry reaction. Further examination of the LUMO EA
values could be incorporated into the design of future McMurry reactions. Having a
calculable value to each compound to examine the prospect of cross-coupling has a
number of advantages to the prospect of dioxaporphycene synthesis. Computational
examination of functionalised bipyrrole systems could potentially open the door to a
reaction to reach our target compound.

The charge density of the pyrrolic carbonyl is substantially higher than that of the furan
derivative. Functionalisation with highly electron withdrawing groups has the potential to
distribute the charge away from the reaction centre. Future work on the crossed McMurry
project should focus on evaluating the addition of tri-fluoroacetyl groups (165), further 3,4pereipheral functionalisation (166), N-protection of the bipyrrole (167), and combined
systems (168) on the effects of the LUMO EA value. (Figure 2.1.6.1)
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Figure 2.1.6.1: Potential cross-coupling partners of bisfuran motifs for future
consideration.

Such derivations in the structure of the bipyrrole is modestly achievable and the chemistry
has prescience and could represent one method for the synthesis of target
dioxaporphycene (118) through crossed McMurry reaction.
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2.2 Carbazole Based Porphycene Macrocycles
2.2.1 Introduction to Peripheral Functionalisation Project

There are two divergent methods for functionalising porphycene compounds: the prefunctionalisation of bipyrrole porphycene precursors and the modification of postaromatisation porphycene macrocycles. Peripheral functionalisation of porphycenes is
achievable through various electrophilic substitution reactions1. However, broad scope
examples of peripheral functionalisation is limited and as examined in the introduction
chapters, introducing additional groups to porphycenes is a difficult task. (Scheme
2.2.1.1)

Scheme 2.2.1.1: Synthesis of 9-hydroxyl substituted porphycenes (111), used as an
intermediate for coupling reactions towards clinically active porphycenes.

The majority of peripheral functionalisation is introduced at the stage of the parent pyrrole
or bipyrrolic stage. As a result of the traditional difficulty in directing selectivity to the 3and 4-positions of pyrrole, most examples of 2,7,12,17-functionalisation of porphycenes
involve simple alkyl and aryl substitution23-24. The difficulty arises in functionalising
pyrroles in the 3 and 4 positions (170), they are the least reactive positions in pyrrole and
reactions are directed there only with the introduction of strongly electron-withdrawing
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groups (171, COCCl3) or by steric hindrance of the 2/5 positions (172, N-TIPS)25-26.
(Scheme 2.2.1.2)

Scheme 2.2.1.2: Approaches to functionalising 3,4-substituted pyrroles.
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2.2.2 Introduction to Benzo[2,1-b:3,4-b']bipyrrole Target

In order to access porphycene structures functionalised at the 2,7,12,17-position, a new
bipyrrole platform (incorporating the desired functionality) is required. By analogy with
indole (173), where 3-substitution is straightforward we can envision a similarly structured
bipyrrolic moiety (174). (Figure 2.2.2.1)

Figure 2.2.2.1: Structural comparison between indole and benzo[2,1-b:3,4-b']bipyrrole

The groups of Sessler and Panda have incorporated the benzo[2,1-b:3,4-b']bipyrrole
structure into a porphycene27-28. The two groups followed a similar methodology, starting
from ethyl α-oxocarboxylates (175), to produce fused porphycenes (176-178) over 5
steps in 4-13% over all yields. (Scheme 2.2.2.1)

119

Scheme 2.2.2.1: Synthesis of Dinaphthoporphycenes by Sessler and Panda27-28.

So far this is the only porphycene structure which incorporates the benzo[2,1-b:3,4-b']
bipyrrole (174) and the synthesis from ethyl α-oxocarboxylates (175) does not allow the
introduction of much structural diversity.

We aimed to re-examine the synthetic route to arrive at the benzo[2,1-b:3,4-b']bipyrrole
by alternative strategies that would enable the incorporation of additional functionality
based on electrophilic substitution by analogy with indole reactivity. Dissecting the
structure of the benzo[2,1-b:3,4-b']bipyrrole (174), we can conduct a retrosynthesis to
arrive at a 3,3’-bridged pyrrole species (179). (Scheme 2.2.2.2)
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Scheme 2.2.2.2: Retrosynthesis of benzo[2,1-b:3,4-b']bipyrrole forming 3,3-linked
pyrrole system.

To access the 3,3’-bridged pyrrole species (179) we devised several potential avenues
for its synthesis. Outlined in this chapter are efforts towards a new route to the benzo[2,
1-b:3,4-b']bipyrrole system (174), discussing the chemistry which led to the synthesis of
several lead compounds in this field.

We hoped that such an intermediate would open up a new class of bipyrroles which could
give access to a new chapter of selective functionalisation of porphycenes. Furthermore,
the benzo[2,1-b:3,4-b']bipyrrole motif (174) would be an attractive candidate for research,
as its related thiophene derivative (180) has already attracted great interest in the field of
molecular electronics and photovoltaic cells29 (Figure 2.2.2.2).

Figure 2.2.2.2: Core structures of the target benzo[2,1-b:3,4-b']bipyrrole motif (174),
with benzo[2,1-b:3,4-b']dithiophene (180).
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2.2.3 Benzo[2,1-b:3,4-b']bipyrrole via Diethyl 3,3'-(1,2-phenylene)dipropiolate

In route to functionalised porphycenes, one tactic which has been employed is the
generation of pre-functionalised pyrroles through a copper-catalysed cyclisation of
alkynes with isocyanides30. Outlined by Kimijo is the regioselective synthesis of
substituted pyrroles (181, 182), controlled by the catalyst. (Scheme 2.2.3.1)

Scheme 2.2.3.1: Established synthetic routes to pyrroles considered for application to
diethyl 3,3'-(1,2-phenylene)dipropiolate.

We opted to adapt this pyrrole synthesis and build pyrrole functionality directly onto a 1,2diethynylbenzene motif (183). Following the synthesis of the dipyrrolebenzene species
(183), we hoped to emulate some of the work conducted by Sarma 28 in producing the
fused naphthobipyrrole motif (184), but through a different synthetic strategy involving an
oxidative coupling step on a phenylene bridge bypyrrole intermediate. (Scheme 2.2.3.2)
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Scheme 2.2.3.2: Synthetic plan of pyrrole synthesis from a 1,2-dialkynyl benzene,
followed by oxidative bridging of the species, with the Sarma28 route for reference.

Initial synthesis of the 1,2-dialkynylbenzene (185) was performed via a double CoreyFuchs reaction32, following the methodology outlined by Borst33. Thus a, sample of 1,2diformylbenzene (186) was converted into 1,2-diethynylbenzene (185) via the 1,2-bis(2,2dibromovinyl)benzene intermediate (187) in 25% yield over the two steps. (Scheme
2.2.3.3)

Scheme 2.2.3.3: Synthesis of 1,2-dialkynylbenzene via method outlined by Borst33.
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The electron-withdrawing group which is required for the cyclisation was chosen to be the
ethyl ester, to reflect the conjugated alkynes used in previous cyclisations. The bis-alkyne
species (185) was readily converted into the bis-ester (186) through the synthetic route
offered by König34. (Scheme 2.2.3.4)

Scheme 2.2.3.4: Addition of ester groups to the dialkynyl benzene system.

The pyrrole synthesis was then attempted using the cyclisation methodology described
by Kamijo30. However, the results of the reaction were mixed. Utilising the phosphine
catalyst, dppp (1,3-bis(diphenylphosphino)propane), no reaction occurred. (Scheme
2.2.3.5)

Scheme 2.2.3.5: Attempts at pyrrole installation onto dialkynyl benzene system.
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Examining the mechanism of the reaction, Kamijo describes a zwitterionic intermediate
(188) with the phosphine and the aryl group attached geminal within the alkene structure.
It can be speculated that this highly hindered transition state is inaccessible in our case
due to the steric strain afforded by the ortho-disubstituted benzene starting material.
(Scheme 2.2.3.6)

Scheme 2.2.3.6: Formation of ionic intermediate from the bisphosphine catalyst.

The copper-based cyclisation reaction afforded some modicum of success with the diethyl
3,3'-(1,2-phenylene)dipropiolate. From the reaction, the monocyclised product (189) was
identified and successfully isolated in low yield, 14%. Further reaction to the target
compound, under re-exposure to the same copper-based conditions, was not observed
and efforts to complete the additional cyclisation on the monopyrrole (189) were
unsuccessful. (Scheme 2.2.3.7)
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Scheme 2.2.3.7: Attempts at further cyclisation reaction on the monocyclised species.

With the final cyclisation proving to be troublesome, we opted to diverge from our
attempted synthesis of the naphthobipyrrole motif.
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2.2.4 Benzo[2,1-b:3,4-b']bipyrrole via Phenazine Based Polycycles

Homopropargylamines are systems which can be easily prepared by the addition of a
propargyl Grignard reagent to a Schiff base. At room temperature with a silver(I) catalyst,
the structure cyclises to afford a useful route to pyrroles. This methodology developed by
Agarwal in 200435 follows the same mechanistic approach used in several indole
syntheses36, and allows convenient access to pyrrole rings (190) through the readily
accessible homopropargylamine motif (191). (Scheme 2.2.4.1)

Scheme 2.2.4.1: Silver-catalysed cyclisation reaction developed by Agarwal.

In 2011 Lindner and co-workers published a study on the preparation and conversion of
several diaminophenazine motifs (192) which they had fused to 2,3-dichloroquinoxaline
(193) to form stable hexacenes(194)37. (Scheme 2.2.4.2)
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Scheme 2.2.4.2: Formation of hexacene from the diaminophenazine motif as described
by Lindler.

Their intermediate bis(ortho-alkynyl)phenlyene diamine (192) echoes the structural motif
employed by Agarwal for pyrrole synthesis. Interestingly, there has been no detailed
exploration of the reactivity of intermediate (192), and as far as we are aware no efforts
have been carried out to synthesise a fused naphthobipyrrole (195) from this structure.
We hoped to utilize the Agarwal method for pyrrole synthesis on this dialkynyldiaminophenazine system (192) and proceed to explore the chemistry of fused
naphthoporphycenes (196). (Scheme 2.2.4.3)
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Scheme 2.2.4.3: Formation of fused dipyrrole phenazine as a porphycene precursor
from diaminophenazine.

We predicted that there will be some advantages to preparing porphycenes from dipyrrole
phenazine; we expected the electron-poor ring system to make the intermediates in any
coupling reaction to be more stable to oxidation. The electronic effects of the fused
quinoxaline on the porphycene system have not been explored and may confer
substantially different properties to the porphycene systems known today. Perhaps the
stability of oxidative intermediates might open up the possibility of coupling reactions
besides the dialdehyde and McMurry route, which suffers from low product yields. The
potential porphycene structure is significantly diversified from the catalogue of
porphycenes currently available and as such the structure is an interesting topic to study.

We started the attempted synthesis by following the chemistry of Lindner. With the
synthesis of 2,3-diaminophenazine (197). The inefficient, but reliable, iron (III)-promoted
dimerization of o-phenylaminediamine (198) afforded the phenazine(197)38, which was
then iodinated to yield 1,4-diiodophenazine-2,3-diamine (199) in a modest 11% yield over
two steps. (Scheme 2.2.4.4)
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Scheme 2.2.4.4: Formation of diiodophenazine from o-phenalinediamine.

We experienced great difficulty in the handling of the phenazines (197, 199) at this point.
Indeed, with an entirely planar structure the phenazine motif is relatively insoluble in
common solvents. Modifications to the structure of the phenazine to enhance its solubility
were highly desirable. As the forward synthesis of the iodophenazine (199) was rather
low yielding, an alternative synthesis of alkyl-functionalised phenazine derivatives was
explored.

To achieve the desired enhancements in the solubility of the compound, we opted to
replace the aryl ring stemming from the 7 and 12 positions of the structure with flexible
alkyl substituents as in quinoxaline (200). In order to synthesise the bis(alkyl)quinoxaline
structure (200), we explored the heterocycle condensation reactions between dialkyl-1,2diones (201) and aryl-diamines (202). (Scheme 2.2.4.5)
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Scheme 2.2.4.5: Substitution of phenazine with alkyl quinoxaline derivatives; and
retrosynthesis to alkyl-dione species and aryl-diamines.

As the tetraaminobenzene species (202) is rather tedious to synthesise39, we had opted
to nitrate o-phenylenediamine (198), which, following reduction, would be used in the
heterocycle condensation. (Scheme 2.2.4.6)

Scheme 2.2.4.6: Plan of synthesis for diaminoquinoxaline from protected o-phenaline
diamine species.

The diones (203, 204) used in this reaction were obtained through the addition of alkyl
lithium and alkyl Grignard reagents to the 1,4-dimethylpiperazine-2,3-dione (DMPD)
electrophile (205), as described by Mueller-Westerhoff40. In our reactions, we observed
that the addition of the nucleophile proceeds cleanly when the organolithium is used,
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more so than when using a Grignard reagent, echoing the findings of the parent article.
(Scheme 2.2.4.7)

Scheme 2.2.4.7: Synthesis of alkyl-diones from the addition of alkyl lithium and
Grignard reagents to DMPD electrophile.

With tetradecane-7,8-dione (203) and 4,5-dinitrobenzene-1,2-diamine (206) available,
the

condensation

reaction

was

undertaken

and

yielded

the

2,3-dihexyl-6,7-

dinitroquinoxaline (207) in good yields. The compound was then reduced over palladium
on carbon, with hydrazine monohydrate as the source of hydrogen41 forming the target
bis(alkyl)quinoxaline structure (208). (Scheme 2.2.4.8)

Scheme 2.2.4.8: Synthesis of hexylquinoxaline through the condensation of
tetradecane-7,8-dione with 4,5-dinitrobenzene-1,2-diamine.
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Before proceeding with the diiodination of the bis(alkyl)quinoxaline (208), we attempted
a test reaction probing the viability of the Sonogashira reaction in the original Lindlar
communication. The synthesis of the dialkynyl phenazine (209) was attempted on the
diBoc-protected diiodophenazine derivative (210) of (199). (Scheme 2.2.4.9)

Scheme 2.2.4.9: Boc-protection of diiodophenazine, followed by attempted
Sonogashira coupling.

Unfortunately, the literature procedure could not be repeated within our laboratories.
Several variations on the original procedure described by Lindlar were also attempted.
However, no addition product was observable. Control reactions to examine the reaction
on a simple iodobenzene (211), were successful. However, transferring the same
procedure to 1,4-diiodophenazine-2,3-diamine (210) proved unsuccessful and prevented
further progress in this sequence. The table of results summarises the efforts conducted
to perform the Sonogashira coupling reaction. (Table 2.2.4.1)

133

Table 2.2.4.1: Sonogashira reaction summary.
Reactant

Alkyne

Pd cat. and reaction cond.

Yield

PdCl2(PPh3)2, CuI, (iPr)2NH, THF

94%*

PdCl2(PPh3)2, CuI, (iPr)2NH, THF

No reaction

PdCl2(PPh3)2, CuI, NEt3, THF

No reaction

PdCl2(PPh3)2, CuI, (iPr)2NH, Toluene

No reaction

PdCl2(PPh3)2, CuI, NEt3, DMF

No reaction

With the unfortunate setback in following Lindlar’s alkynylation procedure, we decided to
shift focus and explore the most successful aspect of this synthesis, that of the DMPD
electrophile.
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2.2.5 DMPD as an Intermediate for Benzo[2,1-b:3,4-b']bipyrrole

Another approach to attaining the fused naphthobipyrrole motif (195) would be to
disconnect the structure directly at the 2,2’-bipyrrolic link. We could then substitute the
naphthalene ring (212) with a quinoxaline (213), a system which we had accessed
previously.

Reversing

the

heterocycle

condensation

would

return

to

an

o-

phenylenediamine (214) and a 1,2-dipyrrol-3-ylethane-1,2-dione (215) as starting
materials. (Scheme 2.2.5.1)

Scheme 2.2.5.1: Retrosynthesis of the fused naphthobipyrrole motif.

Access to o-phenylenediamine derivatives (214) was achieved through several avenues.
In one method, nitration of 1,2-dibromobenzene (216) was conducted, this yielded 1,2dibromo-4,5-dinitrobenzene (217) in a modest yield, which was a viable target for
alkylation through a Sonogashira coupling reaction with oct-1-yne. The resultant 1,2dinitro-4,5-di(oct-1-yn-1-yl)benzene (218) was fully reduced in one pot to yield 4,5dioctylbenzene-1,2-diamine (219). Another route which was adopted was through the
alkylation of catechol (220). We were able to functionalise catechol (221) in reliable yields
by conducting a double SN2 reaction with an alkyl halide. Nitration, followed by reduction
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of the dinitro-catechol (222) afforded the dialkoxyl-diamino-benzene (223) in good yields.
(Scheme 2.2.5.2)

Scheme 2.2.5.2: Two approaches to the synthesis of alkyl and alkoxyl substituted ophenalinediamine systems.

The 1,2-dipyrrol-3-ylethane-1,2-dione (215) has been previously reported by Foitzik42,
where a N-tosyl-protected pyrrole was subject to Friedel-Crafts conditions with oxalyl
chloride. We tried to repeat this reaction under the same conditions as Foitzik. However,
the reaction proved unreliable and the compound was only obtainable in trace amounts.
In lieu of the success achieved with the addition of various nucleophiles with the DMPD
electrophile we had opted to investigate the possibility of developing a pyrrole reaction
platform with the ability to generate a lithium at the 3-position. In order to functionalise the
3-position of pyrrole (224), one can deactivate the structure with the addition of an
electron-withdrawing group at the N-position of the pyrrole; or, the 2- and 5-positions
could be sterically blocked off with the addition of a bulky protecting group at the Nposition43.
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We opted to explore the chemistry of 3-substituted pyrroles, with the aid of a Ntriisopropylsilyl protected pyrrole (225). The protection is easily installed by reaction of
triisopropylsilyl chloride with the deprotonated pyrrole. Bromination of N-triisopropylsilyl
pyrrole, proceeds in modest yield with a tendency to over brominate (226, 227) under the
described conditions. (Scheme 2.2.5.3)

Scheme 2.2.5.3: Synthesis of 3-bromo-(N-triisopropyl)pyrrole.

3-Bromo-(N-triisopropyl)pyrrole (226) undergoes lithium-halogen exchange readily and is
a reliably generated nucleophile for addition reactions. We examined the reactivity of the
(N-triisopropyl)pyrrole-3-lithium (228) species with the DMPD electrophile (205), and
indeed the reaction proceeded to yield the 1,2-bis(1-(triisopropylsilyl)-pyrrol-3-yl)ethane1,2-dione (229) in useful yield. (Scheme 2.2.5.4)
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Scheme 2.2.5.4: Synthesis of 1,2-bis(1-(triisopropylsilyl)pyrrol-3-yl)ethane-1,2-dione
from the lithiation of 3-bromo-(N-triisopropyl)pyrrole.

The reaction was difficult to handle however. In order to maintain a stable organolithium
species, reaction was conducted at -78 oC. At those temperatures, the DMPD electrophile
species (205) to which the sample (228) is added is not very soluble. We thought to
investigate if alternative electrophiles would be more suitable. Based on the oxalyl
chloride motif (230), we had synthesised several combinations of leaving groups to
investigate a range of electrophiles for the addition. We were successful in preparing
several derivatives of the oxalyl diamide motif: designs based on diphenyl urea (231),
morpholine (232), and 1,4-dibutylpiperazine-2,3-dione (233) (a system based on DMPD).
(Scheme 2.2.5.5)

Scheme 2.2.5.5: Synthesis of modified DMPD-like electrophiles from oxalyl chloride
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The samples were tested under identical reaction conditions as the initial addition to
DMPD, and the results of the reactants are summarised in table 2.2.5.1. (Scheme 2.2.5.6)

Scheme 2.2.5.6: Addition of 3-lithium-(N-triisopropyl)pyrrole to newly designed
electrophiles.

Table 2.2.5.1: Results of 3-lithium-(N-triisopropyl)pyrrole addition to new electrophiles.
Electrophile

Yield/Comments

205

58% isolated yield of 229.

230

Return of debrominated starting material.

231

Return of debrominated starting material.

232

Return of debrominated starting material.

233

62% isolated yield of 229.
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Although the solubility of the reactants improved, disappointingly the reaction did not
show any improvement in the variation of the electrophile. The only comparable result
was obtained with the dibutylpiperazine derivative (233), which resulted in a very modest
increase in yield.

The 1,2-bis(1-(triisopropylsilyl)-1H-pyrrol-3-yl)ethane-1,2-dione (229) was deprotected
readily with the use of tetrabutylammonium fluoride as the fluoride source. The reaction
proceeded rapidly and the deprotection was complete within seconds from introduction
allowing isolation of the target 1,2-dipyrrol-3-ylethane-1,2-dione (234) in moderate yield.
(Scheme 2.2.5.7)

Scheme 2.2.5.7: Deprotection of 1,2-bis(1-(triisopropylsilyl)-1H-pyrrol-3-yl)ethane-1,2dione with TBAF.

Now that we had secured a reliable synthesis of 1,2-dipyrrol-3-ylethane-1,2-dione (234)
and o-phenylenediamine derivatives (219, 223), the heterocycle condensation was
attempted. Several cyclisation conditions were attempted including acid catalysis (AcOH),
solid resin catalysis (Amberlyst-15) and neutral conditions, all of which yielded products
with good yields. Several 2,3-dipyrrol-3-yl-quinoxaline derivatives (235-237) were thus
obtained and characterised. (Scheme 2.2.5.8)
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Scheme 2.2.5.8: Synthesis of 2,3-dipyrrol-3-yl-quinoxaline derivatives.

The fused diazanaphthobipyrrole motif (235-237) was now almost complete with only the
final 2,2’-bipyrrole bond left to be formed. We hoped to complete this by oxidative coupling
of the bipyrrole and therefore to synthesise a series of porphycene derivatives from this
quinoxaline motif. We attempted several bridging reactions to form the bipyrrole target,
starting initially with the conditions described by Wang in 2008 44, where the group had
coupled together indolocarbazole-quinoxalines (238) to form a similar bipyrrole bridge
(239) with DDQ and trifluoroacetic acid. (Scheme 2.2.5.9)

Scheme 2.2.5.9: Bridging of indolocarbazole-quinoxalines with DDQ and TFA.
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The close similarity in the platform synthesised by Wang and our 2,3-dipyrrol-3-ylquinoxalines (235-237) had led us to believe the possibility of forming the target under
these conditions. However, subjecting several of our quinoxaline systems (236, 237) and
the pre-cyclised pyrrole dione (229) did not yield the desired fused target. The starting
material for the reaction was consumed but affording a mixture of unrecognisable,
decomposed materials according to NMR analysis of crude products.

Undeterred by the initial result, we carried on exploring further oxidative coupling
conditions to bridge the two pyrrole moieties together. Conditions which were attempted
had precedent in previous bridging reactions. Oxidants which were employed ranged from
simple transition metals and organic oxidants to the employment of UV radiation. The
results of the investigations are summarised in table 2.2.5.2. (Scheme 2.2.5.10)

2.2.5.10: Oxidative bridging of substituted 2,3-dipyrrol-3-yl-quinoxaline.

Table 2.2.5.2: Oxidative bridging reaction attempted (highlighted) on substituted 2,3dipyrrol-3-yl-quinoxaline derivatives, all reactions consumed the starting material and
was analysed by NMR following workup.
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Reactants

Reaction conditions

(229)

(237) R: n-octyl

(236) R: iPentoxyl

TFA + O2

Consumed SM

N/A

Consumed SM

TFA + DDQ

Consumed SM

Returned SM

Consumed SM

Benzoquinone

Consumed SM

N/A

Consumed SM

p-Chloranil

Consumed SM

N/A

Consumed SM

PIFA/TMSBr

Consumed SM

Trace detection

Consumed SM

FeCl3

Trace detection

N/A

Consumed SM

MnO2

Consumed SM

N/A

Consumed SM

CAN

Consumed SM

N/A

Consumed SM

UV lamp (λ:384nm)

Consumed SM

N/A

N/A

In most instances of the reactions attempted, the starting material was fully consumed as
observed by TLC analysis and confirmed as such by the NMR spectrum following the
work up. Unfortunately for the majority of reactants there was no sign of the target bridged
product. However, for two of the conditions we observed some reactivity with iron(III)
chloride on pyrrole dione (229), and PIFA on quinoxaline (236) we observed trace
conversion to product.
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As this was not a conclusive detection, we proceeded to follow careful analysis for the
most promising reaction of the pair, the reaction of FeCl3 with pyrrole dione (229). In this
reaction we obtained full consumption of the starting material and we observed in the 1H
NMR spectra of the crude product the trace signals which could be attributed to the
desired 1,8-dihydropyrrolo[3,2-]indole-4,5-dione (240) species. (Figure 2.2.5.1, 2.2.5.2)

Figure 2.2.5.1: SM NMR spectrum for 1,2-di(1H-pyrrol-3-yl)ethane-1,2-dione.
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Figure 2.2.5.2: NMR spectrum of suspected 1,8-dihydropyrrolo[3,2-]indole-4,5-dione.

With the spectra displaying notable peaks at 11.81 ppm (2H, (br.s)), 6.79 ppm (2H, s),
and 6.39 (2H, s), observable in a sample with deuterated DMSO we tentatively assigned
the peaks to the crude sample of grey residue as 1,8-dihydropyrrolo[3,2-]indole-4,5-dione
(240). (Figure 2.2.5.3)
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Figure 2.2.5.3: 1,8-dihydropyrrolo[3,2-]indole-4,5-dione (240) with temporary NMR
signal assignments and comparison to starting material peak assignments.

Unfortunately, despite extensive efforts to extract the compound for further
characterisation, the compound remained elusive and was unable to be isolated.
Furthermore, the time frame of the project had only allowed exploratory attempts at the
synthesis of the quinoxaline bipyrrole motif and at this stage we chose to bring our studies
to a close.
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2.2.6 Section Summary

As an alternative suggestion to the fused pyrrole target, the chemistry of 2trichloroacetylpyrrole (241), formed from bipyrrole (242), could be explored which reacts
with electrophiles at the 4-position26. Selective diformylation of bis(2,2’-trichloroacetyl)bipyrrole (242)[21] may lead to dialdehyde (243). Following the diformylation an
intramolecular benzoin condensation45 could be attempted, forming the target bipyrrole
(244) and achieving access to a precursor compound which could be easily functionalised
for porphycene synthesis. (Scheme 2.2.6.1)

Scheme 2.2.6.1: Proposed synthesis of 1,8-dihydropyrroloindole-4,5-dione via
trichloroacetyl bipyrrole system.

The trichloroacetyl method represents another potential method to attempt the synthesis
of that bipyrrole motif. As difficult as it was to form that final bond with our previous
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attempts by oxidation, we feel that the completion of the structure is extremely close and
within reach.

In conclusion, attempts had been made to synthesise several fused bipyrrole species
containing naphthalene and quinoxaline functionality. A diverse range of chemistry was
explored including multiple heterocycle cyclisation reactions, and organolithium
chemistry. Key intermediates were synthesised and characterised on the way towards
the target but unfortunately, we were unable to isolated the desired targets within the
duration of this PhD project.
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2.3 Sequential Synthesis of Dioxaporphcene Macrocycles
2.3.1 Re-examination of Dioxaporphycene Target

In the previous chapters, we were successful in producing and isolating a novel
macrocycle containing two thiophenes and two furans through the McMurry cross
coupling reaction. Unfortunately, the macrocycle (162) is not suitable for TPA because it
cannot be aromatised to a neutral heteroporphycene compound without the additional
protons from nitrogen, which once removed, aromatises to give the 18π-electron system.
Although the McMurry reaction has been utilised in the synthesis of sister compounds to
the dioxaporphycenes series (152)46, it has proved to be unreliable for the cross coupling
of the bi-heterocyclic systems. For the main dioxaporphycene targets (118, 119) of this
research, an alternative and divergent synthesis is required of to unlock access to our
target dioxaporphycenes. (Scheme 2.3.1.1)

Scheme 2.3.1.1: Unsuccessful McMurry coupling of 5-(5-formylfuran-2-yl)-1H-pyrrole-2carbaldehyde.
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We were now focused on exploring chemical routes towards the dioxaporphycene
structure (119), where the oxygens are placed on alternative positions isomer (118) of the
preceding scheme. (Figure 2.3.1.1)

Figure 2.3.1.1: Current dioxaporphycene targets.

Re-examining the structure of the target compound (119) and performing retrosynthetic
analysis, several points can be deduced: traditional disconnections for porphycenes are
made along the ethene bridge, to return two opposing bis-heterocyclic moieties (245)
(Scheme 2.3.1.2).

Scheme 2.3.1.2: Retrosynthetic analysis of dioxaporphycene (118).
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However, as that approach requires the adoption of the McMurry coupling, an alternative
disconnection was explored. Another approach would be to disconnect the structure
independently at an alkene terminus, returning a functionalised mono-heterocycle (246).
Such a structure might then be accessible through the traditional synthesis from
heterocycles of type (247). (Scheme 2.3.1.3)

Scheme 2.3.1.3: Alternative retrosynthesis of non-centrosymmetric dioxaporphycene.

Our approach was to start from a heterocycle platform of established synthetic
accessibility from the “left-hand” side, 1,2-difuran-ethene-like system (247), and to
synthesise a terminal pyrrole moiety towards the right-hand side of the structure (248).
(Scheme 2.3.1.4)

Scheme 2.3.1.4: Proposed forward synthesis of non-centrosymmetric porphycene
intermediate.
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2.3.2 Review of Pyrrole Synthesis

The traditional and most simple method of synthesising pyrroles (249) is through the PaalKnorr synthesis, where pyrroles are readily derived from a condensation reaction between
a 1,4-dicarbonyl species (250) and a nitrogen source47. Other more modern examples
include the manipulation of an enyne species through the cross metathesis of
propargylamines (251)48, palladium-catalysed oxidative construction of pyrroles on nhomoallylic amines (252) with arylboronic acids (253)49, as well as ruthenium-catalysed
multicomponent reactions with ketones (254) and diols (255)50. Additionally, n-methyl
pyrrole (256) can also be directly acylated under mild conditions using iodide as an
activating agent51. (Scheme 2.3.2.1)

Scheme 2.3.2.1: Methods for synthesising pyrroles from classical to modern examples.
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With many avenues for pyrrole synthesis available, we identified a suitable approach,
which might be applicable to the synthetic building block (247) devised from the
retrosynthesis. (Scheme 2.3.1.3)
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2.3.3 Furoin, Furil and Difuranyl-Quinoxaline

Within our lab, we had access to several heterocycle benzoin condensation products
derived from furfural (257) such as furoin (258) and the oxidised structure furil (259). As
the structure of furil (259) closely resembles the 1,2-difuran-ethene (247), it became an
attractive compound to build forth functionality. Furoin/furil compounds were very simple
to synthesise and, without too much optimization, samples could be obtained on gram
scale in two simple steps52. (Scheme 2.3.3.1)

Scheme 2.3.3.1: Synthesis of furil from furfural via NHC-catalysed dimerisation,
followed by oxidation via manganese (IV) oxide.

Furil followed similar reactivity to furan and electrophilic substitution is directed to the 5position of the structure, allowing for the construction of the pyrrole through electrophilic
acylation and condensation reactions. Exploration of the chemistry of furil rapidly made
the compound the preferred choice for our project. However, before beginning my
synthetic modification I wished to block side reactions involving the potentially vulnerable
dione bridge. At this point of the PhD project, the group had access to ophenylenediamine (198) and its derivative (223), discussed within previous chapters. The
diamine compounds were therefore used in a condensation reaction with furil (259) that
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successfully afforded functionalised 2,3-difuranquinoxaline structures (260, 261), limiting
exposure to potential side reactions. (Scheme 2.3.3.1)

Scheme 2.3.3.1: Synthesis of functionalised quinoxaline structures from furil and
functionalise o-phenylenediamine species.

Whereas furil (259) itself was found to be unreactive towards Vilsmeier-Haack
formylation, introduction of the quinoxaline increased the reactivity of the furil platform,
and functionalisation of the 2,3-difuranquinoxaline structures (260, 261) reacted
successfully. Thus, the 5,5’-positions of the quinoxaline furans were successfully
bisformylated under Vilsmeier-Haack conditions to produce two dialdehydes (262, 263)
with excellent yields. (Scheme 2.3.3.2)

Scheme 2.3.3.2: Formylation of difuranyl-quinoxaline structures under Vilsmeier-Haack
conditions.
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With this new and reactive aldehyde group installed, attempts were made to extend the
functionality of that group towards the 1,4-dione structure (250) for classical Paal-Knorr
pyrrole synthesis.
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2.3.4 Conversion Methods to 1,4-Dione

To reach our target 1,4-dione, we initially explored 2 options, beginning with a bisallylation
reaction, similar to that of the Barbier reaction, as described by Nayak and Dam53-55. Their
methodologies facilitated the conversion of the aldehyde (264) into a homoallylic alcohol
(265), which has been used as a direct precursor in an alternative pyrrole (266) synthesis
mediated by an NHC-ligated copper complex (267)49, 56 (Scheme 2.3.4.1).

Scheme 2.3.4.1: Representative scheme for pyrrole synthesis via allylation of aromatic
aldehydes.

Our experiments with this methodology suggested consumption of the starting materials.
However, NMR analysis of the reaction mixtures revealed only traces of the target
compounds (268, 269) and yielded mainly polymeric material which was removed upon
a filtration. (Scheme 2.3.4.2)
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Scheme 2.3.4.2: Allylation conditions described by Nayak and Zhu, applied
unsuccessfully to the difuranyl-quinoxaline system.

In parallel to the above reactions we were exploring an alternative approach to reach our
targets. We had adopted a synthetic strategy which employed the Stetter reaction 57.
Classical examples of the Stetter reaction use cyanide ions as a nucleophilic catalyst
which enables a polarity inversion of an aldehyde (270), allowing it to turn from an
electrophile to a nucleophile. This allows the irreversible 1,4-addition of aldehyde groups
(270) to several electrophiles (271) in an example of umpolung reactivity. (Scheme
2.3.4.3)
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Scheme 2.3.4.3: Stetter reaction catalytic cycle for the formation of 1,4-diones.

Opting to avoid the use of potassium cyanide, we explored the alternative use of a
thiazolium salt (272) as a pre-catalyst, and we were successful in the double addition of
the 2,3-difuranquinoxaline (260) to methyl vinyl ketone (273), producing 1,1'-(quinoxaline2,3-diylbis(furan-5,2-diyl))bis(pentane-1,4-dione) (274) in modest yields. The bi-1,4-dione
(274) was then subjected to Paal-Knorr conditions, with high concentrations of ammonia
in ethanol, trivially yielding the 2,3-bis(5-(5-methyl-1H-pyrrol-2-yl)furan-2-yl)quinoxaline
(275) structure in excellent yields. (Scheme 2.3.4.4)

159

Scheme 2.3.4.4: The synthesis of furan-pyrrole-quinoxaline system through a key
Stetter reaction, followed by a Paal-Knorr pyrrole synthesis.
Scheme 2.3.4.4: The synthesis of furan-pyrrole-quinoxaline system through a key
Stetter reaction, followed by a Paal-Knorr pyrrole synthesis.
Scheme 2

3.4.4: The synthesis of furan-pyrrole-quinoxaline system through a key Stetter reaction,
followed by a Paal-Knorr pyrrole synthesis.
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2.3.5 Oxidation of 2-Methylpyrrole

With a structure (275) which is only a single C-C bond away from the target
heteroporphycene (276), we were excited to attempt the final steps. We had followed
methodology that required oxidation of the terminal methyl groups to install a suitable
functional group for elaboration to the requisite aldehydes. We subjected the sample to
varying oxidising agents, with the goal to install an aldehyde (277) or a carboxylic acid
group (278) at the site of the terminal methyl groups of the compound. With an oxygen
group attached we could imagine ultimately using a pinacol-like coupling to close the
macrocycle58. (Scheme 2.3.5.1)

Scheme 2.3.5.1: Attempted oxidation of methyl-pyrrole group.

Much to our disappointment however, we were unable to oxidise the methyl group under
these conditions. We had employed reagents known to convert heterocyclic α-methyl
group through oxidation59-63. (Scheme 2.3.5.2)
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Scheme 2.3.5.1: Oxidation of heterocyclic α-methyl groups: a) Br2, SO2Cl2, AcOH, TFA,
Ac2O; b) H2O, 84%; c) IBX (8.0 equiv, added in four portions at 0, 3, 6, and 12 hours),
DMSO, 110 °C, 24 h, 78%; d) Pb(OAc)4, AcOH, 16h, RT, then followed by PbO2, 80 oC,
3 hours, 79%

With use with our structure (275), many of the samples had reacted with the oxidants and
consumed the starting material, but however, we were unable to identify any signals from
our desired targets in NMR analysis of product mixtures. We tentatively concluded that
the complex structure of the starting material (275) did not survive the oxidation conditions
and had undergone full decomposition. The scheme below summarises the results of
these attempts. (Scheme 2.3.5.3)
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Scheme 2.3.5.3: Reagents, conditions, and results of the oxidation of the terminal
methyl group.

163

2.3.6 Development of Protected Stetter Electrophiles

With difficulty in achieving any reaction in oxidation after pyrrole formation, it was decided
to redesign the electrophile used for the Stetter reaction step. By synthesising a reagent
with a protected oxygen species preinstalled on its end terminus, we could have a system
which would reveal the desired oxygen at the penultimate step, before the macrocycle
formation. With that in mind, we adapted several candidates with a protected 1hydroxybut-3-en-2-one motif (278-280). (Figure 2.3.6.1)

Figure 2.3.6.1: Butenone motif as a functionalised Stetter electrophile.

We had adopted several approaches to synthesise the desired electrophiles; 2-oxobut-3en-1-yl acetate (278) was obtained through the rearrangement of but-2-yne-1,4-diyl
diacetate (281) with mercuric oxide, as described by Jogi64; and two examples, pivaloyl
(279) and TBDMS (280) protected 1-hydroxybut-3-en-2-ones were produced from the
oxidation of but-3-ene-1,2-diol (282) with Jones Reagent or Dess-Martin periodate,
respectively. (Scheme 2.3.6.1)
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Scheme 2.3.6.1: Synthesis of functionalised Stetter reagents via protection followed by
oxidation.

Inconveniently, the protected but-3-en-2-ones were unstable, and even under
refrigeration under inert atmosphere, concentrated samples of the compounds underwent
polymerisation within hours. As such, the electrophilic reagents (278-280) were used in
excess of the dialdehyde-quinoxaline (261). This allowed the production of several novel
examples of the protected 1,4-dione-quinoxaline species (284-286) from the outlined
Stetter conditions in good yields. (Scheme 2.3.6.2)

Scheme 2.3.6.2: Oxidation of Stetter pre-electrophile with Dess-Martin periodate,
followed by immediate use amongst the Stetter reaction.
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Optimal performance in the Stetter reaction required the electrophilic reagents to be
freshly produced for immediate use. As the highest yielding method, the TBDMS
protected but-3-en-2-one (280), was the preferred choice of electrophile. For a scaled-up
synthesis a sample of TBDMS protected but-3-en-2-ol was oxidised with DMP at chilled
temperatures and isolated through filtration over Celite® and directly subjected to the
Stetter conditions described, achieving a good yield of compound 285, at 70%.

The TBDMS protected, 1,4-dione species (285) was then subject to the same cyclisation
procedure previously used to prepare the sister compound (275). It was noticeable that
the rate of cyclisation of the functionalised quinoxaline moiety (285) was significantly
slower than that of the methyl vinyl ketone-derived variant (275). The cyclisation in the
examples of pivaloyl (284) and acetyl (286) protection was in fact not observed, and only
the TBDMS protected species (285) was successful in producing the pyrrolic species
(287). Isolation of the species was troublesome as the silyl protection was labile under
the mildly acidic medium of the silica gel. A solution was to proceed the reaction through
deprotection and subsequent oxidation in a single cascade; the dialdehyde, 5,5'-((6,7bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis(1H-pyrrole-2-carbaldehyde)
(288), was thus successfully isolated as dark green crystals. (Scheme 2.3.6.3)
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Scheme 2.3.6.3: Condensation of TBDMS protected 1,4-dione, followed by a cascade
of deprotection and oxidation leading to the aldehyde product.

With the success in obtaining a sample of the immediate precursor to the target
macrocycle (288), we attempted a scaled-up repeat of the reaction. Unfortunately, there
was some difficulty in achieving the same level of success at a greater scale, and there
was not sufficient time to further study this reaction nor material quantity to pursue the
macrocyclisation step.
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2.3.7 Section Summary

With a reasonable sample of the dialdehyde macrocycle precursor (288), we could chart
a reaction pathway towards the closed macrocycle (289, 290), either via an intramolecular
McMurry coupling reaction or a pinacol coupling reaction 65, to complete the final
cyclisation. Aromatisation following bridging would form the target dioxaporphycene
macrocycle (291). (Scheme 2.3.7.1)

Scheme 2.3.7.1: McMurry coupling and pinacol-like coupling reactions as possible
coupling pathways towards dioxaporphycene targets.
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If a sample of the dioxaporphycene (291) can be obtained, we can finally confirm the
effects of core substitution on TPA experimentally. The computational predictions for the
structure have suggested their likely efficiency in TPA, displaying remarkable resonance
enhancement in the Q-band region66. Should these computations be proved correct,
perhaps there would be a method to harness the enhanced absorption properties towards
medicinal uses.

With the pinacol reaction product (290), aromatisation of the structure might lead to the
same McMurry product (291). Alternatively, if sufficiently stable, oxidation prior to
aromatisation occurring might afford a, bridged with a 1,2-dione (291). (Scheme 2.3.7.2)

Scheme 2.3.7.2: Oxidation of pinacol reaction product to dione-dioxaporphycene
product.

With the 1,2-dione-dioxaporphycene motif (292), there is a direct, single step, synthetic
route towards substituted quinoxaline-based heteroporphycenes (294) by condensation
with 1,2-phenylene diamines (293). (Scheme 2.3.7.3)
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Scheme 2.3.7.3: Pinacol coupling followed by oxidation of 288, condensation with ophenylenediamine species for final peripheral functionalisation.

The unsymmetrical heteroporphycene structures (294) would be interesting as embody
new substitution patterns for the aromatic porphycene system. It has been seen in the
literature that such modifications have a significant impact on the photochemical
properties of porphycene compounds. In this proposed dioxaporphycene series, there is
the potential to examine the effects of both core and peripheral substitution.
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2.4 Intramolecular Nitrofuran Diels-Alder Reactions
2.4.1 Introduction to Diels-Alder Reactions

The Bebbington group has a research interest in furan cycloaddition reactions, in
particular, intramolecular Diels-Alder reactions.

The Diels-Alder reactions is a class of cycloaddition reaction characterised by the [4+2]
addition of a conjugated diene with a dienophile. Initially described by Otto Diels and Kurt
Alder in 1928, their discovery was rewarded with the Nobel Prize for chemistry in 195067.
This is an example of a concerted pericyclic reaction which progresses through a cyclic
transition state. As examined before with photoinduced pericyclic reactions, the DielsAlder reaction is governed by orbital symmetry overlap. The reaction proceeds through
the suprafacial/suprafacial interaction of the frontier molecular orbitals of the 4π-diene2π-dienophile π-systems68. (Scheme 2.4.1.1)

Scheme 2.4.1.1: Representative scheme of the Diels-Alder reaction with FMO diagram
displaying bonding interactions.
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The constructive interaction between the HOMO π-orbital of the diene and the
symmetrically complementary LUMO of the dienophile π-orbital to form the new σ-bonds
results in a concerted process. The HOMO-LUMO energy gaps between typical dienes
and dienophiles are small enough that the electronic effects of the substituents play a
significant part in determining the electron-demand of the system. The normal demand
case, in which the diene reacts using its HOMO, can be inverted with the presence of an
EWG. Similarly, with a good EDG on the dienophile that species can then react via its
HOMO. (Figure 2.4.1.1)

Figure 2.4.1.1: HOMO-LUMO interactions in normal and inverse demand Diels-Alder
reactions.

In order to produce a rapid reaction rate, a small HOMO-LUMO energy gap is required,
as a narrow energy gap leads to better frontier orbital overlap. The rate depends on the
solvent as well, with observable rate enhancement in pericyclic reactions in polar organic
solvents such as DMF and ethylene glycol69. (Scheme 2.4.1.2)

172

Scheme 2.4.1.2: Rate enhancement with polar solvents in Diels-Alder reactions.
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2.4.2 Selectivity of Diels-Alder Reactions
Within the Diels-Alder reaction there are several possible orientations of the reactants to
reach the various products. With unsymmetrical reactants, there exists the possibility of
formation of regioisomers. The control of the regioselectivity of the reaction is due to the
FMO interactions of the reactants as the largest HOMO coefficients will favour reaction
with the largest LUMO coefficient70. Mapping the standardised coefficients of reagents
can predict the major regio-isomer of a given diene-dienophile pair. (Scheme 2.4.2.1)

Scheme 2.4.2.1: Representative scheme of regio-isomers produced by the Diels-Alder
reactions.

As the Diels-alder reaction is a concerted pericyclic reaction with no intermediate, the
reaction is stereospecific and the reactant stereochemistry is transferred into its
products71. Thus, 1,2-disubstituted E- and Z-dienophiles translate that stereochemistry
into the corresponding syn and anti-products. (Scheme 2.4.2.2)
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Scheme 2.4.2.2: The preservation of stereochemistry following Diels-Alder cyclisation
of cyclopentadiene with maleic acid and fumaric acid.

With reactions between cyclic diene-dienophile pairs there are two possible products the exo and endo-adducts. Illustrating this in the scheme below is the reaction between
maleic anhydride (295) and cyclopentadiene (296). The endo-(297a) and exo-products
(297b) are illustrated. (Scheme 2.4.2.3)

Scheme 2.4.2.3: Possible products following cycloaddition of cyclopentadiene and
maleic anhydride.

Interestingly however, in this reaction only the endo-product is formed at low temperature.
This outcome is counterintuitive as the endo-product require the reactants to experience
an unfavourable steric interaction. Overcoming the unfavourable sterics is a favourable
secondary orbital interaction within the transition state, which drives the formation of the
endo-products. This favourability is known as the Alder-rule. (Scheme 2.4.2.4)
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Scheme 2.4.2.4: Interactions within the transition state of a Diels-Alder reaction leading
to exclusively endo product.

We have established that under transition state control the endo-products are the more
favourable product but it is still relevant that the exo-product is more stable. As such we
can classify the endo-product as the kinetic product in this reaction and the exo-product
as the thermodynamic product. Importantly, in examples of reversible Diels-Alder
reactions, where the reaction is under thermodynamic control, with a long enough
reaction time, the thermodynamic adduct dominates. (Scheme 2.4.2.5)

Scheme 2.4.2.5: Representative scheme for reversible Diels-Alder Reactions favouring
exo-product.
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The overall result of the Alder rule is that we tend to observe higher endo-selectivity in
irreversible DA reactions. Endo-selectivity is highly pronounced in rigid dienophiles such
as benzoquinone, but with the introduction of additional flexibility in the reactant the
resultant selectivity is diminished72. If we analyse the frontier molecular orbitals on the
kinetic orientation of the reactants we can observe secondary orbital interactions between
the non-bonding orbitals. The symmetry of the orbitals in the non-bonding portion
produces a favourable interaction across the space between the non-bonding orbitals.
(Scheme 2.4.2.6)

Scheme 2.4.2.6: FMO explanation of Alder rule, displaying favourable bonding
interactions.
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2.4.3 Hetero-Diels-Alder Reactions

Diels-Alder reactions which incorporate heteroatoms are known as hetero-Diels-Alder
(HDA) reactions. Carbonyls (298) can successfully react with dienes (299) to yield
dihydropyran rings (300) through the oxo-Diels-Alder reaction73. Similarly, imines (301)
can also act as the dienophile to form various N-heterocyclic compounds (302) via the
aza-Diels-Alder reaction74. In a similar fashion nitroso (303) reagents can be used in
conjunction with allene structures (304) to form oxazine structures (305)75. Examples with
alkenyloxazolines (306) and isocyanates (307) have also been seen in literature, leading
to complex oxazolo[3,2]-pyrimidines (308)76. (Scheme 2.4.3.1)

Scheme 2.4.3.1: Representative scheme displaying possible reaction pathways of
hetero Diels-Alder reactions.

Diels-Alder reactions and hetero Diels-Alder reactions have seen widespread use in
synthesis77-79. The ease of ring formation has led to the synthesis of quite complex natural
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products in the steroid and alkaloid arenas. Notably many of these types of systems the
diene and dienophiles are contained within the same compound. If a molecule possesses
both a diene and the dienophile within its structure a Diels-Alder cyclisation is indeed
possible between the two internal components. This is known as an intramolecular DielsAlder reaction (IMDA), and its use can be seen in many examples of natural product
synthesis, such as the synthesis of (+/-)-reserpine (309)80-81. (Scheme 2.4.3.2)

Scheme 2.4.3.2: The Diels-Alder reaction incorporated into Stephen F. Martin’s
synthesis of (+/-)-Reserpine.

As both components are contained within the same molecule there is no need for the
products to be held together in a bonding interaction. The specifics of the reactant
orientation can give rise to the exo-, endo- or a mixture of products and should the
reaction be reversible the favourability in these reactions is more towards the
thermodynamic exo-product.
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2.4.4 Furan Diels-Alder Reactions

Furan derivatives (310), like cyclopentadiene in previous examples, can undergo DielsAlder reactions acting as a diene. Furan has attracted significant use as a powerful tool
in target synthesis, examples of which can be seen in the synthesis of 7oxabicyclo[2.2.1]heptane (311)82-83 and related polycyclic compounds (312)84. (Scheme
2.4.4.1)

Scheme 2.4.4.1: Representative reactions of furan Diels-Alder reactions.

Diels-Alder reactions with furan have been studied extensively and reviews on the topic
are plentiful85-86. Most notably, the difficulty in furan Diels-Alder reactions is the
susceptibility of the products to revert to the starting materials. In many cases the energy
difference between SM and product can be slight, so in many classical examples the
products were treated with reducing agents to fully saturate the product, preventing
cycloreversion. Research has focused on identifying modifications which allow for the
synthesis of more stable 7-oxabicyclo[2.2.1]heptane structures, where it was discovered
that halogenating the product heptane produced a stabilising effect87. The Bebbington
group has examined this halogen effect in some detail and has made inroads in examining
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haloalkene IMDAF reactions. Their work has identified a dipolar interaction term as a
factor in halofuran/haloalkene IMDAF reactions88. Furthermore, the transition state of the
IMDAF reactions has been extensively mapped by the group and computational
collaborators, revealing a correlation between the transition state structure and TS
energy, something which was identified and speculated in previous reports 89. (Scheme
2.4.4.2)

Scheme 2.4.4.2: Dipolar interactions affecting IMDAF transition states in haloalkene
IMDAF reactions.

The group’s current research focus is on the substitution effects of alternative functional
groups and what level of stabilisation can be achieved in the products.
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2.4.5 Substitution Effects on Intramolecular Nitrofuran Diels-Alder Reactions

The Bebbington group’s focus has been on the substitution effects on IMDAF reactions.
Previously the group had identified positive rate enhancements from the halogenation of
substituted furan dienes. Experimental evidence was obtained to suggest that a dipolar
interaction term, in addition to steric effects and charge stabilisation, as an additional
factor which affects the reactivity and favourability in halofuran/haloalkene IMDAF
reactions88. These findings are supported by a computational study, conducted in
partnership with the Paterson group, which highlighted a linear correlation between the
contraction of the transition state structure and the reaction Gibbs free energies and
reverse energy barriers89.

The computational rationalisation led the group to explore even further polarised dienes
by way of the readily available nitrofuran system. Intuitively, one would think that with the
inclusion of the nitro substituent, we would create an overall electron poor system and the
nitrofuran would not make a good diene for reaction with another electron poor dienophile,
producing lower reactivity. However, it was predicted that the inclusion of the nitro group
would produce positive charge character at the nitro-bearing carbon that could be
stabilised in the same way as for the halogen-containing substrates90-92

In order to gain access to the IMDAF precursors for our study, we began by synthesising
N-(furan-2-ylmethyl)aniline (313a) by the outlined methodology of Hollmann93. The nitrovariant was obtained by following the methods used by Procházka 94, whereby N-((5nitrofuran-2-yl)methyl)aniline (313b) was obtained from 5-nitro-2-furaldehyde (314) in
good yields. (Scheme 2.4.5.1)
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Scheme 2.4.5.1: Synthesis of precursor, substituted aniline derivatives for IMDAF
reactions.

Incorporation of the dienophile (315) onto the aniline systems following the above step
was straightforward, using simple acylation. Examples of nitro and non-nitro furan
derivatives were produced (316a/b-329) in moderate to good yields. As a joint project,
Dr. Marcos Veguillas must be credited for producing several of the listed compounds,
structures (316,320,322,325,329,330,335,336,339,340-343) are attributable to him but
are included here for completeness of the catalogue. (Scheme 2.4.5.2, Figure 2.4.5.1-2)

Scheme 2.4.5.2: Formation of direct IMDAF precursor.
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Figure 2.4.5.2: Range of IMDAF Precursors.

With the catalogue of IMDAF precursors available, we proceeded to heat the samples in
toluene at reflux to achieve conversions to the target 7-oxabicyclo[2.2.1]heptane
structures (330a/b-343a/b). (Scheme 2.4.5.3, Figure 2.4.5.3)
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Scheme 2.4.5.3: IMDAF reaction forming the oxabicyclic structure.

Figure 2.4.5.3: Range of IMDAF products.
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Within the reaction, we observed significant rate and conversion enhancements for all
nitro-substituted precursors, compared to those of the non-nitro analogues (330b-343b).
The effect was starkly contrasted in the most substituted systems (331, 338, 342). We
were delighted by the conversion displayed by the nitro-products, where in some
examples structures formed contained 4 contiguous, fully substituted carbons (336b). The
non-nitro derivatives (335a, 338a, 341a, 342a) displayed negligible conversion. Intrigued
by our results, we attempted to rationalize the role of nitro substitution in enhancing
cycloaddition.
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2.4.6 Computational Analysis and Rationalisation for Rate Enhancement

With the aid of computational support from the Paterson group, we examined 3 possible
explanations for our results: firstly, that product vs substrate positive charge stabilisation
is greater for the nitrated systems than the non-nitrated systems, as suggest by Houk87,
to produce a greater driving force for the reaction; secondly, that the addition of the nitrogroup might reduce aromatic stabilisation in the substrate, and hence the penalty term for
formation of a non-aromatic product; and thirdly, that nitration induces favourable
changes in FMO energies.
In order to computationally characterise these molecules, our collaborators performed
calculations, outlined by the methods of Houk87, to obtain the energetics of the isodesmic
equations to quantify the cationic stabilisation effects. As a joint project, Dr. Justyna M.
Żurek must be credited for producing the isodesmic and homodesmotic equations.
(Scheme 2.4.6.1)

Scheme 2.4.6.1: Isodesmic equations for the quantification of the cation stabilisation
effects, ∆Ht in kcal mol-1.
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The results indicate a significant kinetic and thermodynamic benefit from the attachment
of the nitro group on a fully substituted sp3 carbon, as in the cycloadducts (330b-343b),
rather than an sp2 centre as is the case with the starting materials (316b-329b). This is
consistent with Houk’s findings on the halogenated furan series, which were attributed to
hyperconjugative stabilisation of the partial positive charge on their halogen-bearing
carbon87. Our findings place the nitro-substituent between that of Br and Cl in terms of
cation stabilisation effects from the change in hybridisation87.

We proceeded to examine the effect nitro-substitution had over the aromatic stabilisation
energy of furan using the homodesmotic equations outlined by von Schleyer 95. (Scheme
2.4.6.2)

Scheme 2.4.6.2: Homodesmotic equations which compare the aromatic stabilisation
energies for furan vs 2-nitrofuran, ∆Ht in kcal mol-1.
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The calculations suggested somewhat greater aromatic stabilisation is found in 2nitrofuran (344b) than in furan (344a), therefore increasing the stabilisation of the starting
materials. We concluded that this is not likely to be the source of enhanced reactivity for
our nitro-furan systems.

Finally, the Paterson group undertook calculations of the FMO energies and the reaction
transition states. The computations identified significant consequences for the FMO
energies from nitro-substitution. They suggested that the reaction of the non-nitro
derivatives proceeded through a normal electron-demand process. However, for the nitro
derivatives the reaction pathway was that of the inverse electron-demand process and
with a smaller HOMO-LUMO separation, consistent with a faster reaction. Further details
on the reaction were uncovered by examination of the transition states. Four reactions
were examined leading to (330a/b) and (331a/b). (Figure 2.4.6.1)

TS
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Figure 2.4.6.1: Transition states with calculated FMO values for 330a/b and 331a/b.
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The cycloadditions were predicted to proceed asynchronously through transition states
with significant variation in the length of the partially α-bonds a and b (Figure 2.4.6.1).
Credit must be acknowledged for Dr. Andrew W. Prentice for undertaking the calculations
for these transition states.

We can observe that substitution with the nitro group produces an increase in the bond
length b during the transition state. We presume that this separation contributes to the
asynchronous nature of this pericyclic process; indicating additional charge separation in
the transition state. We expect that the transfer of electron density from the dienophile to
the diene would produce a stabilising effect on the positive charge at the nitro-bearing
carbon, resulting in the longer interatomic distance in the transition state. With an
increased distance found in the transition state we would then expect greater tolerance
of bulky substituents in the nitro-derivatives, as observed experimentally.
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2.4.7 Section Summary

With our investigation of the nitro-substitution effect on IMDAF reactions we observed
significant increases in rate and steric tolerance from the nitro derivatives compared to
the non-nitro systems. We have gathered supporting evidence from computational
calculations to suggest that this was due to positive charge stabilization in the
asynchronous transition state and the products, making the forward reaction more
favorable. There is great potential for this reaction to produce highly functionalised
cycloadducts which are currently inaccessible from the use of non-nitro cycloaddition
precursors. With the ready availability of nitrofuran derivatives from 5-nitrofurfural (314),
it is likely that this methodology will find use in target synthesis. The computational
analysis of the transition state asynchronicity, is likely to be incorporated into the effective
design of future precursors of sterically demanding intramolecular cycloadditions.
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Chapter 3 Experimental

3.1 General Information

Melting points were obtained in open capillary tubes and are uncorrected.

1H

NMR spectra were recorded on Bruker AV 300, DPX 400 and AV 400 spectrometers

at 300 and 400 MHz respectively and referenced to residual solvent.

13C

NMR spectra

were recorded using the same spectrometers at 75 and 100 MHz, respectively. Chemical
shifts (δ in ppm) were referenced to tetramethylsilane (TMS) or to residual solvent peaks
(CDCl3 at δH 7.26). J values are given in Hz and s, d, dd, ddd, t, dt, q, m, br, and app.
abbreviations correspond to singlet, doublet, doublet of doublet, doublet of doublet of
doublet, triplet, triplet of doublet, quartet, multiplet, broad, and apparent, respectively.

Mass spectra were obtained at the EPSRC National Mass Spectrometry Service Centre
in Swansea. Infrared spectra were obtained on PerkinElmer Spectrum 100 FT-IR
Universal ATR Sampling Accessory, deposited neat or as a chloroform solution to a
diamond/ZnSe plate. Flash column chromatography was carried out using Matrix silica
gel 60 from Fisher Chemicals and TLC was performed using Merck silica gel 60 F254
precoated sheets and visualized by UV (254 nm) and stained by the use of aqueous acidic
KMnO4. Anhydrous dichloromethane (DCM) was obtained from a solvent drying system
(MB-SPS-800). Eluting solvents for chromatography are indicated in the text. The
apparatus for inert atmosphere experiments was flame-dried under a stream of dry argon
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3.2 List of Compounds

2,5-Ethoxycarbonyl-3-hexylpyrrole

205

3,5-Ethoxycarbonyl-4-hexyl-2-iodopyrrole

206

3,3’-5,5’-Ethoxycarbonyl-4,4’-hexyl-2,2’-bipyrrole

207

4,4'-Dihexyl-1H,1'H-2,2'-bipyrrole

208

5,5’-Formyl-3,3’-hexyl-2,2’-bipyrrole (142)

209

3,3',4,4'-Tetraethyl-1H,1'H-[2,2'-bipyrrole]-5,5'-dicarbaldehyde (143)

210

2-Furan-2-yl-[1,3]dioxolane (146)

212

5,5'-Bis-[1,3]dioxolan-2-yl-[2,2']bifuranyl (147)

213

5,5’-Diformyl-2,2’-bisfuran (122)

214

[2,3,6,7,12,13,16,17]-Octaethylporphycene (148)

216

Tetrahexylporphycene (149)

217

[2,7]Dihexyl-[12,13,16,17]tetraethyl-porphycene (150)

218

(3Z,7Z)-1,2,5,6(2,5)-Tetrafuranacyclooctaphane-3,7-diene (151)

219

1-(5-Bromofuran-2-yl)ethan-1-ol

220

1-(5-Bromofuran-2-yl)ethan-1-one (154)

221

1-(5-Bromofuran-2-yl)-2-methylpropan-1-one (155)

222

1,1'-([2,2'-Bifuran]-5,5'-diyl)bis(ethan-1-one) (153)

223

199

[10,11,20,21]Tetramethyloxoporphycene

224

1,1'-([2,2'-Bifuran]-5,5'-diyl)bis(2-methylpropan-1-one) (156)

225

[2,2'-Bifuran]-5,5'-diylbis((4-(tert-butyl)phenyl)methanol)

226

[2,2'-Bifuran]-5,5'-diylbis((4-(tert-butyl)phenyl)methanone) (157)

227

Thiophene-2-carbaldehyde

228

5-Bromothiophene-2-carbaldehyde (160)

229

[2,2'-Bithiophene]-5,5'-dicarbaldehyde (159)

230

(3Z,7Z)-1,2(2,5)-Difurana-5,6(2,5)-dithiophenacyclooctaphane-3,7-diene (162)

231

1,2-Bis(2,2-dibromovinyl)benzene (187)

233

1,2-Diethynylbenzene (185)

234

Diethyl 3,3'-(1,2-phenylene)dipropiolate (186)

235

Diethyl 3-(2-(3-ethoxy-3-oxoprop-1-ynyl)phenyl)-1H-pyrrole-2,4-dicarboxylate

236

(189)
1,4-Diiodophenazine-2,3-diamine (199)

237

1,4-Dimethylpiperazine-2,3-dione (205)

238

Tetradecane-7,8-dione (203)

239

2,9-Dimethyldecane-5,6-dione (204)

240

4,5-Dinitrobenzene-1,2-diamine (206)

241

2,3-Dihexyl-6,7-dinitroquinoxaline (207)

242
200

2,3-Dihexylquinoxaline-6,7-diamine (208)

243

Di-tert-butyl-(1,4-diiodophenazine-2,3-diyl)bis((tert-butoxycarbonyl)carbamate)

244

(210)
1,2-Dibromo-4,5-dinitrobenzene (217)

245

1,2-Dinitro-4,5-di(oct-1-yn-1-yl)benzene (218)

246

1,2-Bis(isopentyloxy)benzene (221)

247

1,2-Bis(isopentyloxy)-4,5-dinitrobenzene (222)

248

4,5-Bis(isopentyloxy)benzene-1,2-diamine (223)

249

1-(Triisopropylsilyl)-pyrrole (225)

250

3-Bromo-1-(triisopropylsilyl)-pyrrole (226)

251

1,2-Bis(1-(triisopropylsilyl)-1H-pyrrol-3-yl)ethane-1,2-dione (229)

252

1,3-Diphenylimidazolidine-2,4,5-trione (231)

253

1,2-Dimorpholinoethane-1,2-dione (232)

254

N,N’-Dibutylethane-1,2-diamine (233)

255

1,2-Di(1H-pyrrol-3-yl)ethane-1,2-dione (234)

256

2,3-Di(1H-pyrrol-3-yl)quinoxaline (235)

257

6,7-Bis(isopentyloxy)-2,3-di(1H-pyrrol-3-yl)quinoxaline (236)

258

6,7-Dioctyl-2,3-di(1H-pyrrol-3-yl)quinoxaline (237)

259

1,2-Di(furan-2-yl)-2-hydroxyethan-1-one (258)

261

201

1,2-Di(furan-2-yl)ethane-1,2-dione (259)

262

2,3-Di(furan-2-yl)quinoxaline (260)

263

2,3-Di(furan-2-yl)-6,7-bis(isopentyloxy)quinoxaline (261)

264

5,5'-(Quinoxaline-2,3-diyl)bis(furan-2-carbaldehyde) (262)

265

5,5'-(6,7-Bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-2-carbaldehyde) (263)

266

1,1'-(Quinoxaline-2,3-diylbis(furan-5,2-diyl))bis(pentane-1,4-dione) (274)

268

2,3-Bis(5-(5-methyl-1H-pyrrol-2-yl)furan-2-yl)quinoxaline (275)

269

But-2-yne-1,4-diyl diacetate (280)

270

2-Oxobut-3-en-1-yl acetate (278)

271

2-Oxobut-3-en-1-yl pivalate (279)

272

1-((tert-Butyldimethylsilyl)oxy)but-3-en-2-ol

274

1-((tert-Butyldimethylsilyl)oxy)but-3-en-2-one (280)

275

1,1'-((6,7-Bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis(5-((tert-

276

butyldimethylsilyl)oxy)pentane-1,4-dione) (285)
((6,7-Bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis

278

(2,5-dioxopentane-5,1-diyl) diacetate (286)
5,5'-((6,7-Bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis

280

(1H-pyrrole-2-carbaldehyde) (288)
N-(Furan-2-ylmethyl)aniline (313a)

282

N-((5-Nitrofuran-2-yl)methyl)aniline (313b)

283

202

N-(Furan-2-ylmethyl)-3-methyl-N-phenylbut-2-enamide (317a)

284

3-Methyl-N-((5-nitrofuran-2-yl)methyl)-N-phenylbut-2-enamide (317b)

285

(Z)-N-(Furan-2-ylmethyl)-2-methyl-N-phenylbut-2-enamide (318a)

286

(Z)-2-Methyl-N-((5-nitrofuran-2-yl)methyl)-N-phenylbut-2-enamide (318b)

287

(E)-N-(Furan-2-ylmethyl)-N-phenylhex-2-enamide (319a)

288

(E)-N-((5-Nitrofuran-2-yl)methyl)-N-phenylhex-2-enamide (319b)

289

2-Cyclohexylidene-N-(furan-2-ylmethyl)-N-phenylacetamide (312a)

290

2-Cyclohexylidene-N-((5-nitrofuran-2-yl)methyl)-N-phenylacetamide (312b)

291

N-(Furan-2-ylmethyl)-N-phenylcyclopent-1-ene-1-carboxamide (323a)

292

N-((5-Nitrofuran-2-yl)methyl)-N-phenylcyclopent-1-ene-1-carboxamide (323b)

293

N-(Furan-2-ylmethyl)-N-phenylcyclohex-1-ene-1-carboxamide (324a)

294

N-((5-Nitrofuran-2-yl)methyl)-N-phenylcyclohex-1-ene-1-carboxamide (324b)

295

(E)-N-(Furan-2-ylmethyl)-3-(4-methoxyphenyl)-N-phenylacrylamide (326a)

296

(E)-N-(Furan-2-ylmethyl)-3-(4-nitrophenyl)-N-phenylacrylamide (326b)

297

(E)-N-((5-Nitrofuran-2-yl)methyl)-3-(4-nitrophenyl)-N-phenylacrylamide (327b)

298

(E)-N-(Furan-2-ylmethyl)-N,3-diphenylbut-2-enamide (328a)

299

(E)-N-((5-Nitrofuran-2-yl)methyl)-N,3-diphenylbut-2-enamide (328b)

300

7,7-Dimethyl-6-nitro-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one 302
(331b)
203

7,7a-Dimethyl-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one(332a) 303
7,7a-Dimethyl-6-nitro-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one 304
(332b)
2-Phenyl-7-propyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one (333a)

305

6-Nitro-2-phenyl-7-propyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one

306

(333b)
2'-Phenyl-2',3'-dihydro-6'H-spiro[cyclohexane-1,7'-[3a,6]epoxyisoindol]-1'(7a'H)- 307
one (334a)
6'-Nitro-2'-phenyl-2',3'-dihydro-6'H-spiro[cyclohexane-1,7'-[3a,6]epoxyisoindol]-

308

1'(7a'H)-one (334b)
(6aS,9aS)-2-Phenyl-2,3,6a,7,8,9-hexahydro-1H,6H-3a,

309

6-Epoxycyclopentaisoindol-1-one (337a)
(6aS,9aS)-6-Nitro-2-phenyl-2,3,6a,7,8,9-hexahydro-1H,6H-3a,6-

310

epoxycyclopentaisoindol-1-one (337b)
(6aS,10aS)-6-Nitro-2-phenyl-2,3,6,6a,7,8,9,10-octahydro-1H-3a,6epoxybenzoisoindol-1-one (338b)

204

311

2,5-Ethoxycarbonyl-3-hexylpyrrole

A mixture of ethyl-3-n-hexyl propiolate (6.50 ml, 32.5 mmol), copper (I) oxide (1.44 g, 10.0
mmol), phenanthroline (3.68 g, 20.0 mmol) in 1,4-dioxane (50ml) was stirred under
nitrogen. Ethyl isocyanoacetate (3.60 ml, 32.5 mmol) was added and the solution was
heated to 100 oC and stirred for 3 hours. The solution was then cooled and filtered through
a short Florisil® pad and washed with diethyl ether. The solution was concentrated and
chromatographed on silica gel (25% EtOAc/Pet. Ether 40 – 60 oC) to provide 2,5ethoxycarbonyl-3-hexylpyrrole as a yellow oil (7.08 g, 73%).

1H

NMR (400 MHz, CDCl3):

δ = 9.51 (brs, 1H), 7.48 (d, J= 3.5 Hz, 1H), 4.34 (q, J=
7.1 Hz, 2H), 4.28 (q, J= 7.1 Hz, 2H), 3.06 (t, J= 7.9 Hz,
2H), 1.55 (m, 2H), 1.38 ~ 1.29 (m, 12H), 0.87 (t, J= 7.0
Hz, 3H).

13C

NMR (100 MHz, CDCl3):

δ = 167.4, 161.6, 134.9, 127.2, 120.5, 116.4, 60.5,
59.7, 31.8, 31.3, 29.6, 25.3, 22.7, 14.4, 14.1

IR (cm-1):

3292, 2928, 1671, 1553, 1503, 1412.

205

3,5-Ethoxycarbonyl-4-hexyl-2-iodopyrrole

A mixture of iodine (5.46 g, 21.5 mmol), iodic acid (0.95 g, 5.4 mmol), in 1,2dichloroethane (65 ml), acetic acid (26ml) and water (2.8ml) was stirred under nitrogen.
2,5-Ethoxycarbonyl-3-hexylpyrrole (6.04g, 20.4 mmol) was added and the solution was
heated to 60 oC and stirred for 18 hours. The solution was then cooled and washed with
sodium thiosulfate followed by water and brine. The combined organic layers were dried
over

anhydrous

sodium

sulfate

and

concentrated.

The

crude

product

was

chromatographed on silica gel (CH2Cl2) to provide 3,5-ethoxycarbonyl-4-hexyl-2iodopyrrole as white crystals (6.25 g, 73%).

MP:

129-131 oC

1H

δ = 9.21 (s, 1H), 4.35 (q, J = 7.1 Hz, 2H), 4.33 (q, J =

NMR (400 MHz, CDCl3):

7.2 Hz, 2H), 3.04 (m, 2H), 1.48 (m, 2H), 1.39 (t, J = 7.1
Hz, 3H), 1.38 (t, J = 7.1 Hz, 3H), 1.27 (m, 6H), 0.84 (m,
3H).

13C

NMR (100 MHz, CDCl3):

δ = 163.5, 160.3, 135.9, 124.7, 120.3, 60.8, 60.2, 31.8,
31.3, 29.6, 25.3, 22.7, 14.4, 14.3, 14.1.

IR (cm-1):

3239, 2924, 1668, 1543, 1421.

206

3,3’-5,5’-Ethoxycarbonyl-4,4’-hexyl-2,2’-bipyrrole

A mixture 3,5-Ethoxycarbonyl-4-hexyl-2-iodopyrrole (6.3g, 14.9 mmol) and copper metal
(6.3g) in toluene (35ml) was stirred under nitrogen. The solution was heated to 110 oC
and stirred for 18 hours. The solution was then cooled and filtered through Celite ® pad
and washed with dichloromethane. The organic layer was concentrated and was
chromatographed on silica gel (CH2Cl2) to provide 3,3’,5,5’-ethoxycarbonyl-4,4’-hexyl2,2’-bipyrrole as white crystals (3.55 g, 81%).

MP:

131-132 oC

1H

δ = 14.19 (brs, 2H), 4.47 ~ 4.38 (m, 8H), 3.12 (t, 4H),

NMR (400 MHz, CDCl3):

1.57 ~ 1.33 (m, 28H), 0.91 (t, 6H).
13C

NMR (100 MHz, CDCl3):

δ = 168.1, 160.8, 136.6, 129.8, 119.6, 113.0, 61.2,
60.3, 31.8, 31.5, 29.7, 26.3, 22.7, 14.3, 14.1, 14.0.

IR (cm-1):

2926, 1694, 1545, 1405, 1175.

207

4,4'-Dihexyl-1H,1'H-2,2'-bipyrrole

A mixture 3,3’,5,5’-ethoxycarbonyl-4,4’-hexyl-2,2’-bipyrrole (3.5g, 6.0 mmol) and sodium
hydroxide (0.8g) in ethylene glycol (70ml) was stirred under nitrogen. The solution was
heated to 170 oC and stirred for 1.5 hours. The solution was then cooled and diluted with
ethyl acetate and washed with water followed by brine. The organic layers were dried
over anhydrous sodium sulfate and concentrated to provide crude 4,4'-dihexyl-1H,1'H2,2'-bipyrrole as grey crystals (1.65 g, 91%) which was taken directly to the next step.

1H

NMR (300 MHz, CDCl3):

δ = 7.95 (brs, 2H), 6.54 (s, 2H), 6.06 (s,2H), 2.49 (t, J=
7.9 Hz, 4H), 1.31 (m, 26H).

208

5,5’-Formyl-3,3’-hexyl-2,2’-bipyrrole (142)

A

crude

mixture

of

4,4'-dihexyl-1H,1'H-2,2'-bipyrrole

(1.65

g,

5.5

mmol)

in

dichloromethane (30 ml) and dimethyl formamide (15 ml) was stirred under nitrogen. To
the solution, phosphoryl chloride (2.13 ml, 23.4 mmol) was added and stirred at 50 oC for
1 hour. Aqueous sodium acetate (2.98 g, 43 ml H2O) was introduced to the heated mixture
and was continued to be stirred for a further hour. The solution was then cooled then
extracted with dichloromethane and washed with aqueous sodium carbonate, water
followed by brine. The combined organic layers were dried over anhydrous sodium sulfate
and concentrated. The crude oil was chromatographed on silica gel (20% EtOAc/CH2Cl2)
to provide 5,5’-formyl-3,3’-hexyl-2,2’-bipyrrole as green crystals (1.5 g, 77%).

MP:

151 –154 oC

1H

δ = 12.27 (brs, 2H), 9.71 (s, 2H), 6.56 (d, J= 2.5 Hz,

NMR (300 MHz, CDCl3):

2H), 2.83 (d, J= 7.5 Hz, 4H), 1.37 (m, 26H)
13C

NMR (300 MHz, CDCl3):

δ = 177.4, 140.5, 131.8, 130.9, 111.3, 32.7, 29.0, 25.4,
22.6, 14.1.

IR (cm-1):

3260, 2953, 2924, 2854, 1645, 1602, 1466, 1319,
1237, 1013.

209

3,3',4,4'-Tetraethyl-1H,1'H-[2,2'-bipyrrole]-5,5'-dicarbaldehyde (143)

A solution of diethyl 3,3',4,4'-tetraethyl-1H,1'H-[2,2'-bipyrrole]-5,5'-dicarboxylate (500 mg,
1.3 mmol) in ethylene glycol (18 ml) was stirred under nitrogen. To the solution sodium
hydroxide (608 mg, 15.2 mmol) was added, the solution was heated to 170 oC and
refluxed for 30 mins. The solution was cooled to 0 oC and diluted with ethyl acetate (50
ml), the solution was washed with water (50 ml) followed by brine (50 ml). The organic
phase was separated and dried over anhydrous sodium sulfate and concentrated. The
crude products were taken directly to the next step. The crude products were dissolved
in dimethyl formamide (3.34 ml, 43.9 mmol) and dichloromethane (10 ml). The solution
was cooled to 0 oC and Phosphorous oxychloride (0.5 ml, 5.5 mmol) was added the
solution, upon completion of addition the solution was stirred at 0 oC over 1 hour. The
solution was then heated to 50 oC and stirred for 1 hours. The solution was then cooled
to room temperature where saturated sodium acetate (10 ml) was added, after which the
solution was stirred for a further 1 hour. The solution was extracted with dichloromethane
(2 x 50 ml) and the combined organic layers were washed with water (50 ml), followed by
brine (50 ml). The combined organic fractions were dried with sodium sulfate and
concentrated. The crude residue was chromatographed on silica gel (CH 2Cl2) to yield
3,3',4,4'-tetraethyl-1H,1'H-[2,2'-bipyrrole]-5,5'-dicarbaldehyde as purple crystals (100 mg,
26% over two steps).
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MP:

236-237 oC

1H

δ = 9.67 (s, 1H), 8.97 (brs, 1H), 2.79 (d, J = 7.6 Hz,

NMR (400 MHz, CDCl3):

2H), 2.53 (d, J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H),
1.10 (t, J = 7.6 Hz, 3H).
13C

NMR (101 MHz, CDCl3):

δ = 177.5, 137.7, 129.3, 127.3, 126.7, 17.7, 17.6, 17.2,
16.0.

IR (cm-1):

3675, 3107, 2972, 2902, 1606, 1475, 1410, 1250,
1066.

211

2-Furan-2-yl-[1,3]dioxolane (146)

A solution of 2-furanaldehyde (8.3 ml, 100 mmol), ethylene glycol (6.3 ml, 113 mmol) and
p-toluenesulfonic acid (0.03 g, 0.15 mmol) in toluene (25 ml) under nitrogen was heated
to 110 oC with azeotropic removal of water. The process was continued for 4 hours with
continuous removal of water where the solution was allowed to cool to RT. The solution
was diluted in diethyl ether and filtered. The organic layer was washed with aqueous
sodium bicarbonate, water and brine. The combined organic solution was dried over
anhydrous sodium sulfate and concentrated. The crude oil was purified via distillation
under reduced pressure (78 ~80 oC, 10 mbar) to yield 2-furan-2-yl-[1,3]dioxolane as a
yellow oil (2.36 g, 17%).

1H

NMR (400 MHz, CDCl3):

δ = 7.41 (dd, J= 1.8 Hz 0.9 Hz, 1H), 6.43 (ddd, J= 2.9
Hz, 0.9 Hz, 0.5 Hz, 1H), 6.34 (ddd, J= 2.0 Hz, 1.7 Hz,
0.5 Hz, 1H), 5.91 (s, 1H), 4.11 (m, 2H), 3.99 (m, 2H).

13C

NMR (100 MHz, CDCl3):

IR (cm-1):

δ = 151.1, 148.0, 143.1, 110.1, 108.7, 97.7, 65.1
3123, 2890, 1676, 1606, 1503, 1473, 1357, 1249,
1224, 1152, 1093, 1012, 941.

212

5,5'-Bis-[1,3]dioxolan-2-yl-[2,2']bifuranyl (147)

A cooled (-78

oC)

solution of 2-furan-2-yl-[1,3]dioxolane (1.00 g, 7.1 mmol) in

tetrahydrofuran (50 ml) was stirred over nitrogen. To the solution, n-butyl lithium (1.94 ml,
4.8 mmol, 2.5M) was added drop wise over 1 hour, upon completion of the addition the
solution was stirred for a further 2 hours at -78 oC. To the solution copper (II) chloride
(0.71 g, 5.4 mmol) was added portion wise, the solution was allowed to RT where it was
then stirred overnight. The dark green solution was then quenched with aqueous
ammonium chloride solution. The organic layer was extracted with ethyl acetate and
washed with water followed by brine. The solution was dried over anhydrous sodium
sulfate and concentrated. The crude oil of 5,5'-bis-[1,3]dioxolan-2-yl-[2,2']bifuranyl was
then triturated with Pet. Ether 40 – 60 oC to yield 5,5'-bis-[1,3]dioxolan-2-yl-[2,2']bifuranyl
as a pale yellow oil (167 mg, 17%).

1H

NMR (400 MHz, CDCl3):

δ = 6.53 (d, J= 3.6 Hz, 2H), 6.48 (d, J= 3.6 Hz,
2H) 5.95 (s, 1H), 4.13 (m, 4H) 4.02 (m, 4H).

13C

NMR (100 MHz, CDCl3):

IR (cm-1):

δ = 150.7, 146.7, 110.3, 106.2, 97.7, 76.7, 65.2.
3339(br), 3127, 2951, 2289, 1161, 1605, 1475,
1390, 1330, 1248, 1228.

MS (FTMS + p NSI Full MS):

Theoretical mass 279.0863,
Found: m/z: 279.0867 (δ ppm =1.4).
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5,5’-Diformyl-2,2’-bisfuran (122)

A cooled (-78

oC)

solution of 2-furan-2-yl-[1,3]dioxolane (8.00 g, 57.1 mmol) in

tetrahydrofuran (300 ml) was stirred over nitrogen. To the solution, n-butyl lithium (23.3
ml, 57.1 mmol, 2.5M) was added drop wise over 1 hour, upon completion of the addition
the solution was stirred for a further 2 hours at -78 oC. To the solution copper (II) chloride
(7.57 g, 57.1 mmol) was added portion wise, the solution was allowed to RT where it was
then stirred overnight. The dark green solution was then quenched with aqueous
ammonium chloride solution. The organic layer was extracted with ethyl acetate and
washed with water followed by brine. The solution was dried over anhydrous sodium
sulfate and concentrated. The crude oil of 5,5'-bis-[1,3]dioxolan-2-yl-[2,2']bifuranyl was
then diluted in tetrahydrofuran (100 ml) and washed with aqueous hydrochloric acid (100
ml). The precipitate which forms was collected and dried to yield 5,5’-diformyl-2,2’bisfuran as yellow crystals (1.97 g, 25%).

MP:

265-267 oC with browning.

1H

δ = 9.70 (s, 2H), 7.34 (d, J= 3.6 Hz, 2H), 7.04 (d, J= 3.6

NMR (400 MHz, CDCl3):

Hz, 2H).
13C

NMR (100 MHz, CDCl3):

δ = 177.0, 153.0, 149.0, 123.0, 111.0.

IR (cm-1):

3126, 3110, 1659, 1552, 1438, 1377, 1262, 1030, 958.

MS (FTMS + p NSI Full MS):

Theoretical mass 191.0339,
Found: m/z: 191.0338 (δ ppm =0.4).
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Typical procedure for the preparation of porphycenic macrocycles from diformyl
bisheterocycles. Under an atmosphere of nitrogen, a suspension of activated zinc (3.7
g) and copper (I) chloride (222 mg, 2.2 mmol) in THF (100 ml), was added titanium
tetrachloride (3.11 ml, 28.8 mmol) drop wise. Upon completion of addition the solution
was stirred at reflux for 2 hours. To the refluxed titanium mixture was added a solution of
142 (185 mg, 0.5 mmol) and 143 (156 mg, 0.5 mmol) in THF (100 ml) was added dropwise
over 1 hour. The solution was stirred for an additional hour. The solution was cooled to 0
oC

and quenched with the addition of ammonium hydroxide solution (6%, 100 ml) was

added drop wise over 30 minutes. The solution was filtered and washed with DCM (200
ml). The combined organic layers were separated and dried over Na 2SO4. After removal
of the solvent under reduced pressure the residue was chromatographed and target
compounds were isolated to yield: 148 (10 mg, 7%), 149 (11 mg, 6%), 150 (17 mg, 6%).
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[2,3,6,7,12,13,16,17]-Octaethylporphycene (148)

Blue crystals

(10 mg, 7%);

MP:

212-214 oC;

1H

9.49 (s, 1H), 4.03 (q, J = 7.5 Hz, 2H), 3.88 (q, J = 7.6

NMR (400 MHz, CDCl3):

Hz, 2H), 1.66 (t, J = 7.6 Hz, 3H), 1.59 (t, J = 7.5 Hz,
3H);
13C

NMR (101 MHz, CDCl3):

143.4, 142.2, 137.4, 136.9, 110.0, 29.9, 21.6, 20.1,
18.2;

IR (cm-1):

2961, 2920, 2867, 1534, 1518, 1449, 1371, 1301,
1192, 1029.

216

Tetrahexylporphycene (149)

MP:

120-122 oC

1H

δ = 9.79, (s, 4H), 9.36 (s, 4H), 4.10 (t, J= 7.6 Hz, 8H),

NMR (400 MHz, CDCl3):

3.29 (s, 2H), 2.44 (m, 8H), 1.82 (m, 8H), 1.59 (m, 8H),
1.48 (m, 8H), 1.00 (t, 12H).
13C

NMR (100 MHz, CDCl3):

δ = 145.1, 143.6, 134.2, 122.6, 110.5, 32.1, 29.7, 28.5,
22.8, 14.2.

IR (cm-1):

2950, 2923, 2852, 1697, 1558, 1454, 1367, 1298,
1259, 1233, 1206, 1090, 1033, 1009.

217

[2,7]Dihexyl-[12,13,16,17]tetraethyl-porphycene (150)

MP:

133-135 oC

1H

δ = 9.65, (q, 4H), 9.26 (s, 2H), 4.10 (q, J= 7.5 Hz, 4H),

NMR (400 MHz, CDCl3):

4.03 (t, J= 7.5 Hz 4H), 3.95 (q, J= 7.6 Hz 4H), 2.37 (m,
4H), 1.75 (m, 4H), 1.73 (t, J= 7.6 Hz 6H), 1.64 (t, J= 7.5
Hz 6H), 1.43 (m, 4H), 1.26 (br s, 2H), 0.96 (t, J= 7.3 Hz
6H), 0.86 (m, 4H).
13C

NMR (100 MHz, CDCl3):

δ = 145.0, 144.1, 143.3, 141.7, 137.3, 136.0, 135.0,
122.5, 110.6, 110.1, 32.0, 29.7, 28.4, 22.8, 22.6, 21.5,
20.1, 18.2, 18.1, 14.2.

IR (cm-1):

2961, 2922, 2853, 1504, 1467, 1449, 1370, 1292.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H]+ 590.4421,
Found m/z: 591.4413 (δ ppm = -1.4)
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(3Z,7Z)-1,2,5,6(2,5)-Tetrafuranacyclooctaphane-3,7-diene (151)

A solution of activated zinc (6.5 g, 1.8 mmol) and copper (I) chloride (364 mg, 3.7 mmol)
in tetrahydrofuran (200 ml) was stirred under nitrogen. To the solution titanium
tetrachloride (5.0 ml, 46.0 mmol) was added dropwise to the solution, upon completion of
addition the solution was stirred at 85 oC for 2 hours. To the reflux a solution of 5,5’diformyl-2,2’-bisfuran (350 mg, 1.8 mmol) in tetrahydrofuran (200 ml) was added dropwise
over 1 hour. The solution was stirred for an additional hour where it was then cooled to 0
oC,

to the cooled solution 6% NH3 solution (200 ml) was added dropwise over 1 hour. The

solution was then extracted with dichloromethane and dried over anhydrous sodium
sulfate and concentrated. The crude oil was chromatographed on silica gel (CH 2Cl2) to
yield (3Z,7Z)-1,2,5,6(2,5)-tetrafuranacyclooctaphane-3,7-diene as dark red crystals (80
mg, 23%).

MP:
1H

270-271 oC

NMR (400 MHz, benzene-d6): δ = 4.95 (d, J= 3.2 Hz 4H), 4.85 (d, J= 3.2 Hz, 4H), 4.19
(s, 4H).

13C

NMR (100 MHz, benzene-d6): δ = 155.5, 149.3, 116.3, 133.9, 109.2.

IR (cm-1):

3126, 29.2, 1977, 1682, 1614, 1531, 1436, 1389, 1346,
1276, 1201, 1024.
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1-(5-Bromofuran-2-yl)ethan-1-ol

A solution of 5-bromo-2-furaldehyde (720 mg, 4.1 mmol) in tetrahydrofuran (30 ml) was
stirred under nitrogen. To the solution, methylmagnesium chloride solution (2.8 ml, 8.3
mmol, 2.5M) was added dropwise to the solution and was stirred at RT over 1 hour. The
solution was then cooled and diluted in diethyl ether following, a solution of ammonium
chloride and ice (50 ml) was added slowly. The organic phase was separated and washed
with saturated sodium bicarbonate solution, water and brine. The combined organic
layers were dried over anhydrous sodium sulfate and concentrated. The racemic oil (775
mg, 99%) was taken directly to the next step.

1H

NMR (300 MHz, CDCl3):

δ = 6.17 (d, J = 3.3 Hz, 1H), 6.13 (d, J = 3.3 Hz, 1H),
4.76 (q, J = 6.6 Hz, 1H), 1.45 (d, J = 6.6 Hz, 3H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

δ = 159.6, 121.2, 111.8, 107.9, 63.5, 21.1.
3356(br), 2981, 2934, 2874, 1501, 1447, 1374, 1308,
1206, 1193.
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1-(5-Bromofuran-2-yl)ethan-1-one (154)

A solution of 1-(5-bromofuran-2-yl)ethan-1-ol (2.2 g, 12 mmol) in dichloromethane (150
ml) was stirred under nitrogen. To the solution manganese dioxide (15g, 173 mmol) was
added portion wise to the solution, upon completion of addition the solution was stirred at
RT overnight. The solution was then filtered through a short Celite® pad, the filtrate was
then concentrated. The crude oil was chromatographed on silica gel (CH 2Cl2) to yield 1(5-bromofuran-2-yl)ethan-1-one as off white crystals (1.02 g, 47%).

MP

105-108 oC

1H

δ = 7.05 (d, J = 3.7 Hz, 1H), 6.42 (d, J = 3.6 Hz, 1H),

NMR (300 MHz, CDCl3):

2.39 (s, 3H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

δ = 185.4, 154.5, 128.2, 119.0, 114.4, 25.7.
3088, 1651, 1560, 1454, 1350.
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1-(5-Bromofuran-2-yl)-2-methylpropan-1-one (155)

A

solution

of

1-(furan-2-yl)-2-methylpropan-1-one

(350

mg,

2.5

mmol)

in

dimethylformamide (3.5 ml) was stirred at RT under nitrogen. To the solution nbromosuccinomide (890 mg, 5.0 mmol) was added and the solution was stirred at RT for
overnight. The reaction was diluted in ethyl acetate and washed with water followed by
brine. The combined organic phases were dried over anhydrous sodium sulfate and
concentrated. The crude oil (608 mg, yellow oil) was chromatographed on silica gel
(CH2Cl2) to yield 5-bromo-4-nitrofuran-2-carbaldehyde as a yellow oil (240 mg, 45%).

1H

NMR (300 MHz, CDCl3):

δ = 7.06 (d, J = 3.6 Hz, 1H), 6.41 (d, J = 3.6 Hz, 1H),
3.22 (sept, J = 6.8 Hz, 1H), 1.13 (d, J = 6.9 Hz, 6H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

δ = 192.4, 153.9, 127.8, 118.9, 114.2, 36.0, 30.9, 18.7.
3145, 2972, 2934, 1671, 1568, 1453, 1384, 1250.

222

1,1'-([2,2'-Bifuran]-5,5'-diyl)bis(ethan-1-one) (153)

A solution of 1-(5-bromofuran-2-yl)ethan-1-one (1.02 g, 5.40 mmol) in toluene (3 ml) was
stirred under nitrogen. To the solution palladium(II)acetate (9 mg, 0.04 mmol), tetra-nbutylammonium bromide (129 mg, 0.40 mmol) and N,N-disopropyl ethyl amide (0.14 ml,
0.04 mmol) was added to the solution, upon completion of addition the solution was stirred
at reflux overnight. The solution was cooled to RT and washed with water. The solution
was then extracted with dichloromethane then dried over anhydrous sodium sulfate and
concentrated. The crude oil was chromatographed on silica gel (50% EtOAc/CH2Cl2) to
yield 1,1'-([2,2'-bifuran]-5,5'-diyl)bis(ethan-1-one) as a brown oil (142 mg, 12%), with 690
mg of unreacted starting material.

MP:

205-208 oC

1H

δ = 7.29 (d, J = 3.7 Hz, 2H), 6.96 (d, J = 3.7 Hz, 2H),

NMR (300 MHz, CDCl3):

2.55 (s, 6H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

δ = 186.2, 152.5, 148.1, 119.0, 110.1, 26.1.
3140, 3118, 2959, 1660, 1545, 1424, 1362, 1338,
1282, 1208.
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[10,11,20,21]Tetramethyloxoporphycene

A solution of activated zinc (2.0 g) and copper (I) chloride (100 mg, 1.0 mmol) in
tetrahydrofuran (50 ml) was stirred under nitrogen. To the solution titanium tetrachloride
(1.33 ml, 10.7 mmol) was added dropwise to the solution, upon completion of addition the
solution was stirred at 85 oC for 2 hours. To the reflux a solution of 1,1'-([2,2'-bifuran]-5,5'diyl)bis(ethan-1-one) (90 mg, 0.4 mmol) in tetrahydrofuran (50 ml) was added dropwise
over 1 hour. The solution was stirred for an additional hour where it was then cooled to 0
oC,

to the cooled solution 6% NH3 solution (100 ml) was added dropwise over 1 hour. The

solution was then extracted with dichloromethane and dried over anhydrous sodium
sulfate and concentrated. The crude oil was chromatographed on silica gel (30% EtOAc/
Pet. Ether 40 – 60 oC) to yield [10,11,20,21]tetramethyloxoporphycene as orange crystals
(20 mg, 12%).

MP:

205-206 oC, with browning;

1H

6.30 (d, J = 3.4 Hz, 4H), 6.20 (d, J = 3.4 Hz, 4H), 2.04

NMR (300 MHz, CDCl3):

(s, 12H);
13C

NMR (75 MHz, CDCl3):

155.8, 144.1, 122.9, 111.0, 109.5, 45.0, 29.6, 19.9;

IR (cm-1):

2942, 2864, 1444, 1376, 1280, 1113;

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H]+ 373.1434,
Found m/z: 373.1433.
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1,1'-([2,2'-Bifuran]-5,5'-diyl)bis(2-methylpropan-1-one) (156)

A solution of 1-(5-bromofuran-2-yl)-2-methylpropan-1-one (200 mg, 0.93 mmol) in toluene
(10 ml) was stirred under nitrogen. To the solution palladium(II)acetate (19 mg, 0.05
mmol), tetra-n-butylammonium bromide (274 mg, 0.50 mmol) and N,N-disopropyl ethyl
amide (0.31 ml, 0.10 mmol) was added to the solution, upon completion of addition the
solution was stirred at reflux overnight. The solution was cooled to RT and washed with
water. The solution was then extracted with dichloromethane then dried over anhydrous
sodium sulfate and concentrated. The crude oil was chromatographed on silica gel (50%
EtOAc/CH2Cl2) to yield 1,1'-([2,2'-bifuran]-5,5'-diyl)bis(2-methylpropan-1-one) as a brown
oil (100 mg, 77%).

1H

NMR (400 MHz, CDCl3):

δ = 7.30 (d, J = 3.7 Hz, 1H), 6.95 (d, J = 3.7 Hz, 1H),
3.39 (sept, J = 6.7 Hz, 1H), 1.28 (d, J = 6.9 Hz, 6H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

δ = 193.2, 151.8, 148.0, 118.9, 109.9, 36.4, 18.9.
3115, 2970, 2932, 1658, 1547, 1463, 1251, 1038,
1024, 1000, 809.
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[2,2'-Bifuran]-5,5'-diylbis((4-(tert-butyl)phenyl)methanol)

A cooled (0 oC) solution of freshly made (4-tert-butyl)-phenylmagnesium bromide (9.50 g,
40.0 mmol) in tetrahydrofuran (50 ml) was stirred over nitrogen. To the solution, 5,5’diformyl-2,2’-bisfuran (1.00g, 5.3 mmol, in 50 ml THF) was added drop wise, upon
completion of the addition the solution was stirred for a further 2 hours at RT. The solution
was diluted in diethyl ether and washed with water followed by brine. The solution was
dried over anhydrous sodium sulfate and concentrated. The crude oil (7.35 g) was then
cooled to form a precipitate, which was collected and dried to yield [2,2'-bifuran]-5,5'diylbis((4-(tert-butyl)phenyl)methanol) as off white crystals (906 mg , 37%).

MP:

165-167oC

1H

δ = 7.43 (s, 8H), 6.49 (d, J = 3.3 Hz, 2H), 6.19 (dd, J =

NMR (400 MHz, CDCl3):

3.4, 0.8 Hz, 2H), 5.85 (d, J = 4.4 Hz, 2H) 2.36 (d, J =
4.5 Hz, 2H), 1.36 (s, 18H).
13C

NMR (100 MHz, CDCl3):

δ = 155.5, 151.2, 146.3, 137.6, 126.4, 125.5, 109.3,
106.0, 70.0, 34.6, 31.4, 31.0.

IR (cm-1):

3224(br), 2959, 2901, 2867, 1578, 1513, 1471, 1412,
1361, 1199.

MS (FTMS + p NSI Full MS):

Theoretical mass 458.2457,
Found m/z: 455.2569.
226

[2,2'-Bifuran]-5,5'-diylbis((4-(tert-butyl)phenyl)methanone) (157)

A cooled (-78 oC) solution of [2,2'-bifuran]-5,5'-diylbis((4-(tert-butyl)phenyl)methanol)
(0.56 g, 1.2 mmol) in dichloromethane (120 ml) was stirred over nitrogen. To the solution,
pyridinium chlorochromate (1.35 g, 6.3 mmol) was added portion wise, upon completion
of the addition the solution was stirred overnight at RT. The solution was then diluted with
dichloromethane and passed through a short Celite® pad. The filtrate was concentrated
and chromatographed on silica gel (CH2Cl2) to yield [2,2'-bifuran]-5,5'-diylbis((4-(tertbutyl)phenyl)methanone) as reflective yellow crystals (100 mg, 18%).

MP:

212-217 oC

1H

δ = 7.96 (d, J = 8.8, 2H), 7.54 (d, J = 8.8 Hz, 2H), 7.33

NMR (400 MHz, CDCl3):

(d, J = 3.7 Hz, 2H), 7.05 (d, J = 3.7 Hz, 2H), 1.38 (s,
18H).
13C

NMR (100 MHz, CDCl3):

δ = 206.8, 182.2, 156.9 152.3, 148.7, 134.3, 129.3,
125.5, 122.0, 110.2, 35.2, 31.1, 30.9.

IR (cm-1):

3236, 2959, 2868, 1693, 1629, 1604, 1561, 1430,
1293, 1107.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H]+ 456.2217,
Found m/z: 456.2212 (δ ppm = -1.1).

227

Thiophene-2-carbaldehyde

A solution of thiophene (23.4 g, 280 mmol) in dimethylformamide (27.4 ml, 360 mmol)
was stirred under nitrogen at 0 oC. To the solution phosphorous oxychloride (32.1 ml, 360
mmol) was added the solution via dropping funnel, upon completion of addition the
solution was stirred at 0 oC over 1 hour. The solution was then heated to reflux and stirred
for 2 hours. The solution was then poured over ice. The solution was extracted with DCM
(4 x 200 ml). The combined organic fractions were dried over anhydrous sodium sulfate
and concentrated yielding thiophene-2-carbaldehyde as a brown oil (26.6 g, 85%).

1H

NMR (300 MHz, CDCl3):

δ = 7.12 (d, J = 3.4 Hz, 1H), 6.15 (d, J = 3.4 Hz, 1H),
3.91 (s, 3H), 2.41 (s, 3H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

δ = 159.2, 157.2, 143.0, 119.5, 108.4, 51.8, 14.0.
2997, 2953, 2930, 1719, 1519, 1436, 1304, 1209,
1132, 1021, 758.
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5-Bromothiophene-2-carbaldehyde (160)

A solution of dimethylformamide (20.0 ml, 258 mmol) was stirred under nitrogen at 0 oC.
To the solution, phosphorous oxychloride (18.0 ml, 193 mmol) was added the solution via
dropping funnel, upon completion of addition the solution was warmed to room
temperature and stirred over 1 hour. 2-bromo-thiophene (1.9 ml, 20 mmol) in a solution
of 1,2-dichloroethane (30 ml) was added. The solution was then heated to reflux and
stirred for 4 hours. The solution was then poured over ice. The solution was extracted
with DCM (4 x 200 ml). The combined organic fractions were dried over anhydrous
sodium sulfate and concentrated. The crude solution was chromatographed over silica
gel (20% EtOAc/Pet. Ether 40 – 60 oC) to yield 5-bromothiophene-2-carbaldehyde as a
brown oil (1.9 g, 50%).

1H

NMR (400 MHz, Acetone-d6):

δ = 9.80 (s, 1H), 7.75 (d, J = 4.0 Hz, 1H), 7.35
(d, J = 4.0 Hz, 1H).

229

[2,2'-Bithiophene]-5,5'-dicarbaldehyde (159)

A solution of 5-bromothiophene-2-carbaldehyde (1.91 g, 10.0 mmol) in toluene (4 ml) was
stirred under nitrogen. To the solution palladium(II)acetate (112 mg, 0.5 mmol), tetra-nbutylammonium bromide (1.61 g, 5.0 mmol) and N,N-disopropyl ethyl amide (1.74 ml,
10.0 mmol) was added to the solution, upon completion of addition the solution was stirred
at reflux for 4 hours. The solution was cooled to RT and quenched with water. The solution
was then extracted with dichloromethane (2 x 50 ml) then dried over anhydrous sodium
sulfate and concentrated. The crude oil was chromatographed on silica gel (CH 2Cl2) to
yield [2,2'-bithiophene]-5,5'-dicarbaldehyde as brown crystals (750 mg, 68%).

MP:

188-190 oC

1H

δ = 9.92 (s, 1H), 7.72 (d, J = 4.0 Hz, 1H), 7.42

NMR (400 MHz, CDCl3):

(d, J = 4.0 Hz,1H).
13C

NMR (101 MHz, CDCl3):

IR (cm-1):

δ = 182.7, 145.0, 144.1, 137.0, 126.6.

3097, 3077, 2834, 1650, 1615, 1510, 1433,
1384, 1189, 1080, 795.

230

(3Z,7Z)-1,2(2,5)-Difurana-5,6(2,5)-dithiophenacyclooctaphane-3,7-diene (162)

Under an atmosphere of nitrogen, a suspension of activated zinc (3.7 g) and copper (I)
chloride (222 mg, 2.2 mmol) in THF (100 ml), was added titanium tetrachloride (3.11 ml,
28.8 mmol) drop wise. Upon completion of addition the solution was stirred at reflux for 2
hours. To the reflux a solution of 9 (128 mg, 0.7 mmol) and 15 (150 mg, 0.7 mmol) in THF
(100 ml) was added drop wise over 1 hour. The solution was stirred for an additional hour.
The solution was cooled to 0 oC and quenched with the addition of ammonium hydroxide
solution (6 %, 100 ml) was added drop wise over 30 mins. The solution was filtered and
washed with DCM (200 ml). The combined organic layers were separated and dried over
Na2SO4. After removal of the solvent under reduced pressure the crude oil was
chromatographed on silica gel (5% EtOAc/Pet. Ether 40 – 60 oC) to yield dimeric and
trimeric sulfur macrocycles (19 mg, 14%) and (22 mg, 12%), respectively, (3Z,7Z)1,2,5,6(2,5)-tetrafuranacyclooctaphane-3,7-diene (17 mg, 16%) and (3Z,7Z)-1,2(2,5)difurana-5,6(2,5)-dithiophenacyclooctaphane-3,7-diene as brown crystals (9 mg, 8%);

231

MP:

146-148 oC;

1H

δ = 6.70 (d, J = 3.6 Hz, 1H), 6.61 (ddd, J = 3.6, 0.9, 0.3

NMR (400 MHz, CDCl3):

Hz, 1H), 6.10 (d, J = 3.5 Hz, 1H), 5.98 (dt, J = 3.4, 0.5
Hz, 1H), 5.94 (ddd, J = 12.5, 0.9, 0.5 Hz, 1H), 5.63 (d,
J = 12.5 Hz, 1H);
13C

NMR (100 MHz, CDCl3):

δ = 153.2, 146.5, 142.5, 139.0, 128.4, 124.8, 118.7,
118.5, 117.0, 111.6;

IR (cm-1):

2927, 1651, 1603, 1537, 1452, 1391, 1260, 1017, 906,
795, 744;

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H]+ 349.0351,
Found m/z: 349.0349.

232

1,2-Bis(2,2-dibromovinyl)benzene (187)

A cooled (0 oC) solution of tetrabromomethane (17.4 g, 52 mmol) in dichloromethane (250
ml) was stirred under nitrogen. Triphenyl phosphine (27.5 g, 105 mmol) was added and
the solution was allowed to warm to RT over 20 mins. To the stirring solution ophthaldialdehyde (3.1 g, 23 mmol) in dichloromethane (100 ml) was added over 20 mins.
The solution was stirred for a further 2 hours. The solution was washed with water (2 x
100 ml), the organic layers were combined and dried over anhydrous magnesium sulfate.
The dried organic solution was then further extracted with pentane (7 x 150 ml) then
concentrated. The crude solution was chromatographed on silica gel (1% EtO2/Pentane)
to provide 1,2-bis(2,2-dibromovinyl)benzene as a yellow oil (5.0 g, 50%).

1H

NMR (400 MHz, CDCl3):

13C

NMR (100 MHz, CDCl3):

IR (cm-1):

δ = 7.56, (m, 2H), 7.45 (s, 2H), 7.41 (m, 2H).
δ = 135.4, 134.6, 128.8, 128.4, 93.1.
3010, 1800br, 1600, 1563, 1471, 1447.

233

1,2-Diethynylbenzene (185)

A cooled (-78 oC) solution of diisopropyl amine (10.3 ml, 78.1 mmol) in tetrahydrofuran
(250 ml) was stirred under nitrogen. n-Butyl lithium (48.8 ml, 78.1 mmol, 1.6 M) was added
and the solution was allowed to warm to RT. To a stirring solution 1,2-bis(2,2dibromovinyl)benzene (5.0 g, 11.2 mmol) in tetrahydrofuran (50 ml) the solution of lithium
diisopropylamide was added over 20 mins. The solution was stirred for a further 20 mins
where it was quenched with aqueous ammonium sulfate (130 ml) and stirred for 2 hours.
The solution was diluted in pentane (200 ml) and washed with water (2 x 100 ml), the
organic layers were combined and dried over anhydrous magnesium sulfate. The dried
organic solution was then concentrated. The crude oil was chromatographed on silica gel
(1% EtO2/Pentane) to provide 1,2-diethynylbenzene as a yellow oil (700 mg, 50%).

1H

NMR (400 MHz, CDCl3):

13C

NMR (100 MHz, CDCl3):

IR (cm-1):

δ = 7.55 (m, 2H), 7.34 (m, 2H), 3.36 (s, 2H).
δ = 132.6, 128.5, 125.1, 81.9, 81.2.
3285, 3063, 2110, 1600, 1550, 1475.
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Diethyl 3,3'-(1,2-phenylene)dipropiolate (186)

A cooled (-78 oC) solution of 1,2-diethynylbenzene (400 mg, 3.2 mmol) in tetrahydrofuran
(20 ml) was stirred under nitrogen. n-Butyl lithium (3.2 ml, 7.5 mmol, 2.5M) was added
dropwise and the solution stirred for 20 mins. To the stirring solution ethyl chloroformate
(1.2 ml, 12.0 mmol) in tetrahydrofuran (10 ml) was added dropwise. The solution was
stirred for a further 30 mins where it was warmed to RT, where upon it was quenched
with aqueous ammonium chloride (150 ml). The solution was extracted with diethyl ether
(4 x 40 ml) and the organic layers were combined and dried over anhydrous sodium
sulfate and concentrated. The crude oil was chromatographed on silica gel (25% EtOAc/
Pet. Ether 40 – 60 oC) to provide diethyl 3,3'-(1,2-phenylene)dipropiolate as a yellow oil
(350 mg, 41%).

1H

NMR (400 MHz, CDCl3):

δ = 7.66 (m, 2H), 7.49 (m, 2H), 4.35 (q, J = 7.0 Hz, 4H),
1.40 (t, J = 7.1 Hz, 6H).

13C

NMR (100 MHz, CDCl3):

δ = 153.6, 133.4, 130.2, 123.6, 84.8, 82.8, 62.3, 30.9,
14.1.

IR (cm-1):

2982, 2216, 1706, 1479, 1444, 1294.
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Diethyl 3-(2-(3-ethoxy-3-oxoprop-1-ynyl)phenyl)-1H-pyrrole-2,4-dicarboxylate (189)

A mixture of diethyl 3,3'-(1,2-phenylene)dipropiolate (50 mg, 0.2 mmol), copper (I) oxide
(10.0 mg, 0.1 mmol), phenanthroline (14.4 mg, 0.1 mmol) in 1,4-dioxane (1 ml) was stirred
under nitrogen. Ethyl isocyanoacetate (0.08 ml, 0.8 mmol) was added and the solution
was heated to 110 oC and stirred for 24 hours. The solution was then cooled and filtered
through a short Florisil® pad and washed with diethyl ether. The solution was concentrated
and chromatographed on silica gel (25% EtOAc/Pet. Ether 40 – 60 oC) to provide the
monocyclised product, diethyl 3-(2-(3-ethoxy-3-oxoprop-1-ynyl)phenyl)-1H-pyrrole-2,4dicarboxylate, as a yellow oil (0.10 mg, 14%).

1H

NMR (400 MHz, CDCl3):

δ = 9.72 (brs, 1H), 7.65 (m, 2H), 7.47 (m, 1H), 7.37 (m,
1H), 4.15 (m, 6H), 1.29 (t, J = 7.1 Hz, 3H), 1.11 (t, J =
7.1 Hz, 3H), 1.06 (t, J = 7.1 Hz, 3H).

13C

NMR (100 MHz, CDCl3):

δ = 164.1, 161.1, 154.5, 139.3, 133.1, 131.1, 129.8,
129.3, 127.6, 127.3, 122.1, 120.7, 118.1, 86.4, 83.0,
62.2, 61.1, 60.3, 14.7, 14.6, 14.5, 14.4, 14.2.

IR (cm-1):

3285, 2982, 2211, 1703, 1555, 1519, 1443.

MS (FTMS + p NSI Full MS):

Theoretical mass 384.1442,
Found: m/z: 384.1443 (δ ppm =0.4).

236

1,4-Diiodophenazine-2,3-diamine (199)

To a solution of 2,3-phenazine (2.5 g, 7.6 mmol) in tetrahydrofuran (75 ml) was added
triethylamine (2.6 ml, 18.3 mmol) followed by a solution of iodine monochloride in
dichloromethane (4.2 g, 26.0 mmol, 1M in DCM). The solution was stirred at room
temperature over 4 hours. The solution was quenched with the addition of water (200 ml)
and washed with saturated ammonium chloride (150 ml) followed by brine (150 ml). The
combined organic layers were dried over sodium sulfate and concentrated to yield a crude
residue. The crude material was chromatographed on silica gel (Et 2O) to yield 1,4diiodophenazine-2,3-diamine as orange crystals (2.7 g, 76%).

MP:

190-192 oC

1H

8.27 (dd, J = 6.6, 3.4 Hz, 2H), 7.65 (m, 2H), 4.94 (s,

NMR (300 MHz, CDCl3):

4H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

142.5, 142.2, 140.0, 129.1, 128.6, 128.2.
3332, 1593, 1546, 1418, 1314, 1231, 1109, 1017, 918,
826, 755

237

1,4-Dimethylpiperazine-2,3-dione (205)

To a solution of N,N’-dimethyl-ethylenediamine (10.0 ml, 94 mmol) was added diethyl
oxalate (12.7 ml, 94 mmol) in one portion. Once the addition was complete the solution
was stirred overnight where crystals began to form. The crude product was filtered and
washed with ether to yield 1,4-dimethylpiperazine-2,3-dione as white crystals (12.5 g,
14%).

MP:

177-179 oC

1H

3.55 (s, 2H), 3.08 (s, 1H).

NMR (300 MHz, CDCl3):

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

144.9, 136.2, 130.0, 126.8, 120.7, 113.5, 21.6.
2900, 1660, 1612, 1468, 1426, 1329, 1110, 991, 942,
807,

238

Tetradecane-7,8-dione (203)

To a cooled (0 oC) suspension of 1,4-dimethylpiperazine-2,3-dione (2.13 g, 15 mmol) in
tetrahydrofuran (60 ml) was added n-hexyl lithium (14.5 ml, 36 mmol, 2.5 M) dropwise via
syringe. Upon completion of the addition the solution was warmed to room temperature
and stirred for 1 hour. The reaction was quenched with the addition of dilute HCl (100 ml).
The solution was extracted with dichloromethane (3 x 50 ml). The combined organic
layers were dried with sodium sulfate and concentrated to yield the crude product (3.75
g) which was chromatographed on silica gel (CH2Cl2) to yield tetradecane-7,8-dione as
yellow crystals (2.82 g, 84%).

MP:

39-41 oC

1H

2.74 (t, J = 7.3 Hz, 2H), 1.52 (m, 2H), 1.23 (m, 6H),

NMR (300 MHz, CDCl3):

0.81 (m, 3H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

200.4, 36.3, 31.7, 29.0, 23.2, 22.6, 14.2.
2956, 2918, 2858, 2847, 1710, 1470, 1464, 1335,
1281, 1123, 1053, 934, 917, 779.

MS (FTMS + p NSI Full MS):

Theoretical mass 227.2006,
Found: m/z: 227.2002 (δ ppm =-1.6).

239

2,9-Dimethyldecane-5,6-dione (204)

Isopentyl magnesium bromide was prepared by the addition of isopentyl bromide (4.3 ml,
36 mmol) to a suspension of magnesium (1.3 g, 54 mmol) in tetrahydrofuran (35 ml). The
solution was activated with the addition of iodine (50 mg) and stirred at reflux for 2 hours.
The crude solution was taken directly to the next step. The solution of isopentyl
magnesium bromide was added, to a suspension of 1,4-dimethylpiperazine-2,3-dione
(2.1 g, 15 mmol) in tetrahydrofuran (15 ml). The solution stirred at room temperature for
1 hour where the reaction was quenched with the addition of dilute HCl (100 ml). The
solution was extracted with dichloromethane (3 x 50 ml). The combined organic layers
were dried with sodium sulfate and concentrated to yield the crude product (1.1 g) which
was chromatographed on silica gel (5% EtOAc/Pet. Ether 40 – 60 oC) to yield 2,9dimethyldecane-5,6-dione as a yellow oil (250 mg, 8%).

1H

NMR (300 MHz, CDCl3):

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

2.35 (m, 2H), 1.37 (m, 3H), 0.88 (d, J = 6.4 Hz, 6H).

200.4, 34.3, 32.0, 27.9, 22.4.

2955, 2930, 2871, 1711, 1467, 1402, 1367, 1326,
1169, 1128, 1051, 915, 735.

240

4,5-Dinitrobenzene-1,2-diamine (206)

To N,N'-(4,5-dinitro-1,2-phenylene)bis(4-methylbenzenesulfonamide) (14.3 g, 28 mmol)
was added concentrated sulfuric acid (140 ml). Upon completion of the addition the
solution was warmed to 100oC and stirred for 4 hours. The reaction was quenched with
the addition of ice (500 g) and the precipitate was collected by filtration. The crude solids
were recrystalised with ethanol to yield 4,5-dinitrobenzene-1,2-diamine as black needles
(2.4 g, 43%).

MP:
1H

212-214 oC

NMR (300 MHz, Acetone-d6): 7.23 (s, 2H), 5.55 (s, 4H).

13C

NMR (75 MHz, Acetone):

IR (cm-1):

145.3, 139.4, 109.8.
3455, 3368, 3056, 1649, 1620, 1595, 1502, 1424,
1301, 1239, 1148, 1039, 873, 812, 744.
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2,3-Dihexyl-6,7-dinitroquinoxaline (207)

To a solution of tetradecane-7,8-dione (1.7 g, 7.3 mmol) in methanol (25 ml) was added
4,5-dinitrobenzene-1,2-diamine (1.4 g, 7.1 mmol). Upon completion of the addition the
solution was warmed to reflux and stirred for 5 hours. The reaction was quenched with
the addition of water (100 ml) and the solution was extracted with dichloromethane (3 x
100 ml). The combined organic layers were dried over sodium sulfate and concentrated.
The crude material was purified via column chromatography (50 % CHCl3/Pet. Ether 40
– 60 oC) to yield 2,3-dihexyl-6,7-dinitroquinoxaline as yellow crystals (2.4 g, 86%).

MP:

78-80 oC

1H

8.56 (s, 1H), 2.84 (m, 2H), 1.80 (m, 2H), 1.46 (m, 2H),

NMR (300 MHz, CDCl3):

1.37 (ddd, J = 6.5, 4.7, 3.2 Hz, 4H), 0.86 (m, 3H).
13C

NMR (75 MHz, CDCl3):

162.2, 141.9, 141.2, 126.7, 76.6, 35.4, 31.6, 29.2, 27.6,
22.6, 14.1.

IR (cm-1):

2949, 2925, 2866, 1537, 1466, 1430, 1372, 1338,
1306, 1267, 1107, 1024, 907, 838, 741.

MS (FTMS + p NSI Full MS):

Theoretical mass 389.2183
Found: m/z: 389.2185 (δ ppm =0.4).

242

2,3-Dihexylquinoxaline-6,7-diamine (208)

To a solution of 2,3-dihexyl-6,7-dinitroquinoxaline (1.3 g, 3.3 mmol) in ethanol (200 ml)
was added palladium on charcoal (300 mg, 10%) and hydrazine monohydrate (6.0 ml).
Upon completion of the addition the solution was warmed to reflux and stirred for 3 hours.
The reaction was filtered hot through Celite® and concentrated to yield 2,3dihexylquinoxaline-6,7-diamine as yellow crystals (930 mg, 85%).

MP:

165-167 oC

1H

7.37 (s, 1H), 3.93 (s, 2H), 2.90 (m, 2H), 1.75 (m, 2H),

NMR (300 MHz, CDCl3):

1.51 (m, 2H), 1.38 (m, 4H), 0.95 (m, 3H).
13C

NMR (75 MHz, CDCl3):

153.1, 138.9, 138.1, 110.4, 35.4, 31.9, 29.6, 29.6, 22.7,
14.2.

IR (cm-1):

3435, 3302, 3181, 2953, 2854, 1639, 1565, 1498,
1375, 1340, 1257, 1234, 1173, 1081, 906, 850,

MS (FTMS + p NSI Full MS):

Theoretical mass 329.2700,
Found: m/z: 329.2702 (δ ppm =0.7).

243

Di-tert-butyl-(1,4-diiodophenazine-2,3-diyl)bis((tert-butoxycarbonyl)carbamate)
(210)

To a solution of 1,4-diiodophenazine-2,3-diamine (2.7 g, 5.8 mmol) in tetrahydrofuran (90
ml) was added imidazole (625 mg, 9.2 mmol) followed by Boc anhydride (10.1 g, 46.3
mmol). The solution was warmed to reflux and stirred for 2 hours. The reaction was cooled
and quenched with the addition of water (200 ml). The solution was extracted with
ethylacetate (2 x 100 ml), the combined organic layers were dried over anhydrous sodium
sulfate and concentrated. The crude material was recyrstalised (ethanol) to yield di-tertbutyl

(1,4-diiodophenazine-2,3-diyl)bis((tert-butoxycarbonyl)carbamate)

as

yellow

crystals (4.7 g, 95%).

MP:

209-211oC

1H

8.41 (dd, J = 6.8, 3.4 Hz, 2H), 7.93 (dd, J = 6.8, 3.4 Hz,

NMR (300 MHz, CDCl3):

2H), 1.48 (s, 36H).
13C

NMR (75 MHz, CDCl3):

149.8, 144.8, 143.5, 141.4, 132.0, 129.6, 112.6, 83.9,
28.2.

IR (cm-1):

2979, 2933, 1756, 1710, 1537, 1479, 1391, 1324,
1267, 1208, 1115, 1080, 868, 780.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 863.1008,
Found: m/z: 863.1006 (δ ppm =-0.3).

244

1,2-Dibromo-4,5-dinitrobenzene (217)

To a cooled (0 oC) solution of concentrated sulfuric acid (55 ml, 95%) added fuming nitric
acid (13.6 ml). The solution was warmed to room temperature and 1,2-dibromobenzene
(9.0 g, 38.1 mmol), the suspension was stirred at RT overnight. The solution was poured
into ice and precipitate which formed was collected via suction filtration. The crude
product was recrystallized (methanol) to yield 1,2-dibromo-4,5-dinitrobenzene as yellow
crystals (5.2 g, 42%).

MP:

158-160oC

1H

8.18 (s, 2H).

NMR (300 MHz, CDCl3):

13C

NMR (75 MHz, CDCl3):

IR(cm-1):

130.9, 130.6, 129.7.
3390, 3142, 3116, 1598, 1582, 1506, 1444, 1361,
1314, 1253, 1232, 1169, 1153, 1115, 1096, 979, 815.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 324.8454,
Found: m/z: 324.8459 (δ ppm =1.5).

245

1,2-Dinitro-4,5-di(oct-1-yn-1-yl)benzene (218)

A solution of 1,2-dibromo-4,5-dinitrobenzene (500 mg, 1.53 mmol) in tetrahydrofuran (25
ml) was stirred under nitrogen. To the solution palladium tetrakis (90 mg, 0.08 mmol),
copper iodide (30 mg, 0.16 mmol), trimethylamine (1.05 ml, 7.56 mmol) and 1-octyne
(0.48 ml, 3.22 mmol) was added to the solution, upon completion of addition the solution
was stirred at room temperature for 48 hours. The solution was cooled to RT and
concentrated. The crude oil was chromatographed on silica gel (5% Et2O/Pet. Ether 40 –
60 oC) to yield 1,2-dinitro-4,5-di(oct-1-yn-1-yl)benzene as a yellow oil (264 mg, 45%).

1H

NMR (400 MHz, CDCl3):

7.85 (s, 2H), 2.50 (t, J = 7.1 Hz, 4H),1.59 (m, 4H), 1.43
(m, 4H), 1.29 (m, 8H), 0.87 (m, 6H).

13C

NMR (101 MHz, CDCl3):

141.2, 132.4, 128.4, 103.0, 31.8, 29.1, 28.7, 23.0, 20.3,
14.5.

IR (cm-1):

2954, 2928, 2857, 2359, 2223, 1541, 1466, 1358,
1241, 1050, 905, 846, 781

246

1,2-Bis(isopentyloxy)benzene (221)

To a solution of catechol (2.5 g, 22.9 mmol) in acetone (50 ml) was added potassium
carbonate (12.7 g, 91.7 mmol), potassium iodide (250 mg) and isopentyl bromide (5.6 ml,
46.0 mmol). The solution was heated to reflux over 48 hours. The solution was filtered
and concentrated. The crude products were chromatographed on silica gel (5% EtOAc/
Pet. Ether 40 – 60 oC) to yield 1,2-bis(isopentyloxy)benzene as a clear oil (3.8 g, 67%).

1H

NMR (400 MHz, CDCl3):

6.90 (d, J = 0.9 Hz, 2H), 4.03 (t, J = 6.7 Hz, 4H), 1.87
(ddt, J = 13.1, 7.3, 6.6 Hz, 2H), 1.72 (q, J = 6.7 Hz, 4H),
0.98 (d, J = 6.6 Hz, 12H).

13C

NMR (101 MHz, CDCl3):

IR (cm-1):

149.5, 121.2, 114.4, 67.9, 38.3, 25.3, 25.3, 22.8.
2954, 2928, 2869, 1592, 1501, 1465, 1452, 1384,
1251, 1218, 1121, 1003, 981, 736.

247

1,2-Bis(isopentyloxy)-4,5-dinitrobenzene (222)

To a solution of 1,2-bis(isopentyloxy)benzene (3.8 g, 15.3 mmol) in acetic acid (40 ml)
was added a solution of nitric acid (3.3 ml) and fuming nitric acid (29 ml). The solution
was stirred at room temperature overnight. The solution was poured into ice and
precipitate which formed was collected via suction filtration. The crude product was
recrystallized (ethanol) to yield 1,2-dibromo-4,5-dinitrobenzene as yellow crystals (4.1 g,
78%).

MP:

130-131 oC

1H

7.30 (s, 2H), 4.13 (t, J = 6.4 Hz, 4H), 1.90 ~ 1.81 (m,

NMR (300 MHz, CDCl3):

2H), 1.80 ~ 1.74 (m, 4H), 0.99 (d, J = 6.4 Hz, 12H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

203.2, 151.8, 107.8, 68.7, 37.3, 25.2, 22.5.
3124, 3071, 2954, 2869, 1585, 1526, 1463, 1367,
1334, 1286, 1219, 1169, 1054, 989, 961, 807, 770,
664.

248

4,5-Bis(isopentyloxy)benzene-1,2-diamine (223)

1,2-bis(isopentyloxy)-4,5-dinitrobenzene (570 mg, 1.7 mmol) in ethanol (20 ml) was
added palladium on charcoal (100 mg, 10%/w) and hydrazine monohydrate (1.5 ml, 28.3
mmol). The solution was heated to reflux and stirred overnight. The hot solution was
filtered through Celite® and concentrated yielding 4,5-bis(isopentyloxy)benzene-1,2diamine as yellow crystals (460 mg, quant).

MP:

64-67 oC

1H

6.38 (s, 2H), 3.92 (t, J = 6.7 Hz, 4H), 3.16 (s, 4H), 1.83

NMR (400 MHz, CDCl3):

(dt, J = 13.4, 6.7 Hz, 2H), 1.64 (q, J = 6.8 Hz, 4H), 0.94
(d, J = 6.7 Hz, 12H).
13C

NMR (101 MHz, CDCl3):

IR (cm-1):

143.5, 128.4, 106.9, 69.1, 38.4, 25.1, 22.6.
3367, 3305, 2954, 2922, 2868, 1604, 1525, 1465,
1436, 1336, 1305, 1241, 1206, 1147, 999, 853, 789,
693.

249

1-(Triisopropylsilyl)-pyrrole (225)

To a cooled (-78 oC) solution of pyrrole (2.5 ml, 36 mmol) in tetrahydrofuran (60 ml) was
added n-Butyl lithium (16 ml, 40 mmol, 2.5 M), over 1 hour. Once the addition was
complete the solution was stirred for a further 10 mins at -78 oC. To the stirring solution
triisopropylchlorosilane (7.7 ml, 36 mmol) was added dropwise. The solution was warmed
to RT over 30 mins. The solution was then quenched with the addition of water (30 ml).
The solution was extracted with diethyl ether (2 x 40 ml) and the organic layers were
combined and dried over anhydrous sodium sulfate and concentrated. The crude oil was
chromatographed on silica gel (10% EtOAc/Pet. Ether 40 – 60 oC) to provide diethyl 1(triisopropylsilyl)-pyrrole as a yellow oil (6.8 g, 84%)

1H

NMR (400 MHz, CDCl3):

6.84 (d, J = 1.8 Hz, 1H), 6.36 (d, J = 1.8 Hz, 1H), 1.42
(m, 3H), 1.14 (dd, J = 7.5, 1.3 Hz, 14H).

13C

NMR (101 MHz, CDCl3):

IR (cm-1):

124.1, 110.2, 18.0, 11.9.
2945, 2867, 1460, 1184, 1080, 1045, 1015, 882, 726,
689.

250

3-Bromo-1-(triisopropylsilyl)-pyrrole (226)

To a solution of 1-(triisopropylsilyl)-pyrrole (500 mg, 2.2 mmol) and hydroquinone (50 mg,
0.45 mmol) in acetone (20 ml) was added n-bromo succinomide (400 mg 2.2 mmol) in
one portion. The solution was heated to reflux and stirred for 1 hour. The solution was
cooled and hexane (50 ml) was introduced, producing a precipitate. The solution was
filtered through neutral alumina and the filtrate was concentrated. The crude solution was
chromatographed on silica gel (Pet. Ether 40 – 60

oC)

to yield 3-bromo-1-

(triisopropylsilyl)-pyrrole as a clear oil (1.7 g, 63%).

1H

NMR (300 MHz, CDCl3):

6.73 (dd, J = 2.3, 1.4 Hz, 1H), 6.67 (dd, J = 2.8, 2.3 Hz,
1H), 6.29 (dd, J = 2.9, 1.4 Hz, 1H), 1.37 (m, 3H), 1.09
(d, J = 7.5 Hz, 18H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

124.8, 123.4, 113.2, 98.1, 17.9, 11.7.
3025, 2946, 2921, 2867, 1463, 1452, 1212, 1201,
1077, 1015, 912, 882, 764, 699.
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1,2-Bis(1-(triisopropylsilyl)-1H-pyrrol-3-yl)ethane-1,2-dione (229)

(1-(Triisopropylsilyl)-1H-pyrrol-3-yl)lithium was prepared by the addition of n-butyl lithium
(2.1 M, 4.0 ml, 8.2 mmol) to a cooled (-78 oC) solution of 3-bromo-1-(triisopropylsilyl)-1Hpyrrole (2.3 g, 7.4 mmol) in tetrahydrofuran (8 ml). The solution was stirred at -78 oC for
2 hours. The crude solution was taken directly to the next step. The solution of (1(triisopropylsilyl)-1H-pyrrol-3-yl)lithium

was

added

to

a

suspension

of

1,4-

dibutyllpiperazine-2,3-dione (840 mg, 3.7 mmol) in tetrahydrofuran (5 ml). The solution
stirred at room temperature for 30 minutes, where the reaction was quenched with the
addition of dilute HCl (10 ml). The solution was extracted with dichloromethane (3 x 50
ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product which was chromatographed on silica gel (10% EtOAc/ Pet. Ether
40 – 60 oC) to yield 1,2-bis(1-(triisopropylsilyl)-1H-pyrrol-3-yl)ethane-1,2-dione as a
yellow oil (1.2 g, 62%).

1H

NMR (300 MHz, CDCl3):

7.69 (dd, J = 2.0, 1.3 Hz, 2H), 6.89 (dd, J = 2.9, 1.3 Hz,
2H), 6.77 (dd, J = 3.0, 2.0 Hz, 2H), 1.47 (tt, J = 8.3, 7.0
Hz, 6H), 1.10 (d, J = 7.4 Hz, 36H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

188.2, 134.3, 126.0, 124.2, 111.7, 17.8, 11.7.
3233, 2945, 2867, 1705, 1605, 1460, 1154, 1120,
1015, 982, 826, 689.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 501.3327,
Found: m/z: 501.3317 (δ ppm =-2.0).
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1,3-Diphenylimidazolidine-2,4,5-trione (231)

To a suspension of 1,3-diphenylurea (4.9 g, 23.3 mmol) in dichloromethane (80 ml) was
added oxaryl chloride (2.3 ml, 27.2 mmol). The solution was heated to 65 oC for 2 hours.
The solution was cooled to room temperature and washed with brine, the organic layer
was separated and dried with sodium sulfate. The organic layer was concentrated to yield
the crude products which was recrystalised (50% dichloromethane/ Pet. Ether 40 – 60
oC)

to yield 1,3-diphenylimidazolidine-2,4,5-trione as white crystals (5.7 g, 92%).

MP:

207-208 oC

1H

7.70 ~ 7.41 (m, 10H).

NMR (300 MHz, CDCl3):

13C

NMR (75 MHz, CDCl3):

155.1, 151.8, 129.9, 129.7, 129.4, 125.9.

IR (cm-1):

1789, 1733, 1594, 1494, 1400, 1209, 1181, 1114, 932.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 284.1030,
Found: m/z: 284.1027 (δ ppm =-0.9).
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1,2-Dimorpholinoethane-1,2-dione (232)

To a cooled (0 oC) solution of morphroline (23.5 ml, 272 mmol) and triethylamine (9.5 ml,
68 mmol) was added oxaryl chloride (2.3 ml, 27 mmol) dropwise. The solution was stirred
at room temperature for 4 hours, forming a precipitate. The yellow crystals were collected
by filtration and recrystalised (ethanol) to yield 1,2-dimorpholinoethane-1,2-dione as
yellow needles (3.9 g, 63%).

MP:

179-182 oC

1H

3.70 (m, 8H), 2.93 (m, 8H).

NMR (300 MHz, DMSO-d6):

13C

NMR (75 MHz, DMSO):

IR (cm-1):

206.8, 63.1, 42.6.

2977, 2916, 2864, 1623, 1520, 1489, 1429, 1272,
1213, 1190, 1109, 1009, 960.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+], 229.1183,
Found: m/z: 229.1181 (δ ppm =-0.8).
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N,N’-dibutylethane-1,2-diamine (233)

To a solution of n-butylamine (62.0 ml, 0.63 mol) in toluene (150 ml) was added 1,2dibromoethane (11.0 ml, 0.13 mmol). Upon completion of the addition the solution was
heated to reflux, overnight. The solution was cooled and treated with a solution of sodium
hydroxide (40% w/w aq), the organic layer was separated and dried over anhydrous
sodium sulfate. The combined organic layers were concentrated yielding N,N’dibutylethane-1,2-diamine as a yellow oil (23.4 ml, 21%), which were taken directly to the
next step.
To N,N’-dibutylethane-1,2-diamine (5.0 g, 29.0 mmol) was introduced diethyl oxalate (3.4
g, 29.0 mmol), forming a solution. The solution was stirred for 30 minutes at room
temperature. The solution was washed with petroleum ether (50 ml), forming a precipitate.
The crystals formed were filtered and washed with Pet. Ether 40 – 60 oC, yielding 1,4dibutylpiperazine-2,3-dione as white crystals (2.0 g, 30%).

MP:

140~141 oC

1H

3.50 (s, 2H), 3.49 ~ 3.41 (m, 4H), 1.65 ~ 1.47 (m, 4H),

NMR (300 MHz, CDCl3):

1.42 ~ 1.18 (m, 4H), 0.93 (t, J = 7.3 Hz, 6H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

157.4, 47.3, 44.5, 29.2, 20.0, 13.8.
2957, 2931, 2872, 1715, 1612, 1477, 1435, 1369,
1422, 1369, 1182, 1131, 1090, 1008, 919, 807, 746.
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1,2-Di(1H-pyrrol-3-yl)ethane-1,2-dione (234)

The solution of 1,2-bis(1-(triisopropylsilyl)-1H-pyrrol-3-yl)ethane-1,2-dione (460 mg, 0.92
mmol) in tetrahydrofuran (3 ml) was added tetrabutyl ammonium fluoride (0.92 mg, 0.92
mmol, 1.0 M in THF). The solution stirred at room temperature for 10 minutes, where the
reaction was quenched with the addition of water (10 ml). The solution was extracted with
ether (3 x 20 ml). The combined organic layers were dried with sodium sulfate and
concentrated to yield the crude product (1.3 g) which recrystalised (ether/ Pet. Ether 40
– 60 oC) to yield 1,2-di(1H-pyrrol-3-yl)ethane-1,2-dione as beige crystals (110 mg, 64%).

MP:

178-180 oC

1H

11.67 (s, 1H), 7.47 (s, 1H), 6.90 (dd, J = 2.9, 1.7 Hz,

NMR (300 MHz, DMSO-d6):

1H), 6.53 (dd, J = 2.9, 1.5 Hz, 1H).
13C

NMR (75 MHz, DMSO):

IR (cm-1):

188.9, 127.4, 120.7, 108.1, 104.5.
3262, 2956, 1708, 1615, 1505, 1422, 1316, 1167,
1086, 1058.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++Na+] 211.0478,
Found: m/z: 211.0478 (δ ppm =0.0).
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2,3-Di(1H-pyrrol-3-yl)quinoxaline (235)

To a solution of 1,2-di(1H-pyrrol-3-yl)ethane-1,2-dione (100 mg, 0.53 mmol) in acetic acid
(20 ml) was added o- phenylenediamine (128 mg, 1.17 mmol). The solution was heated
to 110 oC and stirred for 90 minutes, where the reaction was quenched with the addition
of water (100 ml). The solution was extracted with dichloromethane (3 x 50 ml). The
combined organic layers were dried with sodium sulfate and concentrated to yield the
crude product (270 g) which recrystalised (EtOAc/ Pet. Ether 40 – 60 oC) to yield 2,3di(1H-pyrrol-3-yl)quinoxaline as yellow crystals (130 mg, 95%).

MP:

240 oC (decomp.)

1H

11.05 (s, 2H), 7.89 (dd, J = 6.3, 3.4 Hz, 2H), 7.59 (m,

NMR (400 MHz, DMSO-d6):

2H), 7.00 (dt, J = 2.8, 1.8 Hz, 2H), 6.80 (td, J = 2.6, 2.0
Hz, 2H), 6.43 (td, J = 2.6, 1.5 Hz, 2H).
13C

NMR (101 MHz, DMSO):

IR (cm-1):

149.7, 139.7, 128.3, 128.0, 122.2, 119.9, 117.9, 108.9.
3405, 3141, 2973, 1547, 1488, 1439, 1324, 1273,
1230, 1106, 1071, 947, 928, 890, 820, 723.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 259.0978,
Found: m/z: 259.0981 (δ ppm =1.1).
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6,7-Bis(isopentyloxy)-2,3-di(1H-pyrrol-3-yl)quinoxaline (236)

To a solution of 1,2-di(1H-pyrrol-3-yl)ethane-1,2-dione (185 mg, 0.98 mmol) in acetic acid
(80 ml) and ethanol (50 ml) was added 4,5-bis(isopentyloxy)benzene-1,2-diamine (551
mg, 1.97 mmol). The solution was heated to reflux and stirred for overnight, where the
reaction was quenched with the addition of water (100 ml). The solution was extracted
with dichloromethane (3 x 80 ml). The combined organic layers were dried with sodium
sulfate and concentrated to yield the crude product, which was chromatographed on silica
gel (50% EtOAc/ Pet. Ether 40 – 60 oC) to yield 6,7-bis(isopentyloxy)-2,3-di(1H-pyrrol-3yl)quinoxaline as orange oil (195 mg, 46%).

MP:

193-195 oC

1H

8.34 (s, 1H), 7.32 (s, 1H), 7.03 (m, 1H), 6.77 (m, 1H),

NMR (300 MHz, CDCl3):

6.54 (m, 1H), 4.18 (t, J = 6.6 Hz, 2H), 1.89 (m, 1H),
1.82 (t, J = 6.4 Hz, 2H), 0.99 (d, J = 6.4 Hz, 6H).
13C

NMR (75 MHz, CDCl3):

151.8, 147.2, 137.5, 124.0, 119.2, 117.9, 110.0, 107.5,
67.7, 37.7, 25.5, 22.8.

IR (cm-1):

3380, 3188, 2953, 2868, 1615, 1492, 1462, 1366,
1207, 1165, 1121, 997, 937,

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 433.2598
Found: m/z: 433.2592 (δ ppm =-1.4).
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6,7-Dioctyl-2,3-di(1H-pyrrol-3-yl)quinoxaline (237)

4,5-dioctylbenzene-1,2-diamine (219) was prepared by reduction of 1,2-dinitro-4,5-di(oct1-yn-1-yl)benzene. 1,2-dinitro-4,5-di(oct-1-yn-1-yl)benzene (860 mg, 2.2 mmol) in
methanol (20 ml) was added palladium on charcoal (200 mg, 10%/w) and stirred under
an atmosphere of hydrogen overnight. The solution was filtered through Celite® and
concentrated. The crude products were chromatographed on silica gel (30 % EtOAc/ Pet.
Ether 40 – 60 oC) to yield 4,5-dioctylbenzene-1,2-diamine as a dark red oil (160 mg, 22%).

1H

NMR (400 MHz, CDCl3):

6.50 (s, 2H), 3.27 (s, 4H), 2.57 ~ 2.26 (m, 4H), 1.51
(ddd, J = 11.7, 10.2, 6.4 Hz, 4H), 1.39 ~ 1.20 (m, 20H),
0.97 ~ 0.84 (m, 6H).

To a solution of 1,2-di(1H-pyrrol-3-yl)ethane-1,2-dione (71 mg, 0.38 mmol) in acetic acid
(15 ml) was added 4,5-dioctylbenzene-1,2-diamine (126 mg, 0.38 mmol). The solution
was heated to 110 oC and stirred for 30 minutes, where the reaction was quenched with
the addition of water (100 ml). The solution was extracted with dichloromethane (3 x 50
ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product, which was chromatographed on silica gel (30 % EtOAc/ Pet.
259

Ether 40 – 60 oC) to yield 6,7-dioctyl-2,3-di(1H-pyrrol-3-yl)quinoxaline as yellow crystals
(75 mg, 41%).

MP:

124-126 oC

1H

8.34 (s, 2H), 7.79 (s, 2H), 7.12 ~ 7.04 (m, 2H), 6.84 ~

NMR (300 MHz, CDCl3):

6.72 (m, 2H), 6.56 (tt, J = 2.7, 1.2 Hz, 2H), 2.88 ~ 2.73
(m, 4H), 1.81 ~ 1.63 (m, 4H), 1.49 ~ 1.40 (m, 4H), 1.31
~ 1.25 (m, 20H), 0.95 ~ 0.83 (m, 6H).

13C

NMR (101 MHz, CDCl3):

143.1, 139.7, 139.6, 127.0, 125.1, 120.7, 119.7, 106.1,
33.1, 32.1, 30.7, 29.9, 29.7, 29.4, 22.9, 14.3.

IR (cm-1):

3191, 2922, 2853, 1552, 1498, 1463, 1376, 1360,
1334, 1224, 1163, 1117, 1070, 938, 902, 818.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 485.3639,
Found: m/z: 485.3629 (δ ppm =-2.0).
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1,2-Di(furan-2-yl)-2-hydroxyethan-1-one (258)

To a cooled (0 oC) solution of furfural (10.0 ml, 121 mmol), in dimethylformamide (100
ml), was added 1,3-dimethyl-benzimidazolium iodide (2.5 g, 9 mmol) in one portion,
followed by 1,8-diazabicycloundec-7-ene (1.35 ml, 9 mmol). The solution was warmed to
room temperature over 30 mins and stirred for a further 5 hours. The solution was diluted
with dichloromethane (300 ml) and washed with water (5 x 200 ml). The combined organic
fractions were dried and concentrated to yield crude yellow crystals which were
recrystalised (ethanol) to yield 1,2-di(furan-2-yl)-2-hydroxyethan-1-one as yellow crystals
(8.6 g, 74%).

MP:

138-139 oC

1H

6.65 (dd, J = 17.6, 10.6 Hz, 1H), 6.35 (dd, J = 17.6, 1.6

NMR (300 MHz, CDCl3):

Hz, 1H), 5.79 (dd, J = 10.6, 1.6 Hz, 1H), 4.37 (s, 2H),
0.93 (s, 9H), 0.10 (s, 6H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

199.0, 131.9, 129.0, 68.7, 26.1, 18.6.
3356(br), 2981, 2934, 2874, 1651, 1501, 1447, 1374,
1308, 1206, 1193.
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1,2-Di(furan-2-yl)ethane-1,2-dione (259)

To a solution of 1,2-di(furan-2-yl)-2-hydroxyethan-1-one (2.0 g, 10.4 mmol) in
dichloromethane (200 ml) was added manganese (IV) dioxide (1.8 g, 20.8 mmol). The
solution was stirred at room temperature overnight. The solution was filtered through
Celite® and washed with dichloromethane (2 x 100 ml). The combined organic fractions
were concentrated to yield 1,2-di(furan-2-yl)ethane-1,2-dione as yellow crystals (2.0 g,
quant.).

MP:

134-137 oC

1H

7.78 (dd, J = 1.7, 0.7 Hz, 1H), 7.64 (dd, J = 3.7, 0.7 Hz,

NMR (300 MHz, CDCl3):

1H), 6.63 (dd, J = 3.7, 1.7 Hz, 1H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

177.0, 149.6, 149.5, 124.8, 113.2.
2981, 2934, 2874, 1690, 1501, 1447, 1374, 1308,
1206, 1193.
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2,3-Di(furan-2-yl)quinoxaline (260)

The solution of furil (1.3 g, 6.6 mmol) in water (150 ml) was added o- phenylenediamine
(0.8 g, 7.2 mmol) and solid phase catalyst Amberlyst-15 (1.2 g). The solution was heated
to 90 oC and stirred for 40 minutes, where the reaction was cooled to room temperature.
The solution was extracted with chloroform (3 x 100 ml). The combined organic layers
were dried with sodium sulfate and concentrated to yield the crude product which was
chromatographed on silica gel (CHCl3) to yield to yield 2,3-di(furan-2-yl)quinoxaline as
yellow crystals (1.3 g, 75%).

MP:

240 oC (decomp.)

1H

8.14 (dd, J = 6.4, 3.4 Hz, 1H), 7.75 (dd, J = 6.4, 3.4 Hz,

NMR (300 MHz, CDCl3):

1H), 7.63 (dd, J = 1.8, 0.8 Hz, 1H), 6.66 (dd, J = 3.5,
0.8 Hz, 1H), 6.57 (dd, J = 3.5, 1.8 Hz, 1H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

151.0, 144.4, 142.8, 140.8, 130.6, 129.3, 113.2, 112.1.
2984, 2855, 1616, 1495, 1473, 1362, 1322, 1228,
1130, 1045, 1010, 967, 930, 840, 733, 650.
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2,3-Di(furan-2-yl)-6,7-bis(isopentyloxy)quinoxaline (261)

To a solution of furil (0.8 g, 4.0 mmol) in acetic acid (240 ml) and ethanol (150 ml) was
added 4,5-bis(isopentyloxy)benzene-1,2-diamine (0.9 g, 3.3 mmol). The solution was
heated to reflux and stirred for overnight, where the reaction was quenched with the
addition of water (100 ml). The solution was extracted with dichloromethane (3 x 150 ml).
The combined organic layers were dried with sodium sulfate and concentrated to yield
the crude product, which was chromatographed on silica gel (50% EtOAc/ Pet. Ether 40
– 60 oC) to yield 2,3-di(furan-2-yl)-6,7-bis(isopentyloxy)quinoxaline as yellow crystals (1.3
g, 94%).

MP:

88-90 oC

1H

7.60 (t, J = 1.3 Hz, 1H), 7.39 (s, 1H), 6.53 (d, J = 1.3

NMR (300 MHz, CDCl3):

Hz, 2H), 4.20 (t, J = 6.6 Hz, 2H), 1.90 (m, 1H), 1.83 (t,
J = 6.4 Hz, 2H), 1.00 (d, J = 6.3 Hz, 6H).
13C

NMR (75 MHz, CDCl3):

153.5, 151.3, 143.8, 140.3, 138.2, 136.7, 111.9, 107.3,
68.0, 37.6, 25.5, 22.8.

IR (cm-1):

2955, 2870, 1616, 1495, 1473, 1382, 1327, 1258,
1210, 1169, 1090, 1027, 990, 970, 884, 749, 650.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 435.2278,
Found: m/z: 435.2266 (δ ppm =-2.8).
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5,5'-(Quinoxaline-2,3-diyl)bis(furan-2-carbaldehyde) (262)

A solution of dimethylformamide (0.5 ml, 6.7 mmol) in 1,2-dichloroethane (1.0 ml) was
stirred under nitrogen at 0 oC. To the solution phosphorous oxychloride (0.6 ml, 6.7 mmol)
was added, the solution was warmed to room temperature and stirred for 30 minutes. To
the solution was added 2,3-di(furan-2-yl)quinoxaline (250 mg, 1.0 mmol) in one portion.
The solution was then heated to reflux and stirred for 2 hours. The solution was cooled to
room temperature and saturated sodium acetate (15 ml) was added carefully, the solution
was stirred for a further 30 mins. The mixed solution was extracted with DCM (3 x 50 ml).
The combined organic fractions were washed with water (100 ml) and brine (100 ml) then
dried over anhydrous sodium sulfate and concentrated yielding the crude products which
were recrystalised (ethanol) to yield 5,5'-(quinoxaline-2,3-diyl)bis(furan-2-carbaldehyde)
as brown crystals (0.3 mg, 95%).

MP:

197-200 oC

1H

8.13 (dd, J = 6.4, 3.4 Hz, 1H), 7.74 (dd, J = 6.4, 3.4 Hz,

NMR (300 MHz, CDCl3):

1H), 7.62 (dd, J = 1.9, 0.8 Hz, 1H), 6.66 (dd, J = 3.5,
0.8 Hz, 1H), 6.56 (dd, J = 3.5, 1.8 Hz, 1H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

150.9, 144.4, 142. 8, 140.8, 130.5, 129.3, 113.1, 112.1.
3112, 1665, 1549, 1518, 1473, 1396, 1309, 1277,
1148, 1028, 969, 818, 754, 690, 660.
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5,5'-(6,7-Bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-2-carbaldehyde) (263)

A solution of dimethylformamide (2.5 ml, 32.4 mmol) in 1,2-dichloroethane (4.5 ml) was
stirred under nitrogen at 0 oC. To the solution phosphorous oxychloride (3.0 ml, 32.4
mmol) was added, the solution was warmed to room temperature and stirred for 30
minutes. To the solution was added 2,3-di(furan-2-yl)-6,7-bis(isopentyloxy)quinoxaline
(1.50 g, 4.6 mmol) in one portion. The solution was then heated to reflux and stirred
overnight. The solution was cooled to room temperature and saturated sodium acetate
(15 ml) was added carefully, the solution was stirred for a further 30 mins. The mixed
solution was extracted with DCM (3 x 50 ml). The combined organic fractions were
washed with water (100 ml) and brine (100 ml) then dried over anhydrous sodium sulfate
and concentrated yielding the crude products which chromatographed on silica gel (99%
EtOAc/ Pet. Ether 40 – 60

oC)

to yield 5,5'-(6,7-bis(isopentyloxy)quinoxaline-2,3-

diyl)bis(furan-2-carbaldehyde) as a yellow crystals (2.1 g, 91%).
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MP:

98-101 oC

1H

8.13 (dd, J = 6.4, 3.4 Hz, 1H), 7.74 (dd, J = 6.4, 3.4 Hz,

NMR (300 MHz, CDCl3):

1H), 7.62 (dd, J = 1.9, 0.8 Hz, 1H), 6.66 (dd, J = 3.5,
0.8 Hz, 1H), 6.56 (dd, J = 3.5, 1.8 Hz, 1H).
13C

NMR (75 MHz, CDCl3):

IR (cm-1):

150.9, 144.4, 142. 8, 140.8, 130.5, 129.3, 113.1, 112.1.

2954, 2870, 1675, 1613, 1494, 1463, 1366, 1354,
1321, 1274, 1170, 995, 969, 843, 808, 768.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 491.2177,
Found: m/z: 491.2168 (δ ppm =-1.8).
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1,1'-(Quinoxaline-2,3-diylbis(furan-5,2-diyl))bis(pentane-1,4-dione) (274)

To a solution of 5,5'-(quinoxaline-2,3-diyl)bis(furan-2-carbaldehyde) (0.9 g, 2.7 mmol) in
ethanol (10 ml) was added methyl vinyl ketone (0.7 ml, 8.1 mmol), 3-benzyl-5-(2hydroxyethyl)-4-methylthiazolium chloride (300 mg, 1.1 mmol), sodium acetate (0.1 g, 1.1
mmol) and triethylamine (1.1 ml, 8.1 mmol). The solution was heated to reflux and stirred
for overnight, where the reaction was quenched with the addition of water (100 ml). The
solution was extracted with dichloromethane (3 x 150 ml). The combined organic layers
were dried with sodium sulfate and concentrated to yield the crude product, which was
chromatographed on silica gel (EtOAc/PE ~99%) to yield 1,1'-(quinoxaline-2,3diylbis(furan-5,2-diyl))bis(pentane-1,4-dione) as yellow crystals (511 mg, 41%).

MP:

126-127 oC

1H

7.60 (t, J = 1.3 Hz, 1H), 7.39 (s, 1H), 6.53 (d, J = 1.3

NMR (300 MHz, CDCl3):

Hz, 2H), 4.20 (t, J = 6.6 Hz, 2H), 1.90 (m, 1H), 1.83 (t,
J = 6.4 Hz, 2H), 1.00 (d, J = 6.3 Hz, 6H).
13C

NMR (75 MHz, CDCl3):

153.5, 151.3, 143.8, 140.3, 138.2, 136.7, 111.9, 107.3,
68.0, 37.6, 25.5, 22.8.

IR (cm-1):

3108, 2910, 1714, 1666, 1569, 1552, 1514, 1352,
1263, 1150, 1076, 970, 939, 819, 698.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 459.1551,
Found: m/z: 459.1546 (δ ppm =-1.0).
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2,3-Bis(5-(5-methyl-1H-pyrrol-2-yl)furan-2-yl)quinoxaline (275)

To a solution of 1,1'-(quinoxaline-2,3-diylbis(furan-5,2-diyl))bis(pentane-1,4-dione (0.5 g,
1.1 mmol) in ethanol (5 ml) was added ammonium hydroxide (0.7 ml, 11.0 mmol, 28%).
The solution was heated to reflux and stirred for 72 hours, where an additional sample of
ammonium hydroxide (1.0 ml) was added at 24-hour intervals. The reaction was
quenched with the addition of water (100 ml). The solution was extracted with
dichloromethane (3 x 150 ml). The combined organic layers were dried with sodium
sulfate and concentrated to yield the crude product, which was chromatographed on silica
gel (50% EtOAc/ Pet. Ether 40 – 60 oC) to yield 2,3-bis(5-(5-methyl-1H-pyrrol-2-yl)furan2-yl)quinoxaline as red crystals (0.4 g, 81%).

MP:

232-233 oC (decomp.)

1H

7.60 (t, J = 1.3 Hz, 1H), 7.39 (s, 1H), 6.53 (d, J = 1.3

NMR (300 MHz, CDCl3):

Hz, 2H), 4.20 (t, J = 6.6 Hz, 2H), 1.90 (m, 1H), 1.83 (t,
J = 6.4 Hz, 2H), 1.00 (d, J = 6.3 Hz, 6H).
13C

NMR (75 MHz, CDCl3):

153.5, 151.3, 143.8, 140.3, 138.2, 136.7, 111.9, 107.3,
68.0, 37.6, 25.5, 22.8.

IR (cm-1):

3212, 2921, 1615, 1515, 1450, 1417, 1379, 1359,
1287, 1222, 1130, 1081, 1033, 986, 936, 884, 862,
755.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 421.1659,
Found: m/z: 421.1658 (δ ppm =-0.2).
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But-2-yne-1,4-diyl diacetate (280)

To a solution of 2-butyne-1,4-diol (2.0 g, 23 mmol) in dichloromethane (200 ml) was added
acetic anhydride (6.6 ml, 70 mmol) and triethylamine (7.7 ml, 56 mmol). The solution was
stirred at room temperature for 16 hours. The solution was washed with water (150 ml)
followed by brine (150 ml). The combined organic fractions were dried over anhydrous
sodium sulfate and concentrated yielding the crude products which chromatographed on
silica gel (10% EtOAc/ Pet. Ether 40 – 60 oC) to yield but-2-yne-1,4-diyl diacetate as a
clear oil (4.0 g, quant).

1H

NMR (300 MHz, CDCl3):

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

4.66 (s, 2H), 2.04 (s, 3H).
170.1, 80.7, 52.1, 20.7.
2954, 2254,1739, 1434, 1377, 1359, 1210, 1153, 964.
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2-Oxobut-3-en-1-yl acetate (278)

A solution of but-2-yne-1,4-diol (21.5 g, 0.25 mol) in acetic anhydride (55 ml), was heated
to 100 oC and stirred for 2 hours. The crude solution was added dropwise to a solution of
mercuric oxide yellow (1.5 g) in acetic acid (10 ml) and concentrated sulfuric acid (0.5 g),
carefully maintaining the temperature below 60 oC. Upon completion of the addition the
solution was stirred for 30 mins. The solution was quenched with the addition of sodium
acetate (2.0 g). The suspension was filtered and concentrated. The crude oil was distilled
yielding 2-oxobut-3-en-1-yl acetate as a clear oil (1.7 g, 5%).

1H

NMR (300 MHz, CDCl3):

6.33 (m, 2H), 5.88 (dd, J = 10.1, 1.6 Hz, 1H), 4.84 (s,
2H), 2.13 (s, 3H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

192.7, 170.3, 132.4, 129.8, 66.7, 20.5.
2938, 1746, 1699, 1616, 1404, 1373, 1230, 1205,
1042, 966, 843, 688.
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2-Oxobut-3-en-1-yl pivalate (279)

To a cooled (0

oC)

solution of 3,4-dihydroxyl-but-1-ene (2.55 ml, 30 mmol) in

dichloromethane (30 ml), was added trimethylamine (15.0 ml, 108 mmol), 4dimethylaminopyridine (150 mg, 1 mmol) and pivolyl chloride (3.9 ml, 32 mmol). The
solution was stirred at room temperature for 24 hours. The solution was quenched with
the addition of brine and the organic layer was extracted with dichloromethane (2 x 100
ml). The combined organic layers were dried over anhydrous sodium sulfate and
concentrated yielding a yellow oil, which was chromatographed on silica gel (20% EtOAc/
Pet. Ether 40 – 60 oC), yielding 2-hydroxybut-3-en-1-yl pivalate, as a clear oil (3.7 g, 72%).

1H

NMR (300 MHz, CDCl3):

5.96 ~ 5.63 (m, 1H), 5.32 (dtd, J = 17.3, 1.5, 0.8 Hz,
1H), 5.18 (dtd, J = 10.5, 1.5, 0.8 Hz, 1H), 4.32 (s, 1H),
4.16 ~ 3.95 (m, 2H), 1.17 (d, J = 0.8 Hz, 9H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

177.9, 177.3, 132.5, 118.2, 71.7, 64.6, 38.8, 38.7, 27.1.
2972, 2873, 1731, 1480, 1460, 1397, 1365, 1279,
1138, 1034, 989, 934, 881, 805.

To a solution of 2-hydroxybut-3-en-1-yl pivalate (3.7 g, 22 mmol) in acetone (18 ml), was
added Jones’ reagent (26 ml, 43 mmol, 1.6 M) over 10 mins. The solution was stirred at
room temperature over 3 hours. The solution was quenched with the addition of 2272

propanol (100 ml). The crude solution was diluted in hexanes (100 ml) and dried over
anhydrous sodium sulfate and concentrated yielding a yellow oil, which was
chromatographed on silica gel (20% EtOAc/ Pet. Ether 40 – 60 oC), yielding 2-oxobut-3en-1-yl pivalate, as a yellow oil (0.7 mg, 20%).

1H

NMR (300 MHz, CDCl3):

6.33 (m, 2H), 5.86 (d, J = 10.1 Hz, 1H), 4.83 (s, 2H),
1.24 (s, 9H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

193.0, 177.9, 132.4, 129.6, 66.8, 38.8, 27.2.
2974, 1737, 1704, 1616, 1480, 1397, 1366, 1283,
1229, 1145, 1098, 1038, 965, 861, 790, 756, 667.
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1-((tert-Butyldimethylsilyl)oxy)but-3-en-2-ol

To a cooled (0 oC) solution of 3,4-dihydroxy-but-1-ene (3.0 g, 34 mol) in tetrahydrofuran
(66

ml)

was

added

tert-butyldimethylsilyl

chloride

(5.1

g,

34

mmol),

4-

dimethylaminopyridine (0.4 g, 4 mmol) and triethylamine (16.5 ml). The solution was then
warmed to room temperature and stirred overnight. The solution was quenched with the
addition of water (50 ml) and extracted with diethyl ether (2 x 80 ml). The combined
organic fractions were dried over anhydrous sodium sulfate, and concentrated. The crude
solution was chromatographed on silica gel (10% EtOAc/ Pet. Ether 40 – 60 oC) yielding
1-((tert-butyldimethylsilyl)oxy)but-3-en-2-ol as a clear oil (5.4 g, 79%).

1H

NMR (300 MHz, CDCl3):

5.92 ~ 5.74 (m, 1H), 5.33 (ddd, J = 17.3, 2.0, 1.1 Hz,
1H), 5.18 (dd, J = 10.6, 1.3 Hz, 1H), 4.26 ~ 4.02 (m,
1H), 3.66 (ddd, J = 10.0, 3.7, 0.9 Hz, 1H), 3.44 (dd, J =
10.0, 7.6 Hz, 1H), 2.58 (d, J = 3.4 Hz, 1H), 0.90 (s, 9H),
0.08 (s, 6H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

136.7, 116.5, 73.1, 67.0, 25.9, 18.3, -5.3, -5.4.
3424, 2954, 2928, 2857, 1471, 1463, 1389, 1361,
1253, 1104, 1005, 989, 923, 880, 774, 668.
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1-((tert-Butyldimethylsilyl)oxy)but-3-en-2-one (280)

To a cooled (0 oC) solution of 1-((tert-butyldimethylsilyl)oxy)but-3-en-2-ol (1.0 g, 4.9
mmol), in dichloromethane (10 ml), was added Dess-Martin Periodate (4.2 g, 9.8 mmol)
in one portion. The solution was warmed to room temperature over 30 mins and stirred
for a further 3 hours. The solution was diluted with Hexane (100 ml) and the precipitate
was filtered through Celite® and the filtrate was concentrated. The crude product was
filtered through a silica plug (15 g, 15% EtOAc/ Pet. Ether 40 – 60 oC) to yield 1-((tertbutyldimethylsilyl)oxy)but-3-en-2-one as a clear oil (0.7 g, 74%).

1H

NMR (300 MHz, CDCl3):

6.65 (dd, J = 17.6, 10.6 Hz, 1H), 6.35 (dd, J = 17.6, 1.6
Hz, 1H), 5.79 (dd, J = 10.6, 1.6 Hz, 1H), 4.37 (s, 2H),
0.93 (s, 9H), 0.10 (s, 6H).

13C

NMR (75 MHz, CDCl3):

IR (cm-1):

199.0, 131.9, 129.0, 68.7, 26.1, 18.6, -5.28.
2952, 2928, 2856, 1713, 1471, 1361, 1253, 1158,
1105, 1005, 938, 833, 776, 670.
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1,1'-((6,7-Bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis(5-((tertbutyldimethylsilyl)oxy)pentane-1,4-dione) (285)

To a solution of 5,5'-(6,7-bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-2-carbaldehyde)
(0.5 g, 1.0 mmol) in ethanol (15 ml) was added 1-((tert-butyldimethylsilyl)oxy)but-3-en-2one (2.0 g, 9.6 mmol), 3-Benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride (0.1 g, 0.4
mmol), sodium acetate (35 mg, 0.4 mmol) and triethylamine (0.42 ml, 3.0 mmol). The
solution was heated to reflux and stirred for overnight, where the reaction was quenched
with the addition of water (100 ml). The solution was extracted with dichloromethane (3 x
150 ml). The combined organic layers were dried with sodium sulfate and concentrated
to yield the crude product, which was chromatographed on silica gel (30% EtOAc/ Pet.
Ether 40 – 60

oC/5%

NEt3) to yield 1,1'-((6,7-bis(isopentyloxy)quinoxaline-2,3-

diyl)bis(furan-5,2-diyl))bis(5-((tert-butyldimethylsilyl)oxy)pentane-1,4-dione) as a yellow
oil (0.6 g, 70%).
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1H

NMR (300 MHz, CDCl3):

7.35 (s, 2H), 7.34 (d, J = 5.2 Hz, 2H), 7.04 (d, J = 3.6
Hz, 2H), 4.29 ~ 4.20 (m, 8H), 2.99 (td, J = 5.9, 5.3, 1.1
Hz, 4H), 2.90 ~ 2.83 (m, 4H), 1.97 ~ 1.83 (m, 2H), 1.88
~ 1.77 (m, 4H), 1.01 (d, J = 6.3 Hz, 12H), 0.92 (s, 18H),
0.09 (s, 12H).

13C

NMR (75 MHz, CDCl3):

209.4, 187.8, 154.8, 154.4, 152.8, 139.0 138.9, 118.0,
113.6, 106.9, 69.4, 68.1, 37.6, 31.9, 31.7, 25.9, 25.5,
22.8, 18.5, -5.3.

IR (cm-1):

2953, 2928, 2857, 1722, 1674, 1613, 1495, 1464,
1361, 1321, 1157, 1103, 1046, 1005, 939, 912, 835,
777, 668.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 491.2177,
Found: m/z: 491.2168 (δ ppm =-1.8).
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((6,7-Bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis(2,5dioxopentane-5,1-diyl) diacetate (286)

To a solution of 5,5'-(6,7-bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-2-carbaldehyde)
(172 mg, 0.35 mmol) in ethanol (4 ml) was added 2-oxobut-3-en-1-yl acetate (360 mg,
2.81 mmol), 3-Benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride (26 mg, 0.09
mmol), sodium acetate (8 mg, 0.09 mmol) and triethylamine (0.16 ml, 1.05 mmol). The
solution was heated to reflux and stirred for overnight, where the reaction was quenched
with the addition of water (100 ml). The solution was extracted with dichloromethane (3 x
150 ml). The combined organic layers were dried with sodium sulfate and concentrated
to yield the crude product, which was chromatographed on silica gel (99% EtOAc/Pet.
Ether 40 – 60 oC) to yield 1,1'-(quinoxaline-2,3-diylbis(furan-5,2-diyl))bis(pentane-1,4dione) as brown crystals (140 mg, 53%).
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MP:

76-78 oC

1H

7.60 (t, J = 1.3 Hz, 1H), 7.39 (s, 1H), 6.53 (d, J = 1.3

NMR (300 MHz, CDCl3):

Hz, 2H), 4.20 (t, J = 6.6 Hz, 2H), 1.90 (m, 1H), 1.83 (t,
J = 6.4 Hz, 2H), 1.00 (d, J = 6.3 Hz, 6H).
13C

NMR (75 MHz, CDCl3):

153.5, 151.3, 143.8, 140.3, 138.2, 136.7, 111.9, 107.3,
68.0, 37.6, 25.5, 22.8.

IR (cm-1):

2953, 2870, 1727, 1668, 1613, 1573, 1495, 1464,
1321, 1213, 1170, 1042, 973, 907, 837, 803.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 747.3097,
Found: m/z: 747.3112 (δ ppm =2.1).
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5,5'-((6,7-Bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis(1H-pyrrole2-carbaldehyde) (288)

To a solution of 1,1'-((6,7-bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis(5((tert-butyldimethylsilyl)oxy)pentane-1,4-dione) (263 mg, 0.31 mmol) in tetrahydrofuran
(1.0 ml) was added 4Å molecular sieves (350 mg), followed by tert-butylammonium
fluoride solution (1M, 1.9 ml, 1.9 mmol). The solution was stirred at room temperature for
30 minutes. The solution was filtered through Celite® and washed with dichloromethane
(3 x 50 ml). The combined organic layers were concentrated to yield the crude product.
The crude solution was re-dissolved in dichloromethane (10 ml) and treated with
manganese dioxide (540 mg, 6.2 mmol). The solution was stirred at room temperature
overnight. The solution was then filtered through Celite® and concentrated. The crude
product was chromatographed on silica gel (99% EtOAc/ Pet. Ether 40 – 60 oC) to yield
5,5'-((6,7-bis(isopentyloxy)quinoxaline-2,3-diyl)bis(furan-5,2-diyl))bis(1H-pyrrole-2carbaldehyde) as dark green crystals (27 mg, 14% over two steps).
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MP:

186 oC

1H

9.94 (s, 1H), 9.47 (s, 1H), 7.35 (s, 1H), 6.96 (d, J = 3.5

NMR (400 MHz, CDCl3):

Hz, 1H), 6.91 ~ 6.88 (m, 2H), 6.51 (dd, J = 4.0, 2.4 Hz,
1H), 4.21 (t, J = 6.6 Hz, 2H), 1.89 (dd, J = 13.1, 6.5 Hz,
1H), 1.84 (t, J = 6.4 Hz, 2H), 1.01 (d, J = 6.4 Hz, 6H).
13C

NMR (75 MHz, CDCl3):

178.7, 153.8, 151.6, 146.9, 138.9, 138.4, 132.9, 130.2,
113.6, 109.3, 108.8, 106.8, 67.9, 37.5, 25.4, 22.7.

IR (cm-1):

3231, 2955, 1712, 1651, 1494, 1462, 1385, 1325,
1213, 1095, 1042, 998, 973, 842, 771, 633.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 621.2708,
Found: m/z: 621.2699 (δ ppm =-1.4).
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N-(Furan-2-ylmethyl)aniline (313a)

To a solution of furfural (1.66 ml, 20.0 mmol) in 1,2-dichloroethane (70ml) under nitrogen
was added aniline (1.82 ml, 20.0 mmol) followed by sodiumtriacetoxy borohydride (6.0 g,
28 mmol) in one portion. The solution stirred at room temperature for 3 hours where the
reaction was quenched with the addition of NaHCO3 (100ml). The solution was extracted
with chloroform (3 x 50 ml). The combined organic layers were dried with sodium sulfate
and concentrated to yield the crude product as a red oil (4.2g) which was
chromatographed on silica gel (5% EtOAc/ Pet. Ether 40 – 60 oC) to provide N-(furan-2ylmethyl)aniline as a yellow oil (3.0 g, 87%).
1H

NMR (300 MHz, CDCl3):

7.43 (m, 1H), 7.20 (m, 2H), 6.87 (m, 1H), 6.79 (m, 1H),
6.39 (m, 1H), 6.30 (m, 1H), 4.37 (s, 2H), 4.07 (s, br,
1H).

13C

NMR (75 MHz, CDCl3):

152.9, 147.7, 142.0, 129.3, 118.1, 113.2, 110.4, 107.1,
41.5.

IR(cm-1):

3409, 3051, 1729, 1601, 1503, 1460, 1431, 1316,
1252, 1180, 1145, 1011, 883, 806.
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N-((5-Nitrofuran-2-yl)methyl)aniline (313b)

To a solution of 5-nitrofuran-2-carbaldehyde (1.41 g, 10.0 mmol) in dichloromethane (35
ml) under nitrogen was added aniline (0.92 ml, 10.0 mmol) and the solution stirred at
room temperature for 2 hours. Following the stirring to the solution was added sodium
borohydride (0.5 g, 13 mmol) in one portion followed by acetic acid (1.0 ml) to
effervescence. The solution stirred at room temperature overnight where the reaction was
quenched with the addition of water (100ml). The solution was extracted with chloroform
(3 x 50 ml). The combined organic layers were dried with sodium sulfate and concentrated
to yield the crude product as a red oil (2.4g) which was chromatographed on silica gel
(10% EtOAc/Pet. Ether 40 – 60 oC) to provide N-((5-nitrofuran-2-yl)methyl)aniline as a
red crystals (2.0 g, 93%).

MP:

55-57oC

1H

7.30 (m, 1H), 6.87 (m, 1H), 6.73 (dd, J = 8.6, 1.1 Hz,

NMR (300 MHz, CDCl3):

1H), 6.54 (d, J = 3.7 Hz, 1H), 4.52 (s, 1H), 4.29 (s, br,
1H).
13C

NMR (75 MHz, CDCl3):

IR(cm-1):

157.4, 146.6, 129.5, 118.8, 113.2, 112.9, 110.6, 41.5.
3390, 3142, 3116, 1598, 1582, 1506, 1444, 1361,
1314, 1253, 1232, 1169, 1153, 1115, 1096, 979, 815.
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N-(Furan-2-ylmethyl)-3-methyl-N-phenylbut-2-enamide (317a)

3-methylbut-2-enoyl chloride was prepared by the addition of oxaryl chloride (2.8 ml, 33
mmol) to a solution of 3-methyl crotonic acid (3.0 g, 30 mmol) in dichloromethane (25 ml).
The solution was stirred at room temperature for 1 hour. The crude solution was
concentrated to yield pure 3-methylbut-2-enoyl chloride as a yellow oil.
To a solution of N-((1H-furan-2-yl)methyl)aniline (317 mg, 1.83 mmol) and pyridine (0.22
ml, 2.75 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of 3methylbut-2-enoyl chloride (260 mg, 2.20 mmol) in dichloromethane (2 ml). The solution
stirred at room temperature for 16 hours where the reaction was quenched with the
addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x 30
ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (465 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to afford N-(furan-2-ylmethyl)-3-methyl-N-phenylbut-2enamide as a yellow oil (407 mg, 87%).

1H

NMR (300 MHz, CDCl3):

7.38 ~ 7.18 (m, 5H), 7.05 ~ 6.98 (m, 2H), 6.21 (dd, J =
3.2, 1.8 Hz, 1H), 6.11 (dd, J = 3.2, 0.9 Hz, 1H), 5.37 (s,
1H), 4.84 (s, 2H), 2.09 (d, J = 1.3 Hz, 3H), 1.61 (s, 3H).

13C

NMR (75 MHz, CDCl3):

166.9, 151.4, 151.3, 142.7, 141.9, 129.3, 128.1, 127.5,
117.5, 110.4, 108.6, 27.3, 20.7.

IR(cm-1):

2912, 1712, 1650, 1632, 1593, 1494, 1447, 1393,
1364, 1263, 1170, 1146, 1016, 934, 843, 747.
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3-methyl-N-((5-Nitrofuran-2-yl)methyl)-N-phenylbut-2-enamide (317b)

3-methylbut-2-enoyl chloride was prepared by the addition of oxaryl chloride (2.8 ml, 33
mmol) to a solution of 3-methyl crotonic acid (3.0 g, 30 mmol) in dichloromethane (25 ml).
The solution was stirred at room temperature for 1 hour. The crude solution was
concentrated to yield pure 3-methylbut-2-enoyl chloride as a yellow oil.
To a solution of N-((5-nitro-1H-furan-2-yl)methyl)aniline (400 mg, 1.83 mmol) and pyridine
(0.22 ml, 2.75 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
3-methylbut-2-enoyl chloride (260 mg, 2.20 mmol) in dichloromethane (2 ml). The solution
stirred at room temperature for 16 hours where the reaction was quenched with the
addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x 30
ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (638 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60

oC)

to provide 3-methyl-N-((5-nitrofuran-2-yl)methyl)-N-

phenylbut-2-enamide as a yellow oil (503 mg, 92%).

1H

NMR (300 MHz, CDCl3):

7.44 ~ 7.28 (m, 3H), 7.23 (d, J = 3.6 Hz, 1H), 7.19 ~
7.13 (m, 2H), 6.52 (dd, J = 3.7, 0.8 Hz, 1H), 5.43 (s,
1H), 4.93 (s, 2H), 2.14 (s, 3H), 1.69 (s, 3H).

13C

NMR (75 MHz, CDCl3):

167.0, 155.5, 153.2, 142.4, 129.8, 128.0, 127.8, 116.6,
112.8, 111.8, 46.2, 27.4, 20.4.

IR(cm-1):

2913, 1711, 1651, 1632, 1594, 1529, 1492, 1447,
1399, 1353, 1265, 1221, 1163, 1019, 969, 955, 843,
809, 752.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 301.1188,
Found: m/z: 301.1186 (δ ppm =-0.7).
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(Z)-N-(Furan-2-ylmethyl)-2-methyl-N-phenylbut-2-enamide (318a)

(Z)-2-methylbut-2-enoyl chloride was prepared by the addition of oxaryl chloride (1.30 ml,
15 mmol) to tiglic acid (1.0 g, 10 mmol). The solution was stirred at room temperature for
1 hour. The crude solution was concentrated to yield pure (Z)-2-methylbut-2-enoyl
chloride as a yellow oil.
To a solution of N-((1H-furan-2-yl)methyl)aniline (159 mg, 0.9 mmol) and pyridine (0.11
ml, 1.4 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of (Z)-2methylbut-2-enoyl chloride (140 mg, 1.1 mmol) in dichloromethane (2 ml). The solution
stirred at room temperature for 16 hours where the reaction was quenched with the
addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x 30
ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (253 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60

oC)

to (Z)-N-(furan-2-ylmethyl)-2-methyl-N-phenylbut-2-

enamide as a yellow oil (217 mg, 93%).

1H

NMR (300 MHz, CDCl3):

7.33 ~ 7.13 (m, 4H), 7.07 ~ 6.96 (m, 2H), 6.25 (dd, J =
3.2, 1.9 Hz, 1H), 6.16 (dd, J = 3.3, 0.9 Hz, 1H), 5.75
(dd, J = 6.9, 1.5 Hz, 1H), 4.90 (s, 2H), 1.55 ~ 1.53 (m,
3H), 1.44 (dd, J = 6.9, 1.2 Hz, 3H).

13C

NMR (75 MHz, CDCl3):

173.0, 151.1, 143.5, 142.0, 132.5, 131.0, 129.0, 127.2,
126.8, 110.4, 108.7, 46.3, 14.0, 13.4.

IR(cm-1):

3038, 2920, 1736, 1658, 1635, 1594, 1584, 1493,
1454, 1365, 1294, 1196, 1164, 1014, 933, 813, 735.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 256.1332;
Found: 256.1333 (δ ppm = 0.4).

286

(Z)-2-Methyl-N-((5-nitrofuran-2-yl)methyl)-N-phenylbut-2-enamide (318b)

(Z)-2-methylbut-2-enoyl chloride was prepared by the addition of oxaryl chloride (1.3 ml,
15 mmol) to tiglic acid (1.0 g, 10 mmol). The solution was stirred at room temperature for
1 hour. The crude solution was concentrated to yield pure (Z)-2-methylbut-2-enoyl
chloride as a yellow oil.
To a solution of N-((5-nitrofuran-2-yl)methyl)aniline (200 mg, 0.92 mmol) and pyridine
(0.11 ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
(Z)-2-methylbut-2-enoyl chloride (140 mg, 1.10 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (283 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to (Z)-2-methyl-N-((5-nitrofuran-2-yl)methyl)-N-phenylbut2-enamide as an orange oil (236 mg, 85%).

1H

NMR (300 MHz, CDCl3):

7.51 ~ 7.43 (m, 2H), 7.42 ~ 7.35 (m, 2H), 7.28 ~ 7.23
(m, 2H), 6.66 (dt, J = 3.7, 0.8 Hz, 1H), 5.97 (dd, J = 6.9,
1.5 Hz, 1H), 5.11 (s, 2H), 1.70 ~ 1.67 (m, 3H), 1.62 (dd,
J = 6.9, 1.2 Hz, 3H).

13C

NMR (75 MHz, CDCl3):

173.1, 155.1, 143.3, 132.5, 131.8, 129.5, 127.3, 126.9,
112.7, 111.8, 47.1, 13.9, 13.5.

IR(cm-1):

2921, 2247, 1634, 1564, 1529, 1492, 1353, 1297,
1278, 1232, 1159, 1018, 909, 810, 771.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+] 299.1032,
Found: m/z: 299.1029 (δ ppm =-1.0).
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(E)-N-(Furan-2-ylmethyl)-N-phenylhex-2-enamide (319a)

(E)-hex-2-enoyl chloride was prepared by the addition of oxaryl chloride (1.3 ml, 15 mmol)
to a solution of trans-2-hexenoic acid (1.0 g, 9 mmol). The solution was stirred at room
temperature for 1 hour. The crude solution was concentrated to yield pure 3-methylbut2-enoyl chloride as a yellow oil.
To a solution of N-((1H-furan-2-yl)methyl)aniline (159 mg, 0.92 mmol) and pyridine (0.11
ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of (E)hex-2-enoyl chloride (145 mg, 1.10 mmol) in dichloromethane (2 ml). The solution stirred
at room temperature for 16 hours where the reaction was quenched with the addition of
dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x 30 ml). The
combined organic layers were dried with sodium sulfate and concentrated to yield the
crude product as oil (264 mg) which was chromatographed on silica gel (20% EtOAc/Pet.
Ether 40 – 60 oC) to (E)-N-(furan-2-ylmethyl)-N-phenylhex-2-enamide as a yellow oil (177
mg, 72%).

1H

NMR (300 MHz, CDCl3):

7.39 ~ 7.27 (m, 4H), 7.09 ~ 7.03 (m, 2H), 6.94 (dt, J =
15.1, 7.1 Hz, 1H), 6.26 ~ 6.14 (m, 2H), 5.64 (d, J = 15.1
Hz, 1H), 4.92 (s, 2H), 2.00 (dd, J = 7.3, 1.5 Hz, 2H),
1.34 (h, J = 7.3 Hz, 2H), 0.82 (t, J = 7.4 Hz, 3H).

13C

NMR (75 MHz, CDCl3):

166.0, 151.0, 146.7, 142.0, 129.4, 128.4, 127.8, 121.5,
110.3, 108.9, 45.7, 34.4, 21.5, 13.7.

IR(cm-1):

2958, 2931, 2872, 1661, 1628, 1593, 1493, 1374,
1287, 1178, 1016, 975, 935, 730, 639.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 270.1489;
Found 270.1487 (δ ppm = −0.6).
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(E)-N-((5-Nitrofuran-2-yl)methyl)-N-phenylhex-2-enamide (319b)

(E)-hex-2-enoyl chloride was prepared by the addition of oxaryl chloride (1.3 ml, 15 mmol)
to a solution of trans-2-hexenoic acid (1.0 g, 9 mmol). The solution was stirred at room
temperature for 1 hour. The crude solution was concentrated to yield pure 3-methylbut2-enoyl chloride as a yellow oil.
To a solution of N-((5-nitrofuran-2-yl)methyl)aniline (200 mg, 0.92 mmol) and pyridine
(0.11 ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
(E)-hex-2-enoyl chloride (145 mg, 1.10 mmol) in dichloromethane (2 ml). The solution
stirred at room temperature for 16 hours where the reaction was quenched with the
addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x 30
ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (290 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to (E)-N-((5-nitrofuran-2-yl)methyl)-N-phenylhex-2-enamide
as an orange oil (227 mg, 78%).

1H

NMR (300 MHz, CDCl3):

7.49 ~ 7.30 (m, 3H), 7.23 (d, J = 3.7 Hz, 1H), 7.20 ~
7.15 (m, 2H), 6.95 (dt, J = 15.1, 7.1 Hz, 1H), 6.53 (dt, J
= 3.7, 0.7 Hz, 1H), 5.68 (dt, J = 15.2, 1.5 Hz, 1H), 4.96
(s, 2H), 2.02 (qd, J = 7.3, 1.5 Hz, 2H), 1.35 (h, J = 7.4
Hz, 2H), 0.83 (t, J = 7.4 Hz, 3H).

13C

NMR (75 MHz, CDCl3):

166.2, 155.0, 147.8, 141.7, 129.9, 128.3, 128.0, 120.8,
112.7, 112.0, 46.5, 34.4, 21.1, 13.1.

IR(cm-1):

2959, 2930, 2872, 1661, 1628, 1593, 1529, 1491,
1400, 1352, 1291, 1231, 1169, 1018, 970, 955.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 315.1345;
Found 315.1342 (δ ppm = −1.0).

289

2-Cyclohexylidene-N-(furan-2-ylmethyl)-N-phenylacetamide (312a)

2-Cyclohexylideneacetyl chloride was prepared by the addition of thionyl chloride (4.9 ml)
to a solution of 2-cyclohexylideneacetic acid (561 mg, 4.0 mmol). The solution was stirred
at room temperature for 3 hours. The crude solution was concentrated to yield 2cyclohexylideneacetyl chloride as a yellow oil (80% purity).
To a solution of N-((1H-furan-2-yl)methyl)aniline (159 mg, 0.92 mmol) and pyridine (0.11
ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of 2cyclohexylideneacetyl chloride (221 mg, 1.40 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (418 mg) which was chromatographed on silica gel (20%
EtOAc/Pet.

Ether

40

–

60

oC)

to

2-cyclohexylidene-N-(furan-2-ylmethyl)-N-

phenylacetamide as a yellow oil (175 mg, 64%).

1H

NMR (300 MHz, CDCl3):

7.39 ~ 7.26 (m, 4H), 7.13 ~ 7.03 (m, 2H), 6.26 (dd, J =
3.2, 1.9 Hz, 1H), 6.16 (dd, J = 3.2, 0.8 Hz, 1H), 5.35 (s,
1H), 4.90 (s, 2H), 2.80 ~ 2.66 (m, 2H), 1.94 (t, J = 5.7
Hz, 2H), 1.64 ~ 1.45 (m, 6H).

13C

NMR (75 MHz, CDCl3):

167.1, 157.6, 151.4, 142.8, 142.0, 129.2, 128.1, 127.4,
115.0, 110.4, 108.4, 45.4, 37.9, 31.0, 30.2, 28.6, 27.8,
26.4.

IR(cm-1):

2927, 2852, 1650, 1594, 1494, 1446, 1420, 1398,
1355, 1228, 1255, 1173, 1042, 1006, 982, 847, 732,
666.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 296.1656,
Found: m/z: 296.1649 (δ ppm =-2.4).
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2-Cyclohexylidene-N-((5-nitrofuran-2-yl)methyl)-N-phenylacetamide (312b)

2-Cyclohexylideneacetyl chloride was prepared by the addition of thionyl chloride (4.9 ml)
to a solution of 2-cyclohexylideneacetic acid (561 mg, 4.0 mmol). The solution was stirred
at room temperature for 3 hours. The crude solution was concentrated to yield 2cyclohexylideneacetyl chloride as a yellow oil (80% purity).
To a solution of N-((5-nitrofuran-2-yl)methyl)aniline (200 mg, 0.92 mmol) and pyridine
(0.11 ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
2-Cyclohexylideneacetyl chloride (221 mg, 1.40 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (489 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60

oC)

to 2-cyclohexylidene-N-((5-nitrofuran-2-yl)methyl)-N-

phenylacetamide as a red oil (192 mg, 61%).

1H

NMR (300 MHz, CDCl3):

7.43 ~ 7.28 (m, 3H), 7.24 (d, J = 3.6 Hz, 1H), 7.21 ~
7.16 (m, 2H), 6.53 (d, J = 3.6 Hz, 1H), 5.38 (s, 1H), 4.94
(s, 2H), 2.81 ~ 2.65 (m, 2H), 1.97 (t, J = 5.5 Hz, 2H),
1.71 ~ 1.44 (m, 6H).

13C

NMR (75 MHz, CDCl3):

167.3, 159.5, 155.4, 142.5, 129.7, 128.0, 127.8, 114.1,
112.8, 111.8, 46.3, 38.0, 31.0, 30.2, 28.6, 27.3, 26.3.

IR(cm-1):

2928, 2853, 1650, 1593, 1528, 1492, 1447, 1401,
1350, 1275, 1223, 1166, 1019, 984, 969, 848, 809,
737, 668.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 341.1501;
Found: 341.1502 (δ ppm 0.3).

291

N-(Furan-2-ylmethyl)-N-phenylcyclopent-1-ene-1-carboxamide (323a)

Cyclopent-1-ene-1-carbonyl chloride was prepared by the addition of Thionyl chloride (4.9
ml) to a solution of cyclopent-1-ene-1-carboxylic acid (448 mg, 4.0 mmol). The solution
was stirred at room temperature for 1 hour. The crude solution was concentrated to yield
pure cyclopent-1-ene-1-carbonyl chloride as a yellow oil.
To a solution of N-((1H-furan-2-yl)methyl)aniline (159 mg, 0.92 mmol) and pyridine (0.11
ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
cyclopent-1-ene-1-carbonyl chloride (144 mg, 1.10 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (247 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60

oC)

to N-(furan-2-ylmethyl)-N-phenylcyclopent-1-ene-1-

carboxamide as a yellow oil (182 mg, 74%).

1H

NMR (300 MHz, CDCl3):

7.37 ~ 7.25 (m, 4H), 7.11 ~ 7.04 (m, 2H), 6.29 (ddd, J
= 3.0, 1.8, 1.0 Hz, 1H), 6.20 (dt, J = 3.2, 0.8 Hz, 1H),
5.88 ~ 5.84 (m, 1H), 4.95 (s, 2H), 2.27 ~ 2.15 (m, 4H),
1.79 ~ 1.60 (m, 2H).

13C

NMR (75 MHz, CDCl3):

168.0, 151.0, 143.0, 142.0, 139.3, 139.1, 129.1, 127.8,
127.4, 110.4, 108.9, 46.4, 33.7, 33.1, 23.2.

IR(cm-1):

2949, 2844, 1710, 1638, 1615, 1592, 1493, 1374,
1301, 1275, 1182, 1074, 1008, 949, 884, 735.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 268.1332;
Found: 268.1332 (δ ppm = 0.0).

292

N-((5-Nitrofuran-2-yl)methyl)-N-phenylcyclopent-1-ene-1-carboxamide (323b)

Cyclopent-1-ene-1-carbonyl chloride was prepared by the addition of Thionyl chloride (4.9
ml) to a solution of cyclopent-1-ene-1-carboxylic acid (448 mg, 4.0 mmol). The solution
was stirred at room temperature for 1 hour. The crude solution was concentrated to yield
pure cyclopent-1-ene-1-carbonyl chloride as a yellow oil.

To a solution of N-((5-nitrofuran-2-yl)methyl)aniline (200 mg, 0.92 mmol) and pyridine
(0.11 ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
cyclopent-1-ene-1-carbonyl chloride (144 mg, 1.10 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (367 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to N-((5-nitrofuran-2-yl)methyl)-N-phenylcyclopent-1-ene1-carboxamide as a yellow oil (273 mg, 95%).

1H

NMR (300 MHz, CDCl3):

7.40 ~ 7.29 (m, 3H), 7.24 (d, J = 3.7 Hz, 1H), 7.19 ~
7.13 (m, 2H), 6.55 (dt, J = 3.7, 0.8 Hz, 1H), 5.88 (tt, J =
2.5, 1.8 Hz, 1H), 4.97 (s, 2H), 2.29 ~ 2.13 (m, 6H).

13C

NMR (75 MHz, CDCl3):

168.0, 154.9, 142.7, 140.5, 138.5, 136.4, 129.5, 127.9,
127.4, 112.6, 111.9, 47.1, 33.4, 33.1, 23.1.

IR(cm-1):

2953, 1778, 1732, 1642, 1594, 1529, 1492, 1454,
1398, 1353, 1234, 1172, 1018, 980, 949.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 313.1183;
Found: 313.1183 (δ ppm = 0.1).

293

N-(Furan-2-ylmethyl)-N-phenylcyclohex-1-ene-1-carboxamide (324a)

Cyclohex-1-ene-1-carbonyl chloride was prepared by the addition of thionyl chloride (4.9
ml) to 1-cyclohexene-1-carboxylic acid (505 mg, 4.0 mmol). The solution was stirred at
room temperature for 1 hour. The crude solution was concentrated to yield pure cyclohex1-ene-1-carbonyl chloride as a yellow oil.
To a solution of N-((1H-furan-2-yl)methyl)aniline (159 mg, 0.92 mmol) and pyridine (0.11
ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
cyclohex-1-ene-1-carbonyl chloride (160 mg, 1.10 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (465 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60

oC)

to N-(furan-2-ylmethyl)-N-phenylcyclohex-1-ene-1-

carboxamide as a yellow oil (189 mg, 73%).

1H

NMR (300 MHz, CDCl3):

7.33 ~ 7.16 (m, 4H), 7.07 ~ 7.00 (m, 2H), 6.26 (dd, J =
3.2, 1.9 Hz, 1H), 6.17 (dd, J = 3.2, 0.8 Hz, 1H), 5.85 (tt,
J = 3.7, 1.7 Hz, 1H), 4.92 (s, 2H), 2.03 ~ 1.91 (m, 2H),
1.91 ~ 1.81 (m, 2H), 1.54 ~ 1.31 (m, 4H).

13C

NMR (75 MHz, CDCl3):

172.3, 151.2, 143.6, 142.0, 134.5, 133.1, 128.9, 127.3,
127.3, 126.8, 110.4, 108.7, 46.2, 26.0, 25.0, 22.1, 21.3.

IR(cm-1):

2929, 2857, 1633, 1594, 1493, 1376, 1292, 1260,
1186, 1112, 1044, 1009, 884, 802, 739.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 282.1500,
Found: m/z: 282.1492 (δ ppm =-2.7).

294

N-((5-Nitrofuran-2-yl)methyl)-N-phenylcyclohex-1-ene-1-carboxamide (324b)

Cyclohex-1-ene-1-carbonyl chloride was prepared by the addition of thionyl chloride (4.9
ml) to 1-cyclohexene-1-carboxylic acid (505 mg, 4.0 mmol). The solution was stirred at
room temperature for 1 hour. The crude solution was concentrated to yield pure cyclohex1-ene-1-carbonyl chloride as a yellow oil.
To a solution of N-((5-nitrofuran-2-yl)methyl)aniline (200 mg, 0.92 mmol) and pyridine
(0.11 ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
cyclohex-1-ene-1-carbonyl chloride (160 mg, 1.10 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (465 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to N-((5-nitrofuran-2-yl)methyl)-N-phenylcyclohex-1-ene-1carboxamide as a red oil (275 mg, 92%).

1H

NMR (300 MHz, CDCl3):

7.38 ~ 7.27 (m, 3H), 7.25 ~ 7.22 (m, 1H), 7.16 ~ 7.10
(m, 2H), 6.53 (dt, J = 3.7, 0.6 Hz, 1H), 5.93 (tt, J = 3.7,
1.7 Hz, 1H), 4.97 (s, 3H), 2.00 ~ 1.83 (m, 4H), 1.54 ~
1.34 (m, 4H).

13C

NMR (75 MHz, CDCl3):

172.5, 155.2, 143.4, 134.6, 133.8, 129.5, 127.4, 126.9,
112.7, 111.9, 47.6, 25.4, 25.7, 22.7, 21.6.

IR(cm-1):

2931, 1734, 1633, 1594, 1528, 1491, 1454, 1399,
1352, 1279, 1232, 1173, 1045, 1017, 968, 920, 854,
809, 697.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 327.1345;
Found: 327.1338 (δ ppm = −2.1)

295

(E)-N-(Furan-2-ylmethyl)-3-(4-methoxyphenyl)-N-phenylacrylamide (326a)

(E)-3-(4-methoxyphenyl)acryloyl chloride was prepared by the addition of thionyl chloride
(5.0 ml) to (E)-3-(4-methoxyphenyl)acrylic acid (712 mg, 4.0 mmol). The solution was
stirred at room temperature for 1 hour. The crude solution was concentrated to yield pure
(E)-3-(4-methoxyphenyl)acryloyl chloride as a yellow oil.
To a solution of N-((furan-2-yl)methyl)aniline (161 mg, 0.92 mmol) and pyridine (0.11 ml,
1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of (E)-3-(4methoxyphenyl)acryloyl chloride (275 mg, 1.40 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (462 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to yield (E)-N-(furan-2-ylmethyl)-3-(4-methoxyphenyl)-Nphenylacrylamide as a yellow oil (168 mg, 54%).
1H

NMR (300 MHz, CDCl3):

7.68 (d, J = 15.5 Hz, 1H), 7.45 ~ 7.31 (m, 4H), 7.26 ~
7.08 (m, 3H), 6.79 (d, J = 8.8 Hz, 2H), 6.28 (dd, J = 3.2,
1.9 Hz, 1H), 6.20 (dd, J = 3.2, 0.8 Hz, 1H), 6.16 (d, J =
15.5 Hz, 1H), 4.99 (s, 2H), 3.78 (s, 3H).

13C

NMR (75 MHz, CDCl3):

166.3, 160.9, 151.0, 142.2, 142.1, 129.5, 128.4, 128.0,
127.9, 116.3, 114.2, 110.4, 109.0, 55.4, 46.0.

IR(cm-1):

2912, 1712, 1650, 1632, 1593, 1494, 1447, 1393,
1364, 1263, 1170, 1146, 1016, 934, 843, 747.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 334.1438;
Found: 334.1438 (δ ppm 0.1)

296

(E)-N-(Furan-2-ylmethyl)-3-(4-nitrophenyl)-N-phenylacrylamide (326b)

(E)-3-(4-methoxyphenyl)acryloyl chloride was prepared by the addition of thionyl chloride
(5.0 ml) to (E)-3-(4-methoxyphenyl)acrylic acid (712 mg, 4.0 mmol). The solution was
stirred at room temperature for 1 hour. The crude solution was concentrated to yield pure
(E)-3-(4-methoxyphenyl)acryloyl chloride as a yellow oil.
To a solution of N-((5-nitrofuran-2-yl)methyl)aniline (133 mg, 0.62 mmol) and pyridine
(0.11 ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
(E)-3-(4-methoxyphenyl)acryloyl chloride (275 mg, 1.40 mmol) in dichloromethane (2 ml).
The solution stirred at room temperature for 16 hours where the reaction was quenched
with the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane
(3 x 30 ml). The combined organic layers were dried with sodium sulfate and concentrated
to yield the crude product as oil (462 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to yield (E)-N-(furan-2-ylmethyl)-3-(4-nitrophenyl)-Nphenylacrylamide as beige crystals (239 mg, 87%).

1H

NMR (300 MHz, CDCl3):

7.70 (d, J = 15.5 Hz, 1H), 7.52 ~ 7.40 (m, 3H), 7.28 (dd,
J = 3.3, 1.8 Hz, 3H), 6.82 (d, J = 8.8 Hz, 2H), 6.60 (d,
J = 3.7 Hz, 1H), 6.20 (d, J = 15.5 Hz, 1H), 5.05 (s, 2H),
3.80 (s, 3H).

13C

NMR (75 MHz, CDCl3):

166.6, 161.2, 155.0, 143.1, 141.8, 130.1, 130.0, 129.7,
128.5, 128.1, 127.5, 115.3, 114.4, 114.2, 112.7, 112.1,
55.4, 46.7.

IR(cm-1):

2912, 1712, 1650, 1632, 1593, 1494, 1447, 1393,
1364, 1263, 1170, 1146, 1016, 934, 843, 747.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 379.1288;
Found: 379.1283 (δ ppm −1.4).
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(E)-N-((5-Nitrofuran-2-yl)methyl)-3-(4-nitrophenyl)-N-phenylacrylamide (327b)

(E)-3-(4-nitrophenyl)acryloyl chloride was prepared by the addition of thionyl chloride (5.0
ml) to (E)-3-(4-nitrophenyl)acrylic acid (773 mg, 4.0 mmol). The solution was stirred at
room temperature for 1 hour. The crude solution was concentrated to yield pure (E)-3-(4nitrophenyl)acryloyl chloride as a yellow oil.
To a solution of N-((5-nitrofuran-2-yl)methyl)aniline (119 mg, 0.55 mmol) and pyridine
(0.11 ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
(E)-3-(4-nitrophenyl)acryloyl chloride (296 mg, 1.40 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (462 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to yield (E)-N-((5-nitrofuran-2-yl)methyl)-3-(4-nitrophenyl)N-phenylacrylamide as a beige crystals (195 mg, 90%).
MP:

152-154 oC

1H

8.15 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 15.6 Hz, 1H), 7.54

NMR (300 MHz, CDCl3):

~ 7.39 (m, 5H), 7.27 (d, J = 2.1 Hz, 1H), 7.26 (d, J =
3.7 Hz, 2H), 6.58 (d, J = 3.7 Hz, 1H), 6.43 (d, J = 15.5
Hz, 1H), 5.05 (s, 2H).
13C

NMR (75 MHz, CDCl3):

165.3, 154.3, 148.3, 141.3, 141.0, 140.5, 130.3, 129.0,
128.6, 128.0, 124.2, 122.0, 112.6, 112.3, 46.8.

IR(cm-1):

3140, 1657, 1620, 1530, 1504, 1374, 1339, 1240,
1169, 1109, 1017, 979, 867, 735.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 394.1039;
Found: 394.1040 (δ ppm 0.3).
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(E)-N-(Furan-2-ylmethyl)-N,3-diphenylbut-2-enamide (328a)

(E)-3-phenylbut-2-enoyl chloride was prepared by the addition of thionyl chloride (5.7 ml)
to (E)-3-phenylbut-2-enoic acid (650 mg, 4.0 mmol). The solution was stirred at room
temperature for 1 hour. The crude solution was concentrated to yield pure (E)-3phenylbut-2-enoic acid as a yellow oil.
To a solution of N-((1H-furan-2-yl)methyl)aniline (159 mg, 0.92 mmol) and pyridine (0.11
ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of (E)-3phenylbut-2-enoyl chloride (253 mg, 1.40 mmol) in dichloromethane (2 ml). The solution
stirred at room temperature for 16 hours where the reaction was quenched with the
addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x 30
ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (398 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60

oC)

to yield (E)-N-(furan-2-ylmethyl)-N,3-diphenylbut-2-

enamide as a yellow oil (255 mg, 87%).

1H

NMR (300 MHz, CDCl3):

7.42 ~ 7.28 (m, 4H), 7.23 (d, J = 3.3 Hz, 2H), 7.14 (ddd,
J = 5.9, 3.1, 1.7 Hz, 4H), 6.29 (dd, J = 3.2, 1.9 Hz, 1H),
6.22 (dd, J = 3.3, 0.9 Hz, 1H), 5.89 (s, 1H), 4.97 (s, 2H),
2.52 (s, 3H).

13C

NMR (75 MHz, CDCl3):

167.0, 151.2, 149.9, 142.9, 142.5, 142.1, 129.4, 128.4,
128.3, 128.0, 127.7, 126.2, 119.6, 110.4, 108.8, 45.5,
18.2.

IR(cm-1):

3058, 1654, 1615, 1593, 1493, 1446, 1366, 1277,
1176, 114, 1075, 1016, 927, 883, 755.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 318.1489;
Found: 318.1492 (δ ppm 1.1).
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(E)-N-((5-Nitrofuran-2-yl)methyl)-N,3-diphenylbut-2-enamide (328b)

(E)-3-phenylbut-2-enoyl chloride was prepared by the addition of thionyl chloride (5.7 ml)
to (E)-3-phenylbut-2-enoic acid (650 mg, 4.0 mmol). The solution was stirred at room
temperature for 1 hour. The crude solution was concentrated to yield pure (E)-3phenylbut-2-enoic acid as a yellow oil.
To a solution of N-((5-nitrofuran-2-yl)methyl)aniline (200 mg, 0.92 mmol) and pyridine
(0.11 ml, 1.40 mmol) in dichloromethane (2 ml) under nitrogen was added, a solution of
(E)-3-phenylbut-2-enoyl chloride (253 mg, 1.40 mmol) in dichloromethane (2 ml). The
solution stirred at room temperature for 16 hours where the reaction was quenched with
the addition of dilute HCl (20 ml). The solution was extracted with dichloromethane (3 x
30 ml). The combined organic layers were dried with sodium sulfate and concentrated to
yield the crude product as oil (462 mg) which was chromatographed on silica gel (20%
EtOAc/Pet. Ether 40 – 60 oC) to yield (E)-N-((5-nitrofuran-2-yl)methyl)-N,3-diphenylbut-2enamide as a red oil (287 mg, 86%).

1H

NMR (300 MHz, CDCl3):

7.49 ~ 7.33 (m, 4H), 7.29 ~ 7.23 (m, 2H), 7.20 ~ 7.14
(m, 4H), 6.59 (d, J = 3.7 Hz, 1H), 5.93 (s, 1H), 5.02 (s,
2H), 2.53 (d, J = 1.3 Hz, 3H).

13C

NMR (75 MHz, CDCl3):

167.2, 155.2, 151.7, 142.5, 142.2, 129.9, 128.6, 128.5,
128.3, 127.7, 126.2, 118.5, 112.7, 111.9, 46.3, 18.2.

IR(cm-1):

2912, 1712, 1650, 1632, 1593, 1494, 1447, 1393,
1364, 1263, 1170, 1146, 1016, 934, 843, 747.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 363.1345;
Found: 363.1351 (δ ppm 1.7).
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General Procedure for the Intramolecular Diels−Alder Reaction. A solution of the
corresponding furan in toluene (0.046 M) under nitrogen was heated to reflux and stirred
for the time indicated in each case. Then, the toluene was removed under vacuum and
the crude was purified by column chromatography with the eluent indicated in each case.
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7,7-Dimethyl-6-nitro-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one
(331b)

A solution of 3-methyl-N-((5-nitro-1H-pyrrol-2-yl)methyl)-N-phenylbut-2-enamide (100
mg, 0.33 mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 48
hours. The solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide 7,7-dimethyl6-nitro-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one as white crystals (43
mg, 43%).

MP:

175-178 oC

1H

7.60 ~ 7.52 (m, 2H), 7.39 (dd, J = 8.5, 7.5 Hz, 2H), 7.23

NMR (300 MHz, CDCl3):

~ 7.14 (m, 1H), 6.75 (s, 2H), 4.36 (d, J = 12.0 Hz, 1H),
4.19 (d, J = 12.0 Hz, 1H), 2.47 (s, 1H), 1.38 (s, 3H),
1.35 (s, 3H).
13C

NMR (75 MHz, CDCl3):

169.5, 138.6, 135.9, 134.3, 129.1, 125.4, 120.6, 116.2,
86.2, 58.1, 50.1, 47.4, 25.7, 19.9.

IR (cm-1):

3073, 2981, 2359, 2340, 1677, 1597, 1555, 1493,
1454, 1396, 1361, 1296, 1212, 1159, 1073, 997.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 301.1188,
Found: m/z: 301.1185 (δ ppm =-1.0).
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7,7a-Dimethyl-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one (332a)

A solution of (Z)-N-(furan-2-ylmethyl)-2-methyl-N-phenylbut-2-enamide (100 mg, 0.33
mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 48 hours. The
solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide 7,7adimethyl-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one as white crystals
(54 mg, 54%).

MP:

116-118 oC

1H

7.62 ~ 7.54 (m, 2H), 7.35 ~ 7.25 (m, 2H), 7.07 (ddt, J =

NMR (300 MHz, CDCl3):

7.7, 6.9, 1.1 Hz, 1H), 6.45 (d, J = 1.4 Hz, 2H), 4.83 ~
4.80 (m, 1H), 4.26 (d, J = 11.4 Hz, 1H), 4.00 (d, J =
11.4 Hz, 1H), 2.71 (qd, J = 7.4, 4.5 Hz, 1H), 0.92 (s,
3H), 0.80 (d, J = 7.4 Hz, 3H).
13C

NMR (75 MHz, CDCl3):

178.0, 139.8, 136.9, 133.2, 129.0, 124.5, 120.0, 91.2,
82.8, 55.4, 49.8, 39.9, 15.7, 13.1.

IR(cm-1):

2960, 2929, 2874, 1692, 1597, 1493, 1353, 1293,
1220, 1092, 1055, 1008, 893, 758.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 256.1332;
Found: 256.1333 (δ ppm = 0.4).
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7,7a-Dmethyl-6-nitro-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one
(332b)

A solution of 3-methyl-N-((5-nitro-1H-pyrrol-2-yl)methyl)-N-phenylbut-2-enamide (160
mg, 0.53 mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 24
hours. The solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide 7,7adimethyl-6-nitro-2-phenyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one

as

white

crystals (124 mg, 78%).

MP:

126-128 oC

1H

7.68 ~ 7.58 (m, 2H), 7.44 ~ 7.35 (m, 2H), 7.22 ~ 7.13

NMR (300 MHz, CDCl3):

(m, 1H), 6.82 (d, J = 5.8 Hz, 1H), 6.75 (d, J = 5.8 Hz,
1H), 4.38 (d, J = 12.0 Hz, 1H), 4.23 (d, J = 12.0 Hz,
1H), 3.05 (q, J = 7.3 Hz, 1H), 1.10 (d, J = 7.4 Hz, 3H),
1.08 (s, 3H).
13C

NMR (75 MHz, CDCl3):

175.3, 139.0, 136.0, 133.6, 129.1, 125.2, 120.1, 114.3,
90.1, 58.1, 49.1, 45.6, 15.5, 12.2.

IR(cm-1):

2971, 1693, 1641, 1599, 1548, 1493, 1354, 1331,
1306, 1217, 1175, 1069, 1024, 877, 809, 706.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 301.1188;
Found: 301.1185 (δ ppm = −1.0).
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2-Phenyl-7-propyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one (333a)

A solution of (E)-N-(furan-2-ylmethyl)-N-phenylhex-2-enamide (122 mg, 0.45 mmol) in
toluene (10 ml) under nitrogen was heated to reflux and stirred for 48 hours. The solution
was concentrated to yield the crude product as crystals which was chromatographed on
silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide 2-phenyl-7-propyl-2,3,7,7atetrahydro-3a,6-epoxyisoindol-1(6H)-one as white crystals (22 mg, 18%, 50% BRSM).

MP:

106-108 oC

1H

7.69 ~ 7.60 (m, 2H), 7.42 ~ 7.31 (m, 2H), 7.18 ~ 7.10

NMR (300 MHz, CDCl3):

(m, 1H), 6.56 (d, J = 5.8 Hz, 1H), 6.43 (dd, J = 5.9, 1.7
Hz, 1H), 4.98 (dd, J = 4.4, 1.7 Hz, 1H), 4.40 (d, J = 11.5
Hz, 1H), 4.09 (d, J = 11.5 Hz, 1H), 2.64 (tt, J = 8.0, 4.1
Hz, 1H), 2.19 (d, J = 3.8 Hz, 1H), 1.53 ~ 1.40 (m, 2H),
1.28 ~ 1.19 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H).
13C

NMR (75 MHz, CDCl3):

173.5, 139.6, 135.7, 134.2, 129.0, 129.0, 124.6, 120.1,
88.5, 82.0, 55.4, 51.1, 43.6, 35.0, 21.9, 14.2.

IR(cm-1):

2985, 2968, 2922, 2850, 1682, 1597, 1470, 1397,
1355, 1244, 1190, 1075, 1038, 987, 881, 757.

MS (FTMS + p NSI Full MS):

Theoretical mass [M+H+] 270.1489;
Found: 270.1489 (δ ppm = 0.2).
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6-Nitro-2-phenyl-7-propyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one (333b)

A solution of (E)-N-((5-nitrofuran-2-yl)methyl)-N-phenylhex-2-enamide (100 mg, 0.33
mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 48 hours. The
solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide 6-nitro-2phenyl-7-propyl-2,3,7,7a-tetrahydro-3a,6-epoxyisoindol-1(6H)-one as white crystals (110
mg, 67%).

MP:

194-196 oC

1H

7.66 ~ 7.59 (m, 2H), 7.45 ~ 7.34 (m, 2H), 7.22 ~ 7.14

NMR (300 MHz, CDCl3):

(m, 1H), 6.79 (d, J = 1.2 Hz, 2H), 4.43 (d, J = 12.0 Hz,
1H), 4.25 (d, J = 12.0 Hz, 1H), 2.89 (dt, J = 11.5, 3.9
Hz, 1H), 2.51 (d, J = 3.9 Hz, 1H), 1.90 ~ 1.74 (m, 1H),
1.58 ~ 1.40 (m, 2H), 1.14 ~ 1.00 (m, 2H), 0.97 (t, J =
7.3 Hz, 3H).
13C

NMR (75 MHz, CDCl3):

170.5, 138.7, 136.4, 132.8, 129.0, 125.2, 120.1, 114.0,
104.9, 87.1, 56.9, 50.4, 48.5, 33.2, 21.0, 13.7.

IR(cm-1):

3144, 3112, 2961, 2925, 2870, 2358, 1704, 1594,
1505, 1464, 1356, 1331, 1294, 1235, 1189, 1130,
1016, 980, 913.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 315.1345,
Found: m/z: 315.1349 (δ ppm =1.3).
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2'-Phenyl-2',3'-dihydro-6'H-spiro[cyclohexane-1,7'-[3a,6]epoxyisoindol]-1'(7a'H)one (334a)

A solution of 2-cyclohexylidene-N-(furan-2-ylmethyl)-N-phenylacetamide (147 mg, 0.50
mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 48 hours. The
solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide 2'-phenyl2',3'-dihydro-6'H-spiro[cyclohexane-1,7'-[3a,6]epoxyisoindol]-1'(7a'H)-one

as

white

crystals (56 mg, 38%, 63% BRSM).

MP:

112-114 oC

1H

7.66 ~ 7.56 (m, 2H), 7.43 ~ 7.33 (m, 2H), 7.19 ~ 7.09

NMR (300 MHz, CDCl3):

(m, 1H), 6.51 (d, J = 0.9 Hz, 2H), 4.31 (d, J = 11.5 Hz,
1H), 4.02 (d, J = 11.5 Hz, 1H), 2.41 ~ 2.19 (m, 1H),
1.95 ~ 1.80 (m, 1H), 1.68 ~ 1.49 (m, 6H), 1.44 ~ 1.17
(m, 4H).
13C

NMR (75 MHz, CDCl3):

172.1, 139.5, 136.4, 133.8, 128.9, 124.7, 120.4, 88.3,
83.2, 58.0, 50.6, 48.0, 37.3, 32.0, 25.7, 24.2, 23.5.

IR(cm-1):

3007, 2926, 2854, 1680, 1594, 1498, 1459, 1395,
1351, 1308, 1290, 1126, 1099, 1030, 959, 891, 757,
689.
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6'-Nitro-2'-phenyl-2',3'-dihydro-6'H-spiro[cyclohexane-1,7'-[3a,6]epoxyisoindol]1'(7a'H)-one (334b)

A solution of 3-methyl-N-((5-nitro-1H-pyrrol-2-yl)methyl)-N-phenylbut-2-enamide (164
mg, 0.48 mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 48
hours. The solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide 6'-nitro-2'phenyl-2',3'-dihydro-6'H-spiro[cyclohexane-1,7'-[3a,6]epoxyisoindol]-1'(7a'H)-one

as

white crystals (58 mg, 35%, 46% BRSM).

MP:

183-185 oC

1H

7.62 ~ 7.53 (m, 2H), 7.42 ~ 7.33 (m, 2H), 7.22 ~ 7.14

NMR (300 MHz, CDCl3):

(m, 1H), 6.78 (d, J = 5.6 Hz, 1H), 6.69 (d, J = 5.6 Hz,
1H), 4.33 (d, J = 11.9 Hz, 1H), 4.21 (d, J = 11.9 Hz,
1H), 2.52 ~ 2.37 (m, 1H), 2.05 ~ 1.02 (m, 10H).
13C

NMR (75 MHz, CDCl3):

169.3, 138.6, 135.3, 135.1, 129.0, 125.4, 120.8, 117.1,
86.5, 58.0, 52.8, 49.8, 35.3, 28.4, 24.7, 23.6, 22.6.

IR(cm-1):

2932, 2855, 1677, 1597, 1570, 1550, 1492, 1356,
1289, 1243, 1138, 1076, 1043, 976, 917, 844, 731,
697.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 341.1501;
Found: 341.1497 (δ ppm = −1.2).
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(6aS,9aS)-2-Phenyl-2,3,6a,7,8,9-hexahydro-1H,6H-3a,6-epoxycyclopentaisoindol-1one (337a)

A solution of N-(furan-2-ylmethyl)-N-phenylcyclopent-1-ene-1-carboxamide (146 mg,
0.55 mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 48 hours.
The solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide (6aS,9aS)2-phenyl-2,3,6a,7,8,9-hexahydro-1H,6H-3a,6-epoxycyclopentaisoindol-1-one as white
crystals (113 mg, 77%).

1H

NMR (300 MHz, CDCl3):

7.73 ~ 7.62 (m, 2H), 7.41 ~ 7.31 (m, 2H), 7.17 ~ 7.10
(m, 1H), 6.61 ~ 6.53 (m, 2H), 4.95 (dd, J = 5.1, 1.4 Hz,
1H), 4.35 (d, J = 11.5 Hz, 1H), 4.05 (d, J = 11.4 Hz,
1H), 3.27 (ddd, J = 8.6, 5.1, 3.0 Hz, 1H), 1.94 ~ 1.75
(m, 3H), 1.70 ~ 1.47 (m, 2H), 1.36 ~ 1.29 (m, 1H).

13C

NMR (75 MHz, CDCl3):

177.5, 139.7, 138.2, 133.6, 128.9, 124.5, 120.0, 90.6,
82.1, 52.8, 50.4, 31.0, 28.6, 27.1.

IR(cm-1):

2938, 2862, 1733, 1688, 1598, 1493, 1464, 1395,
1310, 1294, 1180, 1131, 1100, 1013, 976, 925, 880,
787.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 268.1332;
Found: 268.1332 (δ ppm = 0.0)
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(6aS,9aS)-6-Nitro-2-phenyl-2,3,6a,7,8,9-hexahydro-1H,6H-3a,6epoxycyclopentaisoindol-1-one (337b)

A solution of N-((5-nitrofuran-2-yl)methyl)-N-phenylcyclopent-1-ene-1-carboxamide (258
mg, 0.83 mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 3
hours. The solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide (6aS,9aS)6-nitro-2-phenyl-2,3,6a,7,8,9-hexahydro-1H,6H-3a,6-epoxycyclopentaisoindol-1-one as
white crystals (165 mg, 64%).

MP:

197-199 oC

1H

7.64 (dt, J = 8.0, 1.1 Hz, 2H), 7.43 ~ 7.35 (m, 2H), 7.19

NMR (300 MHz, CDCl3):

(ddt, J = 7.9, 6.9, 1.1 Hz, 1H), 6.87 (d, J = 5.7 Hz, 1H),
6.79 (d, J = 5.8 Hz, 1H), 4.39 (d, J = 11.9 Hz, 1H), 4.22
(d, J = 12.0 Hz, 1H), 3.51 (dd, J = 8.8, 2.6 Hz, 1H), 2.12
~ 1.58 (m, 6H).
13C

NMR (75 MHz, CDCl3):

174.7, 138.9, 136.3, 135.1, 129.1, 125.2, 120.2, 113.4,
89.7, 69.8, 57.9, 49.8, 31.0, 28.2, 27.1.

IR(cm-1):

3109, 2951, 2860, 1685, 1599, 1555, 1489, 1446,
1356, 1294, 1217, 1132, 1150, 1061, 970, 937, 854,
794.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 313.1188,
Found: m/z: 313.1187 (δ ppm =-0.3).
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(6aS,10aS)-6-Nitro-2-phenyl-2,3,6,6a,7,8,9,10-octahydro-1H-3a,6epoxybenzoisoindol-1-one (338b)

A solution of N-((5-nitrofuran-2-yl)methyl)-N-phenylcyclohex-1-ene-1-carboxamide (215
mg, 0.66 mmol) in toluene (10 ml) under nitrogen was heated to reflux and stirred for 48
hours. The solution was concentrated to yield the crude product as crystals which was
chromatographed on silica gel (20% EtOAc/Pet. Ether 40 – 60 oC) to provide (6aS,10aS)6-nitro-2-phenyl-2,3,6,6a,7,8,9,10-octahydro-1H-3a,6-epoxybenzoisoindol-1-one

as

white crystals (119 mg, 55%).

MP:

178-180 oC

1H

7.66 ~ 7.60 (m, 2H), 7.44 ~ 7.33 (m, 2H), 7.17 (ddt, J =

NMR (300 MHz, CDCl3):

8.0, 7.1, 1.2 Hz, 1H), 6.82 (d, J = 5.7 Hz, 1H), 6.75 (d,
J = 5.7 Hz, 1H), 4.38 (d, J = 11.9 Hz, 1H), 4.22 (d, J =
11.9 Hz, 1H), 2.85 (dd, J = 12.6, 6.1 Hz, 1H), 2.16 ~
0.81 (m, 8H).
13C

NMR (75 MHz, CDCl3):

174.4, 139.2, 136.1, 134.0, 129.1, 125.0, 120.0, 114.0,
90.3, 57.4, 49.1, 47.4, 25.5, 22.1, 18.4, 16.2.

IR(cm-1):

3114, 2947, 2869, 1685, 1598, 1552, 1491, 1459,
1357, 1305, 1294, 1126, 1093, 937, 851, 758, 627.

MS (FTMS + p NSI Full MS):

Theoretical mass [M++H+] 327.1339;
Found: 327.1342 (δ ppm = 0.8).
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Appendix 1 Crystallographic Data Tables

[2,7]Dihexyl-[12,13,16,17]tetraethyl-porphycene (150)

Table 1 Crystal data and structure refinement for 150.
Identification code
150
Empirical formula
C40H54N4
Formula weight
590.87
Temperature/K
100.0
Crystal system
monoclinic
Space group
C2/c
a/Å
12.2177(5)
b/Å
20.1604(7)
c/Å
14.8719(8)
α/°
90.00
β/°
109.787(2)
γ/°
90.00
3
Volume/Å
3446.9(3)
Z
4
3
ρcalcmg/mm
1.139
-1
m/mm
0.066
F(000)
1288.0
3
Crystal size/mm
0.28 × 0.24 × 0.18
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection 4.08 to 60.56°
Index ranges
-17 ≤ h ≤ 17, -28 ≤ k ≤ 26, -20 ≤ l ≤ 21
Reflections collected
35173
Independent reflections
5155 [Rint = 0.0530, Rsigma = 0.0400]
Data/restraints/parameters 5155/3/209
Goodness-of-fit on F2
0.944
Final R indexes [I>=2σ (I)] R1 = 0.0432, wR2 = 0.1220
Final R indexes [all data]
R1 = 0.0743, wR2 = 0.1451
-3
Largest diff. peak/hole / e Å 0.31/-0.20
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement
Parameters (Å2×103) for 150. Ueq is defined as 1/3 of of the trace of the orthogonalised
UIJ tensor.
Atom
x
y
z
U(eq)
N2
9438.3(8)
3655.0(5)
1496.3(7)
18.6(2)
N1
9502.4(8)
2328.0(5)
1514.6(7)
18.1(2)
C3
9673.2(9)
1212.2(5)
1285.6(8)
17.9(2)
C9
8801.0(9)
4536.7(5)
471.6(8)
18.0(2)
C15
7821.5(10)
6802.8(6)
-1069.2(8)
21.7(2)
C8
8908.3(9)
3817.5(5)
554.2(8)
17.7(2)
C13
8291.1(10)
5667.3(5)
-296.5(8)
20.2(2)
C4
9240.9(9)
1509.5(6)
400.3(8)
17.9(2)
C5
9144.4(9)
2212.3(6)
552.4(8)
18.0(2)
C12
8249.4(10)
4917.1(5)
-438.1(8)
20.3(2)
C14
7778.4(10)
6055.0(6)
-1227.0(8)
20.3(2)
C2
9805.5(9)
1736.0(5)
1990.4(8)
17.2(2)
C7
8591.9(10)
3362.8(6)
-197.6(8)
19.4(2)
C6
8723.3(10)
2676.3(5)
-190.6(8)
18.8(2)
C18
10079.3(10)
503.2(5)
1429.2(8)
20.5(2)
C11
9702.5(9)
4227.1(5)
2005.0(8)
18.3(2)
C10
9302.6(10)
4782.6(6)
1376.8(8)
19.7(2)
C20
8965.9(10)
1190.4(6)
-565.3(8)
19.6(2)
C21
9977.9(10)
1244.9(6)
-946.8(9)
24.2(3)
C16
7310.7(12)
7200.2(6)
-1988.6(9)
27.7(3)
C19
11402.5(10)
440.3(6)
1907.8(9)
24.1(3)
C17
7274.4(14)
7939.9(6)
-1811.3(11)
36.1(3)
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Table 3 Anisotropic Displacement Parameters (Å2×103) for 150. The Anisotropic
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom
U11
U22
U33
U23
U13
U12
N2
20.4(5)
18.8(5)
16.3(5)
-0.7(4)
5.9(4)
-0.6(3)
N1
22.0(5)
17.0(4)
15.5(5)
1.0(4)
6.6(4)
0.5(4)
C3
19.1(5)
17.6(5)
17.7(5)
-1.3(4)
7.1(4)
0.3(4)
C9
18.3(5)
17.7(5)
18.6(5)
1.3(4)
6.9(4)
-0.3(4)
C15
24.9(6)
20.4(5)
19.0(6)
2.2(4)
6.1(4)
-0.4(4)
C8
17.2(5)
18.7(5)
18.1(5)
1.8(4)
7.1(4)
0.6(4)
C13
21.7(5)
19.6(5)
19.6(6)
1.6(4)
7.3(4)
1.1(4)
C4
17.7(5)
19.7(5)
16.8(5)
-0.7(4)
6.5(4)
-0.5(4)
C5
18.3(5)
19.0(5)
17.1(5)
-0.6(4)
6.5(4)
-0.1(4)
C12
22.3(5)
19.3(5)
18.7(5)
1.8(4)
6.0(4)
-0.6(4)
C14
23.4(6)
19.0(5)
19.7(6)
1.9(4)
8.7(5)
0.6(4)
C2
19.3(5)
16.0(5)
16.9(5)
0.6(4)
7.0(4)
-0.1(4)
C7
20.2(5)
22.0(5)
15.7(5)
1.7(4)
5.9(4)
0.0(4)
C6
20.7(5)
19.6(5)
15.5(5)
-1.2(4)
5.2(4)
0.0(4)
C18
26.9(6)
17.6(5)
17.4(5)
-1.3(4)
8.0(4)
0.9(4)
C11
19.9(5)
17.7(5)
18.4(6)
-0.1(4)
7.8(4)
0.0(4)
C10
22.1(5)
17.6(5)
19.7(5)
0.5(4)
7.8(4)
0.4(4)
C20
23.0(5)
19.8(5)
16.8(5)
-2.3(4)
7.9(4)
-0.8(4)
C21
25.7(6)
27.7(6)
21.6(6)
-1.4(5)
11.0(5)
0.8(5)
C16
37.0(7)
23.1(6)
20.8(6)
3.7(5)
6.9(5)
-1.0(5)
C19
28.2(6)
20.3(6)
23.8(6)
1.1(5)
8.8(5)
3.3(4)
C17
49.1(9)
23.2(7)
32.3(7)
6.3(5)
8.8(6)
0.1(6)
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Table 4 Bond Lengths for 150.
Atom Atom Length/Å Atom Atom Length/Å
N2
C8
1.3694(14) C13 C12 1.5255(15)
N2
C11 1.3570(14) C13 C14 1.5269(15)
N1
C5
1.3674(14) C4
C5
1.4460(15)
N1
C2
1.3729(14) C4
C20 1.5041(15)
C3
C4
1.3787(15) C5
C6
1.4056(15)
C3
C2
1.4577(15) C2
C21 1.427(2)
C3
C18 1.5044(15) C7
C6
1.3929(16)
C9
C8
1.4575(15) C18 C19 1.5353(16)
C9
C12 1.5017(15) C11 C111 1.404(2)
C9
C10 1.3693(15) C11 C10 1.4341(15)
C15 C14 1.5239(16) C20 C21 1.5289(16)
C15 C16 1.5241(16) C16 C17 1.5177(18)
C8
C7
1.3954(16)
1

2-X,+Y,1/2-Z

Table 5 Bond Angles for 150.
Atom Atom Atom
Angle/˚
C11
N2
C8
107.94(9)
C5
N1
C2
109.03(9)
C4
C3
C2
106.57(9)
C4
C3
C18 123.36(10)
C2
C3
C18 129.43(10)
C8
C9
C12 125.74(10)
C10
C9
C8
106.24(9)
C10
C9
C12 128.02(10)
C14
C15
C16 113.55(10)
N2
C8
C9
108.79(9)
N2
C8
C7
124.72(10)
C7
C8
C9
126.40(10)
C12
C13
C14 113.46(9)
C3
C4
C5
107.56(9)
C3
C4
C20 127.98(10)
C5
C4
C20 124.39(10)

Atom
N1
C6
C9
C15
N1
N1
C21
C6
C7
C3
N2
N2
C111
C9
C4
C17
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Atom
C5
C5
C12
C14
C2
C2
C2
C7
C6
C18
C11
C11
C11
C10
C20
C16

Atom
C6
C4
C13
C13
C3
C21
C3
C8
C5
C19
C111
C10
C10
C11
C21
C15

Angle/˚
127.70(10)
123.82(10)
113.46(9)
112.63(10)
108.31(9)
118.83(6)
132.83(6)
130.29(10)
132.67(10)
112.91(9)
121.70(6)
109.65(10)
128.64(6)
107.35(10)
112.10(9)
112.82(11)

N1

C5

C4

108.46(9)

Table 6 Torsion Angles for 150.
A
B
C
D
Angle/˚
N2
C8 C7
C6
-0.16(19)
N2
C11 C10 C9
-0.72(13)
N1
C5 C6
C7
3.5(2)
C3
C4 C5
N1
-0.67(12)
C3
C4 C5
C6
179.42(10)
C3
C4 C20 C21
-94.52(13)
C9
C8 C7
C6
175.84(11)
C8
N2 C11 C111
177.45(13)
C8

N2 C11 C10

C8

C9 C12 C13

C8
C8
C4
C4
C4

C9
C7
C3
C3
C3

C4

C5 C6

C7

C5

N1 C2

C3

2.24(12)

C5

N1 C2

C21

C5

C4 C20 C21

C12

C9 C8

N2

179.22(12)
82.04(13)
178.83(10)

C12

C9 C8

C7

C12

C9 C10 C11

1

C10
C6
C2
C2
C18

C11
C5
N1
C21
C19

1.63(12)
178.84(10)
-0.43(12)
4.1(2)
-2.63(12)
179.11(15)
110.34(12)
178.05(11)

4.64(17)
179.84(10)

2-X,+Y,1/2-Z
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A
C12
C14
C14
C2

B
C13
C15
C13
N1

C
D
C14 C15
C16 C17
C12 C9
C5 C4

Angle/˚
179.64(9)
175.51(11)
177.46(9)
-1.01(12)

C2

N1

C5 C6

177.67(11)

C2
C2

C3
C3

C4 C5
C4 C20

1.97(12)
178.99(10)

C2

C3

C18 C19

-59.25(15)

C18 C3

C4 C5

169.66(10)

C18 C3

C4 C20

7.36(17)

C18 C3
C18 C3
C11 N2
C11 N2
C111 C11

C2 N1
C2 C21
C8 C9
C8 C7
C10 C9

168.31(10)
-9.9(2)
-1.88(12)
174.72(10)
178.28(14)

C10 C9

C8 N2

1.43(12)

C10 C9

C8 C7

175.11(10)

C10 C9

C12 C13

0.85(16)

C20 C4

C5 N1

-177.83(9)

C20 C4

C5 C6

3.42(17)

C16 C15

C14 C13

179.83(10)

Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters
(Å2×103) for 150.
Atom
x
y
z
U(eq)
H15A
8641
6938
-752
26
H15B
7389
6912
-633
26
H13A
9110
5805
18
24
H13B
7858
5783
137
24
H12A
7427
4777
-725
24
H12B
8651
4803
-894
24
H14A
8214
5943
-1660
24
H14B
6960
5918
-1544
24
H7
8229
3552
-812
23
H6
8480
2484
-810
23
H18A
9842
277
801
25
H18B
9692
275
1829
25
H10
9373
5237
1556
24
H20A
8271
1406
-1021
23
H20B
8780
716
-519
23
H21A
9757
1041
-1581
36
H21B
10659
1015
-512
36
H21C
10167
1713
-992
36
H16A
7782
7120
-2404
33
H16B
6511
7041
-2332
33
H19A
11791
628
1487
36
H19B
11612
-29
2026
36
H19C
11649
682
2516
36
H17A
6989
8174
-2424
54
H17B
8058
8097
-1446
54
H17C
6753
8026
-1448
54
H2
9590(20)
3234(8)
1730(18)
24(7)
H1
9540(20)
2752(10)
1750(20)
29
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Table 8 Atomic Occupancy for 150.
Atom Occupancy Atom Occupancy Atom Occupancy
H2
0.50
H1
0.50

Crystal Data for C40H54N4 (M =590.87): monoclinic, space group C2/c (no.
15), a = 12.2177(5) Å, b = 20.1604(7) Å, c = 14.8719(8) Å, β =
109.787(2)°, V = 3446.9(3) Å3, Z = 4, T = 100.0 K, μ(MoKα) = 0.066 mm1
, Dcalc = 1.139 g/mm3, 35173 reflections measured (4.08 ≤ 2Θ ≤ 60.56),
5155 unique (Rint = 0.0530, Rsigma = 0.0400) which were used in all
calculations. The final R1 was 0.0432 (>2sigma(I)) and wR2 was 0.1451 (all
data).
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(3Z,7Z)-1,2(2,5)-Difurana-5,6(2,5)-dithiophenacyclooctaphane-3,7-diene (162)

Table 1 Crystal data and structure refinement for 162.
Identification code
162
Empirical formula
C20H12O2S2
Formula weight
348.42
Temperature/K
100.0(2)
Crystal system
orthorhombic
Space group
Pbca
a/Å
15.6878(12)
b/Å
10.3527(8)
c/Å
19.0932(16)
α/°
90.00
β/°
90.00
γ/°
90.00
3
Volume/Å
3100.9(4)
Z
8
3
ρcalcg/cm
1.493
-1
μ/mm
0.353
F(000)
1440.0
3
Crystal size/mm
0.34 × 0.28 × 0.22
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/°
5.18 to 57.6
Index ranges
-21 ≤ h ≤ 21, -13 ≤ k ≤ 13, -25 ≤ l ≤ 25
Reflections collected
50180
Independent reflections
3998 [Rint = 0.0546, Rsigma = 0.0317]
Data/restraints/parameters
3998/0/217
2
Goodness-of-fit on F
1.026
Final R indexes [I>=2σ (I)]
R1 = 0.0417, wR2 = 0.1048
Final R indexes [all data]
R1 = 0.0701, wR2 = 0.1199
-3
Largest diff. peak/hole / e Å
0.46/-0.35
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement
Parameters (Å2×103) for 162. Ueq is defined as 1/3 of of the trace of the orthogonalised
UIJ tensor.
Atom
x
y
z
U(eq)
S1
2129.4(3)
102.0(5) 1651.2(3)
25.80(14)
O1
497.7(8)
-577.1(13) 3180.9(7)
25.8(3)
C1
2854.7(11)
1263.9(18) 1438.2(10)
25.1(4)
S2
272.7(3)
-98.6(5)
1757.6(3)
27.54(14)
O2
2159.4(8)
526.3(12) 3077.3(7)
24.9(3)
C2
2692.1(12)
1719.0(19) 771.0(11)
29.8(4)
C3
1946.9(12)
1189.4(18) 460.9(10)
28.0(4)
C4
1551.0(12)
311.6(18) 890.9(10)
24.7(4)
C5
718.8(12)
-325.9(18) 943.7(10)
25.9(4)
C6
273.1(13)
578.4(11)
30.6(5)
1255.0(19)
C7
-395.6(13)
981.0(11)
33.1(5)
1796.8(19)
C8
-463.8(11)
1650.0(11)
27.9(4)
1301.7(18)
C9
-1009.0(12)
2223.8(13)
33.6(5)
1719.6(18)
C10
-903.2(13)
2923.0(13)
33.7(5)
1657.7(18)
C11
-241.4(12)
3396.9(11)
30.7(5)
1203.9(18)
C12
-214.1(15)
-1341(2) 4108.5(12)
39.8(5)
C13
559.3(15)
-808(2)
4348.1(12)
38.6(5)
C14
979.7(13)
-344.4(18) 3771.1(10)
28.1(4)
C15
1778.8(13)
326.6(18) 3719.4(10)
27.9(4)
C16
2279.6(14)
852(2)
4233.1(11)
37.0(5)
C17
2993.0(14)
1395(2)
3902.4(12)
37.6(5)
C18
2910.6(12)
1205.4(18) 3195.2(11)
27.5(4)
C19
3482.0(12)
1653.2(18) 2650.5(12)
30.7(5)
C20
3484.3(12)
1703.5(17) 1942.6(12)
29.2(4)
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Table 3 Anisotropic Displacement Parameters (Å2×103) for 162. The Anisotropic displacement
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom
U11
U22
U33
U23
U13
U12
S1
22.6(2)
24.0(3)
30.9(3)
4.80(19)
-6.07(18)
-6.72(18)
O1
24.1(7)
22.4(7)
31.1(7)
2.7(5)
5.2(6)
-0.1(5)
C1
18.0(9)
20.4(9)
37.1(11)
2.1(8)
1.9(8)
-1.0(7)
S2
22.2(3)
22.8(3)
37.7(3)
-5.9(2)
3.30(19)
-6.28(18)
O2
24.2(7)
24.1(7)
26.3(7)
-2.0(5)
-3.6(5)
-2.5(5)
C2
25.9(10)
26.9(10)
36.6(11)
5.1(8)
7.6(8)
-1.2(8)
C3
32.4(10)
25.5(10)
25.9(10)
1.0(8)
1.6(8)
3.5(8)
C4
23.1(9)
24.5(10)
26.4(9)
-1.7(7)
-3.0(8)
2.5(7)
C5
25.6(10)
20.9(9)
31.1(10)
0.6(8)
-6.9(8)
1.0(7)
C6
34.7(11)
23.9(10)
33.3(11)
0.8(8)
-15.1(9)
-1.3(8)
C7
29.4(11)
24.3(10)
45.6(13)
1.5(9)
-19.7(9)
-4.8(8)
C8
16.5(9)
17.3(9)
49.9(13)
1.9(8)
-5.0(8)
0.4(7)
C9
17.4(9)
19(1)
64.5(15)
-0.5(9)
-0.3(9)
-2.0(7)
C10
22.7(10)
19.1(10)
59.4(15)
2.0(9)
12.3(10)
-0.2(8)
C11
27(1)
17.0(9)
48.0(13)
2.7(8)
12.8(9)
3.1(8)
C12
42.6(13)
31.6(12)
45.1(13)
7.9(10)
20.5(10)
5.1(10)
C13
48.8(14)
33.8(12)
33.1(11)
2.2(9)
10.2(10)
8.3(11)
C14
34.7(11)
19.0(9)
30.6(10)
-0.8(8)
3.7(9)
7.5(8)
C15
36.0(11)
20.1(10)
27.7(10)
-0.3(7)
-1.7(8)
9.0(8)
C16
47.8(13)
32.4(12)
30.8(11)
-3.0(9)
-11.1(9)
8.2(10)
C17
40.0(12)
32.0(12)
40.8(12)
-5.3(9)
-19.1(10)
3.9(10)
C18
25.3(10)
17.0(9)
40.3(11)
-1.4(8)
-10.8(8)
1.6(7)
C19
21.6(9)
17.2(9)
53.2(13)
-0.4(8)
-13.6(9)
-1.9(7)
C20
18.4(9)
19.5(10)
49.7(12)
5.5(8)
-3.4(9)
-3.6(7)
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Table 4 Bond Lengths for 162.
Atom Atom Length/Å Atom Atom Length/Å
S1
C1 1.7050(19) C6 C7 1.416(3)
S1
C4 1.7257(19) C7 C8 1.380(3)
O1 C11 1.391(2)
C8 C9 1.456(3)
O1 C14 1.378(2)
C9 C10 1.347(3)
C1 C2 1.382(3)
C10 C11 1.455(3)
C1 C20 1.453(3)
C11 C12 1.367(3)
S2
C5 1.721(2)
C12 C13 1.409(3)
S2
C8 1.7113(19) C13 C14 1.371(3)
O2 C15 1.379(2)
C14 C15 1.437(3)
O2 C18 1.391(2)
C15 C16 1.370(3)
C2 C3 1.420(3)
C16 C17 1.402(3)
C3 C4 1.373(3)
C17 C18 1.371(3)
C4 C5 1.466(3)
C18 C19 1.449(3)
C5 C6 1.378(3)
C19 C20 1.353(3)
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Table 5 Bond Angles for 162.
Atom Atom Atom Angle/˚
C1 S1
C4 93.53(9)
C14 O1 C11 107.24(15)
C2 C1 S1
109.71(14)
C2 C1 C20 129.04(18)
C20 C1 S1
121.11(15)
C8 S2
C5 93.82(10)
C15 O2 C18 107.39(15)
C1 C2 C3 113.87(17)
C4 C3 C2 112.24(17)
C3 C4 S1
110.38(14)
C3 C4 C5 137.88(18)
C5 C4 S1
110.71(13)
C4 C5 S2
111.27(13)
C6 C5 S2
110.25(15)
C6 C5 C4 136.96(19)
C5 C6 C7 112.18(19)
C8 C7 C6 114.36(18)
C7 C8 S2
109.21(15)
C7 C8 C9 129.16(18)
C9 C8 S2
121.51(16)

Atom Atom Atom Angle/˚
C10 C9 C8 131.26(19)
C9 C10 C11 136.03(19)
O1 C11 C10 124.12(19)
C12 C11 O1 108.48(19)
C12 C11 C10 127.38(19)
C11 C12 C13 108.01(19)
C14 C13 C12 106.9(2)
O1 C14 C15 120.47(17)
C13 C14 O1 109.38(18)
C13 C14 C15 130.1(2)
O2 C15 C14 120.75(17)
C16 C15 O2 109.18(18)
C16 C15 C14 130.1(2)
C15 C16 C17 107.1(2)
C18 C17 C16 108.10(19)
O2 C18 C19 124.74(17)
C17 C18 O2 108.17(18)
C17 C18 C19 127.07(19)
C20 C19 C18 136.98(18)
C19 C20 C1 130.43(18)
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Table 6 Torsion Angles for 162.
A B C D
Angle/˚
A B C D
Angle/˚
S1 C1 C2 C3 4.3(2)
C7 C8 C9 C10 150.8(2)
S1 C1 C20 C19 -22.4(3)
C8 S2 C5 C4 -164.57(14)
S1 C4 C5 S2 41.08(17)
C8 S2 C5 C6 3.80(15)
S1 C4 C5 C6 -122.8(2)
C8 C9 C10 C11 -1.4(4)
O1 C11 C12 C13 -0.8(2)
C9 C10 C11 O1 5.0(4)
O1 C14 C15 O2 -12.8(3)
C9 C10 C11 C12 -172.8(2)
O1 C14 C15 C16 167.25(19) C10 C11 C12 C13 177.37(19)
C1 S1 C4 C3 4.43(15)
C11 O1 C14 C13 -0.1(2)
C1 S1 C4 C5 -166.13(14) C11 O1 C14 C15 -178.42(17)
C1 C2 C3 C4 -1.1(2)
C11 C12 C13 C14 0.7(2)
S2 C5 C6 C7 -2.6(2)
C12 C13 C14 O1 -0.4(2)
S2 C8 C9 C10 -24.9(3)
C12 C13 C14 C15 177.7(2)
O2 C15 C16 C17 0.0(2)
C13 C14 C15 O2 169.25(19)
O2 C18 C19 C20 6.9(4)
C13 C14 C15 C16 -10.7(4)
C2 C1 C20 C19 152.7(2)
C14 O1 C11 C10 -177.68(17)
C2 C3 C4 S1 -2.7(2)
C14 O1 C11 C12 0.5(2)
C2 C3 C4 C5 164.1(2)
C14 C15 C16 C17 179.9(2)
C3 C4 C5 S2 -125.7(2)
C15 O2 C18 C17 1.1(2)
C3 C4 C5 C6 70.4(4)
C15 O2 C18 C19 -177.34(17)
C4 S1 C1 C2 -4.96(15)
C15 C16 C17 C18 0.7(2)
C4 S1 C1 C20 171.01(16) C16 C17 C18 O2 -1.1(2)
C4 C5 C6 C7 161.4(2)
C16 C17 C18 C19 177.28(19)
C5 S2 C8 C7 -3.97(15)
C17 C18 C19 C20 -171.2(2)
C5 S2 C8 C9 172.47(16) C18 O2 C15 C14 179.38(17)
C5 C6 C7 C8 -0.4(2)
C18 O2 C15 C16 -0.7(2)
C6 C7 C8 S2 3.2(2)
C18 C19 C20 C1 -1.1(4)
C6 C7 C8 C9 -172.88(19) C20 C1 C2 C3 -171.23(19)
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Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103)
for 162.
Atom
x
y
z
U(eq)
H2
3046
2330
541
36
H3
1746
1417
8
34
H6
400
-1503
111
37
H7
-766
-2446
805
40
H9
-1531
-2103
2080
40
H10
-1381
-1995
3168
40
H12
-642
-1728
4392
48
H13
752
-777
4819
46
H16
2165
850
4722
44
H17
3453
1820
4129
45
H19
3991
2005
2842
37
H20
3977
2089
1743
35

Crystal Data for C20H12O2S2 (M =348.42 g/mol): orthorhombic, space group Pbca
(no. 61), a = 15.6878(12) Å, b = 10.3527(8) Å, c = 19.0932(16) Å, V =
3100.9(4) Å3, Z = 8, T = 100.0(2) K, μ(MoKα) = 0.353 mm-1, Dcalc = 1.493 g/cm3,
50180 reflections measured (5.18° ≤ 2Θ ≤ 57.6°), 3998 unique (Rint = 0.0546, Rsigma =
0.0317) which were used in all calculations. The final R1 was 0.0417 (>2sigma(I))
and wR2 was 0.1199 (all data).
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Appendix 2 Publications Associated with this Work

“Crossed McMurry Coupling Reactions for Porphycenic Macrocycles:
Non-Statistical Selectivity and Rationalisation”
Thomas Y. Cowie, Lorna Kennedy, Justyna M. Zurek, Martin J. Paterson, and
Magnus W. P. Bebbington.
Eur. J. Org. Chem., 2015, 3818–3823.

“Intramolecular Nitrofuran Diels−Alder Reactions: Extremely Substituent-Tolerant
Cycloadditions via Asynchronous Transition States”
Thomas Y. Cowie, Marcos Veguillas, Robert L. Rae, Mathilde Rouge, Justyna M. Zurek,
Andrew W. Prentice, Martin J. Paterson, and Magnus W. P. Bebbington.
J. Org. Chem., 2017, 82, 6656−6670.
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