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Abstract

Protecting groups form an indispensable part of modern organic synthetic chemistry. Besides the
benefits of selectively passivating certain reactive functionalities, they often provide handling
benefits — such as a decrease in the polarity of the compound that facilitates purification, an
increase in the structural order of a compound that allows for easier crystallisation, and

chromophoresthat enable easy visualisation on fluorescent TLC plates under UV light.

Coloured protecting groups offer additional advantages in synthetic chemistry. They expedite
purification by allowing the material to be tracked visually. Phase separation and column
chromatography are easier to perform, and reduce the need for the collection of large numbers of
fractions, while small-scale loss of material (left behind on taps or in flasks during routine
handling) and spillages are much more readily apparent. Despite these advantages, only a few

coloured protecting groups have been reported in the literature.
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Azulene (1)

The azulenes are a class of compounds with several attractive qualities that can be exploited for
use as protecting groups. They are coloured, but not overwhelmingly so. The colour is tunable
through placement of electron-donating or electron-withdrawing groups at positions on the ring
system, which further allows for protection/deprotection reactions to be designed that
incorporate a colour change. Azulene itself is both non-polar and structurally compact, unlike
many other organic chromophores such as triarylmethane dyes and carotenoids. Furthermore,
azulene’s ability to stabilise both positive and negative charges through resonance with tropylium
and cyclopentadienide motifs allows for unusual chemistry, and therefore potentially orthogonal

modes of deprotection.

Four protecting group candidates incorporating azulene were devised. The 1-azulenylmethylene
amine 79 and the 1-azulenesulfonamide 82 protecting group candidates for amines had fatal
flaws that were discovered early, such as a tendency to rapidly degrade in open air. The 1-
azulenecarboxylate protecting group candidate 74 for alcohols showed some promise, with a
high-yielding protection reaction, but none of the deprotection conditions that were developed
were sufficiently mild to be usable in a late-stage deprotection strategy on a complex target

molecule.
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X=C,N, O
The four azulene-based protecting group candidates considered in this project

The final protecting group candidate, 6-(2-[oxycarbonyl]ethyl)azulene 89, can be used for the
protection of carboxylic acids, amines and alcohols as esters, carbamates and carbonates,
respectively. The substitution at the 6-position of azulene allows for deprotection through an
E1cB mechanism with mild base, involving a cyclopentadienide-stabilised carbanion intermediate,
in a similar fashion to the FMOC protecting group. Mild conditions for the protection of all three
were found: for carboxylic acids Steglich esterification is employed, and for alcohols and amines
coupling with CDI is used. A selection of mild protocols for deprotection were developed, using

bases such as DBU or TBAF, or involving two-step activation-deprotection procedures.
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X=C, N, O
Deprotection of an Azul-protected substrate

Finally, the compatibility of the protecting group 89 (dubbed Azul) with common and
representative procedures in synthetic chemistry was investigated, such as with bases and with
reaction conditions such as oxidations, reductions, cross-couplings, etc. Orthogonality with other
common protecting groups (such as TBS, MOM, FMOC) was also explored. Some incompatibilities
were found with strongly acidic conditions, high-temperature Suzuki cross-coupling reactions and
Swern oxidations, but otherwise the Azul protecting group shows promise as a protecting group

that expedites total synthesis through its colourful properties.
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Chapter 1. Introduction

1.1 Azulene

The azulenes are a class of compounds, based on the parent azulene (1) (Figure 1), whose
unusual properties have attracted attention from chemists ever since their discovery. These

hydrocarbons exhibit interesting physical and chemical properties, including unique reactivity,

(O

Figure 1. Azulene (1)

and are almost always coloured.!

Several derivatives of azulene are natural products. These are usually terpenoids, and have been
isolated from a variety of sources including plants and flowers,2 mushrooms? and sea sponges.4
Guaiazulene (2) is the most common derivative, but others derivatives exist, such as

isoguaiazulene (3),chamazulene (4) and vetivazulene (5) (Figure 2).

Figure 2. Naturally-occurring azulene derivatives. From left to right, guaiazulene (2), isoguaiazulene (3), chamazulene (4)
and vetivazulene (5)

Despite their interesting properties, azulenes have found relatively few uses in chemistry and in
general. Some have found applications as dyes in cosmetics,> while others have been investigated
for their biological properties.6 There is some on-going research into azulene-containing
conducting polymers and photochromic substances,” but so far only a few examples of

applications of azulenes appear to exist within mainstream chemistry.

1.2 The properties of azulenes

The parent compound, azulene, is a fully conjugated hydrocarbon with a striking blue colour and a
dipole moment of ~1 debye.8 These properties are a direct result of the 5,7-conjugated ring
system. The dipole moment can be rationalised from the presence of the relatively stable

cyclopentadienyl anion and tropylium cation-containing resonance structures (Figure 3).
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Figure 3. Resonance structures of azulene, illustrating the separation of charge within the molecule

Azulene belongs to a class of compounds called non-alternant hydrocarbons, which are
conjugated compounds typified by odd-membered rings and unusual reactivity.® This non-
alternance results in the frontier orbitals being distributed in an antisymmetric manner around
the ring system. Comparisons of azulene with its isomer naphthalene are usually made to
illustrate the striking differences between the two and between alternant and non-alternant

hydrocarbonsingeneral (Figure 4).1

Naphthalene Azulene

o B 08 4P

HOMO LUMO HOMO LUMO
Figure 4. The frontier orbitals of naphthalene and azulene

The electron density profile of the frontier orbitals of naphthalene exhibit a high degree of overlap
with each other, whereas the electron density profile of the frontier orbitals of azulene exhibit
poor overlap. This results in imbalances and localisations of electron density on azulene. The lack
of overlap also creates a lack of repulsion between the HOMO and LUMO, simply because upon
excitation, an electron enters an orbital where the pre-existing repulsive electron density from the
HOMO is low. The HOMO-LUMO gap is reduced as a result, bringing the corresponding absorbance
from ultraviolet to visible wavelengths. This poor orbital overlap and consequent small band-gap
is ultimately the reason why azulene and its derivatives are coloured.
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Figure 5. Conventional numbering of the azulene ring system

The localisation of electron density in azulene results in a much higher degree of reactivity when
compared with naphthalene. Due to the HOMO being mainly localised on the 1- and 3-positions,
these positions are highly nucleophilic. In fact, the azulenes boast the highest nucleophilicity of
any neutral hydrocarbon, massively outstripping the nucleophilicity of 6-membered aromatics
and fulvenes, and rivalling the nucleophilicity of heterocycles such as indoles.10 Similarly, the

localisation of the LUMO at the 4-, 6-, and 8-positions means that azulenes are susceptible to



attack by nucleophiles such as alkyllithium species and Grignard reagents.!! In contrast, the 2-, 5-
and 7-positions are relatively inert to either nucleophilic or electrophilic attack, and will generally

undergo substitution in harsh conditions only after the more reactive centres are blocked.12

Much of this observed reactivity can be rationalised through inspection of the relevant resonance
structures. For instance, electrophilic substitution on the 1- and 3-positions is promoted by the
stabilising presence of the tropylium cation in the resonance structures of the intermediate in the
reaction (Figure 6a). The corresponding intermediate structures that arise from electrophilic
attack on other positions lack this stabilisation as they do not have access to the tropylium
resonance structure. Nucleophilic attack at the 4-, 6- or 8-positions similarly results in
stabilisation of the negatively-charged intermediate through access to the cyclopentadienyl anion
(Figure 6b).
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Figure 6. Stabilisation of the chargedintermediates from a) electrophilicattackatthe 1- and 3-positions and b) nudeophilic
attack at the 4-, 6- or 8-positions

Ic

Not only can these resonance-based arguments be used to explain the reactivity of azulene itself,
they can also be used to predict the reactivity of moieties appended to the azulene ring system
(Figure 7). Any full or partial positive charge directly adjacent to the 1- or 3- positions will
experience dramatic stabilisation by way of the tropylium resonance structure, and similarly, full
or partial negative charges adjacent to the 4-, 6-, or 8-positions will experience stabilisation
through access to the cyclopentadienyl anion resonance structure.13 Judicious placements of
certain functional groups on these positions can serve to promote or retard its reactivity relative

to the unsubstituted counterpart, by either stabilising or destabilising a charged transition state.

0 — G0 C®

Figure 7. Stabilisation of a cation atthe 1-position and an anion atthe 4- and 6-positions
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Finally, a discussion on the chemistry of azulene would not be complete without a discussion of
the colours of its derivatives. The blue colour of azulene itself comes from the So—=>S: transition
that absorbs light in the region around 580 nm - the yellow to red portion of the visible light
spectrum.14 The light transmitted is primarily blue with a small amount of red, giving azulene a

blue-violet colour.

The derivatives of azulene can come in a wide array of different colours, ranging usually from
green to orange-red.15 Their colour can be predicted based on two different factors: the electron
donating/withdrawing nature of the substituents, and their positions on the azulene ring.16 The
presence of an electron donating or withdrawing group influences the relative energies of the

frontier orbitals.

An electron donating group has the effect of raising the energy of the frontier orbitals, while a
withdrawing group has the opposite effect. However, since there is so little overlap between the
HOMO and LUMO, the electronic effects at a particular position will predominantly affect one
orbital over the other. On odd numbered positions where the HOMO density is greatest, the HOMO
is affected by the electronic effects of the substituents to a much greater extent than the LUMO. An
EDG therefore raises the HOMO energy disproportionately and narrows the bandgap, resulting in
a bathochromic shift and a corresponding greener colour. An EWG will do the opposite, lowering
the HOMO energy, widening the bandgap and producing a hypsochromic shift that can result in
colours from violet to orange. The converse of this is true for the even-numbered positions where
the LUMO density is greatest. An EDG raises the LUMO energy while the HOMO energy remains
static, widening the bandgap and resulting in a shift towards the violet. An EWG lowers the energy
of the LUMO, resulting in a narrowing of the bandgap and a colour shift towards the green. As
would be expected, this effect is most pronounced on the 1-, 3-, 4, 6-, and 8- positions due to the
concentration of the frontier orbitals over these positions. Colour changes also occur on the 2-, 5-

and 7- positions, but to a lesser degree. These effects are summed up in Table 1.

Electron withdrawinggroup (EWG) Electron donating group
(EDG)
Odd position Hypsochromic shift Bathochromic shift
Even position Bathochromic shift Hypsochromic shift

Table 1. Positional and electronic effect of substituents on the colour of azulene derivatives

Examples of how the placement and electronic characteristics of substituents can affect the colour
of azulenes can be seen in Figure 8. Illustrative of the rules in Table 1, the compounds 8 and 9

have almost identical colours arising from opposite substitution patterns, 8 having a single



strongly electron-withdrawing group on an odd position while 9 having three weakly electron-

donating groups on even positions.

Figure 8. Examples of coloured azulenes. From left to right: 1,3-dinitroazulene (6), azulene 1-methyl ketoester (7), azulene
1-methyl ester (8), 4,6,8-trimethylazulene (9), 6-methylazulene (10), azulene (1), 5-methylazulene (11), guaiazulene (2)

1.3 Protecting groups in organic synthesis

The use of protecting groups is an indispensable part of organic synthesis today. Over the course
of a multi-step synthesis there will often be instances where the reactivity of certain functional
groups of the substrate must be masked in order to prevent unwanted reactions. Their use has a
history stretching back about a century,” although the formalisation of the concept of protection

came later.17-18

Protecting group strategy plays a major role in the planning of a total synthesis, especially of
larger and more complex synthetic targets which often have multiple functional groups that can
react in various unwanted ways if their reactivity is not masked. Reactive groups must be
passivated for the duration of the synthesis and only restored during the final deprotection steps
or when a reaction is intended on these groups (Figure 9). Ideally every protected functional
group should be facile to deprotection through conditions that do not disturb the rest of the

molecule.
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Figure 9. Cartoon illustration of a role of a protecting groupinthe synthesis of a complex molecule, where X stands for a
reactive functional group

Functional groups that typically necessitate protection include hydroxyls, amines and carboxylic
acids. These groups are often protected by default in a synthetic strategy, and are often protected
as ‘permanent’ protecting groups (so-named because they remain for the duration of the
synthesis), owing to the wide array of reaction conditions in which they can interfere. Functional
groups such as carbonyls, thiols, alkynes and dienes also see protection, but these are generally as
‘temporary’ protecting groups (i.e. they only see use in particular circumstances where the

unprotected functional group is reactive, and are generally discarded after a few steps).19

While there are examples in the literature of protecting-group-free natural product syntheses,18
these are very much a minority. The field of protecting group-free synthesis, while promising, is
still in its infancy. The synthetic targets amenable to this type of synthesis generally either do not
contain many reactive functional groups, or contain functional groups that are installed late in the
synthesis. Many synthetic targets are too complex or have too many reactive functional groups to

be synthesised efficiently in this manner.20

1.3.1 The requirements of a protecting group

The ideal protecting group would be one that is completely inert to a wide range of possible
reaction conditions, yet can be removed by a very specific and otherwise seldom-used set of
conditions. Unfortunately, such protecting groups do not exist in reality and we must make do
with protecting groups that may cleave or otherwise react in a wide variety of different conditions.
One of the challenges of planning a total synthesis is the choice of protecting groups that are not
only compatible with each other, but compatible with the planned transformations involved in the
synthesis. The use of protecting groups is naturally associated with an increased cost, as it
typically adds two steps (protection and deprotection) to a reaction sequence, which necessarily
results in a loss of material over these steps and a lowering of the atom and step economy.18
Careful choice of protecting groups is necessary to avoid unintended reactivity and the
unfortunate moments when one has to take a ‘backwards step’ and swap out a protecting group

that has unforeseen incompatibilities for one that doesnot.



Orthogonality
The concept of orthogonality refers to the ability of any one type of protecting group to be
removed selectively, without affecting other protecting groups or functionalities present in the

molecule (Figure 10).19

OPG¢ OPG OH
Conditions A Conditions C
- S —
OH OPG, OPG,
OPGg OPGg OPGg
l Conditions B
OPG.

OPG,

OH
Figure 10. Cartoon depiction of protecting group orthogonality. Alcohol protecting groups A, B and Ccan be selectively
deprotected in the presence of each other.

For larger or more complex syntheses, the number of different protecting groups employed
increases, and therefore the importance of orthogonality in the choice of protecting groups
increases. The synthesis of the marine natural product palytoxin by Kishi et al?- one of the
largest molecules to be synthesised to date - involved a total of 42 protecting groups of eight
different types (methyl ester, acetate, benzoate, TBS ether, PMB ether, methyl ether for hemiacetal
protection, acetonide and trimethylsilylethyl amide for an amine) which were cleaved over five
deprotection reactions.?! The use of so many protecting groups is inevitable for such a complex
target, as each fragment may be synthesised through a different set of reactions and therefore may
require a different selection of protecting groups. As synthetic targets increase in size and

complexity, the stringency of the requirements for orthogonality also increase.

Graduated lability

Selectivity in deprotection may arise through different protecting groups reacting with the same
reagent at different rates. This is referred to as graduated lability.1® By gradually increasing the
harshness of the cleavage conditions, one can cleave each protecting group in turn. These
protecting groups exhibit only partial orthogonality, as the more robust protecting groups (such

as PGz in Figure 11) cannotbe cleaved withoutalso cleaving the more labile ones.

In practice, protecting groups can usually be cleaved by a variety of different conditions.

Sometimes this is advantageous. For example, the silyl ether series of protecting groups (explored



in more detail in section 1.5.3) are typically deprotected using either aqueous acid or a source of
fluoride. However, while fluoride is often used to deprotect silyl ethers indiscriminately (the rate
of reaction with fluoride varies by only about an order of magnitude between the different silyl
ethers, making graduated lability difficult to achieve), aqueous acid can be used to selectively
deprotect different silyl groups as the rate of reaction varies by about six orders of magnitude
between the silyl ethers.22 If global deprotection is desired, a source of fluoride is used, otherwise
if only some of the silyl protecting groups are to be removed, the appropriate strength of aqueous

acid can be used.

OH
OPG; OH OH OH : :
OPG, OPG, OH OH

'

Increasing severity of deprotection conditions
Figure 11. Depiction ofgraduated|ability. Protecting group 1 is most readily deprotected, followed by 2 and finally 3

In another example, the benzyl (Bn) and para-methoxybenzyl (PMB) protecting groups are often
used to protect alcohols (Figure 12). In most of the conditions used to cleave these protecting
groups (strong aqueous acid, DDQ oxidation, catalytic hydrogenation) the PMB group is more
labile than the benzyl group. However, lithium naphthalenide will cleave the benzyl group
preferentially to the PMB group.23 This is an example of different and opposing regimes of
graduated lability allowing much greater orthogonality to be achieved.
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Figure 12. Example of orthogonality through the existence of two axes of graduated lability.

Two-step deprotection

There is a subclass of protecting groups called ‘two step protecting groups’, or sometimes ‘safety
catch’ protecting groups.1? Deprotection typically involves an activation step followed by cleavage.
The protecting group is transformed into a more labile protecting group in the first step, and this
labile protecting group is then removed under mild conditions in the second step. These

sequences are typically performed in one pot. One example of such a protecting group is the (1,3-

8



dithiane-2-yl)methoxycarbonyl (DMOC) protecting group 12 for amines!® (Scheme 1), which is
activated by oxidation to the disulfone 13, and cleaved through f-elimination. The advantage a
two-step protecting group has over an ordinary protecting group is that the possible pool of
deprotection conditions is in principle combinatorially larger, allowing for much greater
orthogonality. There are some limitations to this, though. The activation step still needs to be

relatively mild and exhibit orthogonality to other protecting groups in order to achieve selective

deprotection.
L
E\S H202, NH32M004 //’O Me,NH §=° I
—_— +CO
S)\/O\H/NH NHR MeOH s)\/N\ ’
//\\ +NH,;R
12 0 // \\ o O

Scheme 1. The DMOC protecting group can be deprotected through a two-step process. Substrate is bolded.

1.3.2 The handling benefits of protecting groups

Aside from the reduction in unwanted reactivity, protecting groups confer other benefits in
synthesis. Protecting groups are often less polar than their naked counterparts. This makes them
easier to handle, as most organic chemistry purification techniques work best on moderately non-
polar compounds, and the increased bulk they impart to the substrate makes them less volatile

and can sometimes allow for easier crystallisation.1?

Another important function of protecting groups is in aiding visualisation when performing Thin-
Layer Chromatography (TLC), whether it be through chromophores or through specific moieties
that stain vividly. Most C=C moieties absorb strongly in the short-wave UV region, so compounds
with protecting groups containing such moieties (such as allyl ether 14 and benzyl ether 15 in

Figure 13) will show up as dark spots on TLC plates whenirradiated by short-wave UV light.

RO

/
RO/\/
14 15
Figure 13. Allyl and benzyl ethers are examples of UV-absorbing protecting groups

Some protecting groups — such as FMOC 16 for amines,24 pyrenyl 17 for alcohols?5 and dansyl 18
for amines26 —are fluorescent under short or long-wave UV light and can be easily visualised on

TLC or during column chromatography witha UV lamp (Figure 14).



QA _NHR
OR N
OO g
16 OJJ\NHR O 17 18

PN
Figure 14. FMOC 16, pyrenyl 17 and dansyl 18 can be used as fluorescent protecting groups
Coloured protecting groups will often provide the best visualisation. Not only do they aid
chromatography and separation techniques, their use can also slightly increase overall yield, as
small spillages and other traces of the substrate remaining on glassware are readily visible and
can be reclaimed. However, there are very few examples of coloured protecting groups in the
literature (Figure 15 depicts the only known examples). The ferrocenylmethyl (fem) group 19 is
an orange protecting group for amines, and can be introduced through reductive amination of
ferrocene carboxaldehyde and removed through addition of TFA.2” Diazo groups are typically
coloured, and the (p-phenylazophenyl)isopropylcarbonyl (AZOC) protecting group 20 is used to
protect hydroxyls as carbonates. It can be introduced as AZOC-N3 and cleaved with mild acid.28
The authors all note in these papers that the presence of these coloured groups allow column

chromatography to be more easily performed.

21 © 22 °
Figure 15. Examples of coloured protecting groups
There are two azulene-based coloured protecting groups in the literature. The azulene ketoester
21 (Az) is a protecting group for hydroxyls and can be introduced using the corresponding
ketoacid chloride and cleaved using the bidentate nucleophile 1,2-benzenediamine in refluxing
acetic acid.2? The guaiazulene-based FMOC analogue 22 is a protecting group for amines and can

be introduced with the corresponding N-succinimidyl carbonate and deprotected through a g-

elimination mechanism upon addition of a weak base, such as lithium thioethanolate.30
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1.4 A brief overview of protecting group chemistry

When designing new protecting groups with novel function, it is imperative to have an
understanding of which protecting groups are already available, their optimal deprotection
conditions and their orthogonalities, and consequently, where in ‘protecting group space’ the gaps
lie. As such, a comprehensive review of the protecting groups available to the major functional
groups was undertaken. This was primarily done through the perusal of Greene & Wuts Protective

Groups in Organic Synthesis, 4th edition.1”

1.4.1 Anatomy of a protecting group

[t is necessary at this point to define the terms that will be used for the description of various
parts of the protecting group. Aside from the substrate it is attached to, a protecting group can be
broadly thought of as being composed of two parts: a protected functionality - the functional
group that the unprotected functionality is converted to, and a protecting group body that makes
up the bulk of the protecting group (Figure 16). For many protecting groups, particularly the
older and more established ones, deprotection takes place through direct cleavage of the
protected functionality. There are relatively few individual protected functionalities available
(such as the ester, ether, carbonate, carbamate, amide, etc) and on their own, protecting group

chemistry would be rather limited if these functionalities constituted the only meaningful choice

of protecting group.
H
Protected functionality N o
Substrate { R \n/

—

7~ X © . ,

Substrate { R \O Protecting group body Y
Protected functionality Protecting group body

Figure 16. Depiction of the components of a generalised protecting group (left), and of a BOC group (right)

The protecting group body is the part that is responsible for much of the diversity in protecting
group behaviour. Some protecting group bodies serve to modify the reactivity of the adjacent
protected functionality, such as through steric bulk (examples include t-butyl, adamantyl and
mesityl groups) or through electronic activation/deactivation (such as the trifluoromethyl and
trichloromethyl groups) by incorporating electron-donating - or electron-withdrawing groups.
Other protecting group bodies provide handling benefits, incorporating fluorescence, colour or
rigid groups that make the substrate amenable to crystallisation. More specialised protecting
groups exist that do not modify the protected functionality, but rather introduce alternate means
of cleavage through properties intrinsic to their protecting group bodies. One illustrative example
of this is the family of ‘tethered’ protecting groups (depicted in Figure 17), consisting of an

electrophilic protected functionality such as an ester and an auxiliary functionality that upon some
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chemical transformation becomes nucleophilic, cleaving the protecting group through
intramolecular attack. One particular example is the silyloxybutanoate (SOB) protected alcohol 23,
which undergoes deprotection through addition of fluoride, cleaving the distal TBS group and
generating an alkoxide that then attacks the ester to release the alcohol substrate and form a
lactone by-product. Another example is the 4-nitro-4-methyl pentanoate group 24. The distal
nitro group, upon reduction with zinc and ammonium chloride becomes a nucleophilic N-

hydroxylamine which attacks the ester to forma N-hydroxylactam, thus releasing the substrate.31

o) 0 o
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Figure 17. The SOB group 23 and 4-nitro-4-methyl pentanoate group 24 are examples of tethered protecting groups that
deprotect through intramolecular nucleophilic attack.

1.4.2 Protected functionalities used in alcohol protection

Alcohols are typically protected as ethers, acetals, esters or carbonates (Figure 18). Esters are
labile to hydrolysis, saponification or other conditions involving nucleophilic attack on the
carbonyl. As such, most of the methods for ester cleavage involve direct attack on the carbonyl.
Carbonates behave similarly, but are more resistant to both acids and bases, and do not see
widespread use. Ethers form perhaps the largest and most widely used pool of hydroxyl
protecting groups and are typified by a diverse set of deprotection conditions. The ether
functionality on its own is very difficult to break cleanly, so almost all ether-based protecting
groups are deprotected through reaction of the protecting group body. Acetals rely on acidic
conditions for cleavage, and the choice of protecting group body is typically made based on the
stabilisation the protecting group body will confer on the positively-charged deprotection

transition state.

R=substrate

o o]
/O /O\/O )I\ O =protecting group body
R RO RO” Yo

Figure 18. Common protected functionalities employed for alcohol protection

RO

12



1.4.3 Protected functionalities used in amine protection

The available selection of amine protecting groups is perhaps the largest in synthetic chemistry,
due in part to the sheer breadth of chemistry involving nitrogen and the well-developed nature of
peptide synthesis. In order to ensure complete protection of an amine, the amine hydrogens as
well as the Lewis-basic nitrogen lone pair must be pacified. Nitrogen-containing heterocycles can
behave in drastically different ways, and protecting groups that work well for aliphatic amines

may be either too labile or difficult to remove for other nitrogen-containing species.32

Amines are typically encountered much more commonly in the synthesis and manipulation of
amino acids, peptides and nucleic bases than in secondary metabolite synthesis, but nevertheless,
nitrogen containing groups are regularly encountered in total synthesis. The requirements of the
protecting groups of amines in peptide and nucleic base chemistry are often different to those in
secondary metabolite synthesis due to the differences in methods and synthetic techniques

between these branches of organic chemistry.

(0] O o
LQ O QO
RHN RHN (@) RHN/ \\O RHN

Figure 19. Typical protected functionalities used in amine protection.

There are four main types of amine protecting groups (Figure 19). Amidesand carbamates are all
cleavable through hydrolysis, but the conditions required are typically much more severe than
those of esters and carbonates. As such, a large number of amine protecting groups are
deprotected through reactions occurring on the protecting group body, rather than through direct
attack on the protected functionality. Sulfonamides are often too stable towards hydrolysis, and
are typically cleaved through single-electron reduction. These three protected functionalities all
passivate the lone pair of the nitrogen through electron withdrawal. The fourth protected
functionality isa higher order amine, either secondary or tertiary. These groups are analogous to
ether protecting groups, and many amine analogues for these groups exist, such as silyl or benzyl

amines, but they are seldom used because they do little to deactivate the lone pair on the nitrogen.

1.4.4 Protected functionalities of carboxylic acids

Carboxylic acids are protected almost exclusively as esters (Figure 20), and the bodies of these
protecting groups are broadly similar to those of ether and carbonate protecting groups. Other
protected functionalities include thioesters, oxazoles and orthoesters, but these seldom see use in

synthetic applications.
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Figure 20. Carboxylic acids are protected almost exclusivelyas carboxylic esters.

1.5 Briefoverview of available protecting group bodies

For the purposes of this introduction, a methyl group as the prototypical protecting group body is
the baseline to which other protecting group bodies are compared. Its use is seen with practically
all protected functionalities listed in section 1.4 as methyl ether 25, acetate 26, methoxymethyl
ether 27 and methyl carbonate 28 for alcohols, methyl ester 29 for carboxylic acids, and methyl

carbamate 30 and methanesulfonamide 31 for amines (Figure 21).
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Figure 21. Examples of protecting groups with a methyl as a protecting group body

1.5.1 Sterics-based protecting group bodies

Increasing the steric bulk on the protecting group body serves to slow cleavage, both through
steric hindrance and through the slight electron-donating effect of multiple alkyl groups in close
proximity. The t-butyl protecting group body (Figure 22) appears in many well used protecting
groups, such as pivaloate 32, t-butyl carbonate 33 (BOC), t-butyl ether 34, t-butoxymethyl ether
35, t-butyl ester 36 and the indispensable t-butylcarbamate group 37 (also abbreviated as BOC).
In all cases, these t-butyl based protecting groups are more resistant to the conditions that cleave
their methyl analogues. Pivaloate ester, for example, is approximately 100 times more stable to
base than acetate (when introduced to K:CO3z in MeOH, acetate is cleaved in 20 minutes at r.t.
while pivaloate requires 2 days of heating at reflux for cleavage). Some t-butyl-based protecting
groups (t-butyl ester 36, t-butyl ether 34, t-butoxymethyl ether 35 and BOC 33, 37) have added
lability in the presence of strong acid through dehydration of the t-butyl moiety and formation of

isobutylene.
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Figure 22. Examples of protectlng groups W|th at butyl as a protecting group body

Some of these t-butyl-based protecting groups also have adamantyl analogues (Figure 23), such
as adamantoate 3833 and adamantyl carbamate (AdOC) 39, which are slightly more sterically

hindered than their t-butyl cousins. If even more steric hindrance is required, ortho-alkylated

14



benzyl functionalities such as the mesitoate ester 4034 can be employed. Such protecting groups

push the limits of what could be considered acceptably mild cleavage conditions.

H (0]
R.I’ \. -N O 4
o R \n/ R/
/s O
o}
38 39 40

Figure 23. Protectinggroups 38 and 39 incorporate the bulky adamantyl moiety, and 40is the mesitoate protecting group,
whose steric bulk imparts considerable stability towards aqueous base.

1.5.2 Electron-withdrawing protecting group bodies

Several protecting groups exist with electron-withdrawing groups that activate the protected
functionality towards nucleophilic cleavage (Figure 24). These typically take the form of halide-
substituted alkyl groups. Chloroacetate 41 is a relatively common ester protecting group for
hydroxyls, with a reaction rate towards basic hydrolysis 300 to 600 times that of acetate, which is
sufficient to allow selective cleavage in the presence of acetate. Dichloroacetate 42 is somewhere
between 7000 and 16000 times more reactive than acetate, and trichloroacetate 43 is between
18000 to 100000 times more reactive.35 Trifluoromethyl-based protecting groups exist, but the
extreme reactivity they impart means they see little use as esters (trifluoroacetate 44 is
sufficiently reactive to be cleaved in water at pH 7).17 They are nevertheless popular as bodies for
amine protecting groups, serving to mitigate the notorious stability of the amide and sulfonamide

functionalities as trifluoroacetamide 45 and trifluorosulfonamide 46 respectively.
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Figure 24. Examples of protecting group bodiesincorporating electron-withdrawing groups that modify the reactivity of
the protected functionality

On acetal-based functionalities, electron withdrawing groups have the effect of stabilising the
protecting group rather than destabilising it, as deprotection proceeds through a positively-
charged transition state. The 2,2,2-trichloroethoxymethyl ether 47 is an example of this, being

stable to acidic conditions and requiring reduction for cleavage.3¢

1.5.3 Silyl protecting groups

One of the most commonly used protecting groups for alcohols, silyl groups have the relatively

uncommon susceptibility to the F- anion, giving them an orthogonal mode of deprotection. In
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addition, silyl groups are typically labile to acidic conditions, and some are cleavable by base.
Different substitution patterns on the silicon impart considerable variation of the lability of silyl
groups to acid and base. The trimethylsilyl (TMS) ether 48 is the most easily cleaved of the silyl
ethers, owing to the lack of steric hindrance by the methyl groups. Through replacing the methyl
substituents with other (typically alkyl) groups, a pantheon of different silyl protecting groups can
be constructed, with the five most common ones being the ethers: TMS 48, triethylsilyl (TES) 49,
triisopropylsilyl (TIPS) 50, tert-butyldimethylsilyl (TBDMS or TBS) 51, and tert-butyldiphenylsilyl
(TBDPS) 52 (Figure 25). The substituents influence reactivity not only through sterics but
through electronic factors too. As one progresses through the series Me - Et - Pr> :Bu, the
electron donation of the alkyl substituents increase as well as their steric hindrance. In acidic
conditions, stability increases in the order TMS < TES < TBDMS < TIPS < TBDPS, spanning a 5
million-fold increase between TMS and TBDPS. Similarly, in basic conditions a one hundred
thousand-fold increase in stability is seen over the series TMS < TES < TBDMS < TBDPS < TIPS.22
In contrast, the variation of reactivity with the F- anion is relatively flat, with TBS, TIPS and TBDPS
all exhibiting reaction rates within the same order of magnitude. Only a fourfold difference exists
between TIPS and TBDPSin reactivity towards F-.37

R,/ _SiMe; R./ _SiEt R., _SiPr; R_/ iMe,t ’ iPht
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Figure 25. Examples of common silyl protecting groups.

While silyl protecting groups see the majority of their use in direct protection of alcohols as silyl
ethers, they can be incorporated into the bodies of other protecting groups to give an additional
mode of deprotection through addition of F-(Figure 26). The Teoc protecting group 53, used for
amines and carboxylic acids, is deprotected through attack of the trimethylsilane with F-, whose
removal initiates an elimination through an E1cB mechanism. The SEM protecting group 54
operates on similar principles, while the aforementioned SOB ester 23 cleaves through

intramolecular attack of the ester by the alkoxide resulting from the removal of the TBS group.
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Figure 26. Silyl groups incorporated onto non-ether protected functionalities

1.5.4 Hydrogenation-cleavable protecting groups

Allyl and benzyl protecting group bodies are popular for their hydrogenation-based cleavage
conditions. They most commonly appear as ethers, but are also well known in the carbonate and
carbamate-based protecting groups AllOC 55-56 and Cbz 57-58 respectively. Trityl 59 and para-
methoxybenzyl (PMB) 60 are also cleavable through hydrogenation (Figure27).
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Figure 27. Protecting groups cleavable by hydrogenation

Deprotection is typically performed over Pd/C under a hydrogen atmosphere. Reaction rate can
be tuned by altering the pressure of hydrogen in the reaction vessel. The lability of these
protecting groups to hydrogenation vary sufficiently to allow some to be cleaved selectively in the
presence of others. Trityl 59 and PMB 60 can also be cleaved through mild acid and oxidation
with DDQ, respectively.

1.5.5 Protecting groups with an E1cB cleavage mechanism

There are many examples of protecting groups that cleave through f-elimination, the most well-
known of which is FMOC.38 The key feature of these protecting groups is the presence of an
electron-withdrawing group (or a group otherwise able to stabilise negative charge) adjacent to
the carbon beta- to the protected functionality that acidifies the protons on this position. Upon
addition of a (typically mild) base, an equilibrium forms between the protonated species 61 and
the deprotonated species 62, the latter of which then undergoes elimination through the E1cB

mechanism to release the unprotected substrate and the protecting group body as the vinyl

compound 63 (Figure 28).
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Figure 28. General depiction of a protecting group cleaved through an E1cB mechanism
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The vinyl species often undergoes subsequent attack, depending on how nucleophilic the base is

(Figure 29).
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Figure 29. The PG remnant will often undergo nucleophilic attack on the vinyl moiety by leftover base.
Another requirement of S-elimination-cleavable protecting groups is that the cleaved substrate
has to act as a leaving group. It does not necessarily have to be a good leaving group, but some
stabilisation of the negative charge is required. This generally restricts these moieties to protected
functionalities such as esters (the resulting carboxylate anion being sufficiently stable to act as a
leaving group), carbonates and carbamates (whose cleavage is aided entropically by production of

CO2).

Even so, these three protected functionalities are able to protect a large number of functional
groups, from amines to alcohols and carboxylic acids. While FMOC is most often associated with
amine protection (16), fluorenylmethyl carbonates 64 and esters 65 also exist (Figure 30), and
due to their two-bond removal from the protected functionality, they undergo deprotection in the

same way and at roughly the same rate.
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Figure 30. FMOC protectinggroups 16 and 64 foramines and alcohols,and the Fm ester 65 for protection of carboxylic
acids.

Many other such protecting groups exist, and they typically differ from each other only through
the extent of their susceptibility to mild base. Examples include Dbd-TMOC 663° which is
removable with pyridine, and 2-(p-toluenesulfonyl)ethyl carbamate 6740 and 2-(4-
nitrophenyl)ethyl carbamate (NpeOC) 6841, both removable with DBU (Figure 31).

O O
N P
O O \/\o Ny
H
‘\ R R ll /\/©/
O H \ ! N

Figure 31. Further examples of protecting groups cleavable through S-elimination.
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1.6 Researchobjectives

The primary goal of this research was to develop new protecting group methodology
incorporating an azulene moiety into the protecting group body. It was envisioned that the utility
of this protecting group would arise from the combination of two aspects - the colour and the

unusual chemical properties of azulene.

1.6.1 The advantages of a coloured protecting group

As mentioned earlier, azulene itself is blue, and its derivatives range from greens to purples and
oranges. These colours depend on the electronic nature of the substituents around the azulene.
There are multiple benefits of having a coloured protecting group present. The most immediately
apparent one is in purification - the azulene-containing compound can be seen and tracked at all
times. They are visible on a developing TLC, in an aqueous/organic phase separation, and their
progress through a chromatographic column can be tracked visually and can obviate the need for
collecting multiple fractions. Having a visibly trackable compound also increases yields by
decreasing the wastage of small amounts of material during purification - from personal
experience it is surprising how far some material can spread onto assorted surfaces such as in the
necks of flasks, on the ends of taps, or on the inside of Pasteur pipettes while performing routine
procedures, and how necessary additional rinsing steps are for maximising yields during phase
separations and transferral of material between vessels. Furthermore, so-called ‘bench
extractions’ and other spillages are easier to clean up, and the presence of colour allows the

chemist to reclaimlarge proportions of the original material during such occurrences.

While an experienced chemist can be expected to have sufficiently good lab technique to minimise
wastage in these ways, there are many less experienced chemists for whom this colour-based
feedback would be more beneficial. In this capacity, an azulene-based protecting group could

serve as a training tool for new chemists.

It bears mentioning that while azulene is often described as an ‘intense’ blue, the extinction
coefficient of its maximum absorption is not particularly high. Azulene in acetonitrile has an
extinction coefficient of 328 Lmol-lcm!, which is not significantly higher than ferrocene
(91 Lmol-icm-1)42 and much smaller than potassium permanganate (18000 Lmol-icm-1) and the
widely-used dye Methylene blue (95000 Lmol-lcm-1)43. Azulene imparts sufficient colour to the
substrates to allow for most synthetically useful amounts of material to be seen, but does not
oversaturate and render all material effectively black. At microgram scales, chemists are not left

chasing highly-coloured phantoms, and at typical synthetic scales (>10 mg), solutions do not
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become completely opaque. A good rule of thumb is that amounts that are difficult to see are

difficult to weigh ona conventional chemical balance.

Azulene has distinct advantages over other colourful organic species. It is non-polar, unlike
common dyes such as methylene blue 69, anthocyanidins (Cyanidin, 70), triarylmethane dyes

(brilliant green, 71), or the aniline dyes (Mauvine A, 72) (Figure 32). It is also compact, unlike the

carotenoids (f-carotene, 73). Many of these dyes also have stability issues, exhibiting

tautomerism at different pKa values and degradation under UV-light.
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Figure 32. Examples of other coloured organic compounds

Finally, the chemistry of azulene leaves room for self-indicating protections and deprotections. A
change in the electronic nature of a substituent results in a change of colour, and protecting
groups could be engineered so that the protected functionality induces a colour change in the

azulene moiety upon addition or cleavage, and thereby indicate the extent of reaction.

1.6.2 Exploitation of the chemical properties of azulene

There is much flexibility in the chemistry of the azulene ring system through the stabilisation of
both positive and negative charges discussed in section 1.2, which enables the alteration of the
reactivity of pendant protected functionalities. Furthermore, the ease of substitution at the 1- and
3-positions and the relative ease of producing various methyl-substituted azulenes would allow
for alarge degree of fine-tuning of the electronic environment of the azulene ring system, as well

as the possibility of two-step deprotection methods.
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Taken individually, none of these features are sufficient to warrant extensive research, but when
put together, the combination of colour and deprotection flexibility could allow for the creation of

a protecting group that is sufficiently synthetically useful for other chemiststo find desirable.

1.6.3 The ideal niche of the azulene-based protecting group

In order to reap the full benefits of the presence of colour, an azulene-based protecting group
would ideally be ‘permanent’, i.e. introduced early in the synthesis and cleaved either at a crucial
late stage coupling reaction or as part of the final global deprotection. In order to accommodate
this, the azulene-based protecting group must be simultaneously resistant to many of the harsher
conditions employed during early-stage synthesis, and labile to a specific set of mild conditions

that will notinterfere with any delicate or sensitive portions of the end-stage molecule.

1.6.4 Protecting group development

There exists a large number of protecting groups in the literature. Greene & Wuts lists at least one
thousand protecting groups, many of which with only one example of use. In any field, it is not
enough to provide an incremental improvement of a technique and expect it to see widespread
adoption, as there is always a short-term cost in doing so.#4 The new technique may not be
sufficiently understood or may require an initial investment in time and money that offsets the
projected benefits of the technique. This is especially relevant in protecting group development, as
even well-established protecting groups sometimes fail in unexpected ways, so the use of a

relatively new and untested protecting groupis a risky prospect.

Therefore, the onus is on the developer of the protecting group to explore its chemistry in a
synthetic context. The developer must investigate which reaction conditions are incompatible
with the protecting group, and address any other potential pitfalls one might experience during a
synthesis, in order to reduce, as much as possible, the risk a chemist takes on when using a new

protecting group.

1.6.5 Approach to azulene protecting group research

The approach throughout this project towards protecting group development could be broadly

described as consisting of three phases - identification, characterisation and exploration.

Identification of protecting group candidates
After sketching out an idea for an azulene protecting group on paper, the first step is to investigate

whether or not the chemistry works in principle. This part is relatively quick to perform - a single
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protection and deprotection is sufficient, allowing protecting group candidates to be identified

rapidly.

Characterisation of the protection and cleavage conditions

The protection and deprotection conditions need to be optimised at this step, along with the
synthetic route to the protecting group precursor. If the protecting group cannot be introduced
and cleaved in high yield, other chemists are unlikely to use it. For the purposes of this project,
yields above 80% were arbitrarily considered to be high enough for use. During this stage, scaling
up of the synthesis of the protecting group precursor is undertaken in order to produce enough

material for the exhaustive testing of the next phase.

Exploration of the protecting group in a wider synthetic context

The most time-consuming step of the process is the exploration of the protecting group chemistry.
This involves exploring the protection and deprotection conditions and finding alternate methods
for protection/deprotection, investigating two-step deprotection, protecting and deprotecting a
series of model substrates, doing comparative deprotection studies in the presence of common
protecting groups, and assessing the compatibility of the protecting group with the conditions in
various well-known and representative reactions. Only after the acquisition of this information

can a judgment on the utility of the protecting group be made.

1.7 The protecting group candidates

At the start of the project, four protecting group candidates were devised. A 1-azulenyl ester for
the protection of alcohols, an azulenemethylene protecting group for amines, an
azulenesulfonamide protecting group for amines and a 6-(2-oxyethyl)azulene protecting group

foralcohols, amines and carboxylic acids.

1.7.1 Protection of alcohols as 1-azulenyl esters

[t was already known from previous work conducted during my master’s project that guaiazulene
esters could be prepared from oxalyl chloride and the corresponding alcohol.45 This presented an
attractive route to an azulene ester-based protecting group (Scheme 2). The azulene precursor
could be synthesised in a single step using literature methods, and alcohol substrates to test this
protecting group against are in abundant supply. Azulene could be exchanged with one of several

other methylazulenesto fine-tune the reactivity.
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Saponification
1. (COCl)z or acidic hydronS|s
+ ROH
2. ROH

Scheme 2. Proposed protection of alcohols as azulenyl esters

The precise conditions required to generate the ester 74 (as opposed to the keto-ester 21, which,
as discussed in section 1.3.2 mentioned previously had already been employed as a protecting
group) were not known at the outset of the project, nor were the deprotection conditions, but it

was assumed that the ester would be cleaved by saponification or acidic hydrolysis (Scheme 3).

(COCl),
Conditions
— Q —{ O
76 S 74 OR

)

Scheme 3. The success of protecting group candidate 74 hinges on the ability to convert keto acid-chloride 76 to acid
chloride 77

1.7.2 Protection of amines through reductive amination with
1-formylazulene

The protecting group 79 for amines was envisaged to be superficially analogous to the well-
known benzyl protecting group but with modified reactivity (Scheme 4). It was to be introduced
through reductive amination of the amine with 1-formylazulene 78, and the deprotection
conditions were to utilise the stabilisation of positive charge adjacent to the 1-position in some
form - either through oxidation or through nucleophilic attack at the 1-methylene position in

acidic conditions (Scheme 5).

1. NH,R Acidic or oxidative conditions
- e » NH,R +

2 NaBH, Nucleophile
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Scheme 4. Protection of amines through reductive amination of 78
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Scheme 5. Nucleophilicdisplacement of the leavinggroup (in this case a protonated amine) would be facilitated by the
stabilisation of positive charge in the transition state

This protecting group was the only one in the list that was expected to undergo deprotection
through a positively-charged transition state. Such a feature would allow two-step deprotection
to be facilitated with the addition of electron donating groups, which is the opposite regime to the

sensitivities of the other three protecting groups presented in this section.

1.7.3 Protection of amines as 1-azulenesulfonamides

Sulfonamides make for robust amine protecting groups, and an azulenesulfonamide was expected
to be particularly inert, though it was expected that the reducing conditions used for sulfonamide
deprotection would still function. If not, two-step deprotection was to be attempted. Protection of

the amine would be performed through treatment with azulenesulfonyl chloride 81.

Sodium naphthalenide
(I o (1 e s
81

SO,CI 82 SO,NHR

Scheme 6. Protection and deprotection of amines as azulenesulfonamides

1.7.4 Protection of alcohols, amines and carboxylic acids
through a f-elimination cleavable 6-(2-oxyethyl)azulene

The idea for a protecting group that was cleavable through f-elimination first arose during my
masters’ research. | proceeded to show that the guaiazulene derivative-protected acetate 83 could
cleave in a way consistent with S-elimination (Scheme 7), but at the same time a paper was
released by Aumiiller and Lindhorst30 detailing many of the same ideas (deprotection with a
relatively mild base, in this case lithium thioethanolate (Scheme 8), and demonstration of a two-
step deprotection method involving nitration as the activation step) while demonstrating not only

its use in glycopeptides, but also its general facilitation of purification.
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Plpendlne DMF Q
+ AcO”

83

OAc

Scheme 7. The reaction discovered during my Master’s research
Q L|SEt Q
+ NH,R

Scheme 8. The protocol for amine deprotection reported by Lindhorst et al.

Guaiazulene, however has a tendency to oxidatively polymerise,5 and I frequently encountered
problems with degradation during this research where some guaiazulene derivatives would
degrade in a matter of days in open air. Needless to say, such afeature is not conducive to function
as a protecting group. This lack of stability, compounded with the paper by Lindhorst etal. led us
to consider alternative targets for protection (carboxylic acids and alcohols in addition to amines)
as well as alternate azulene functionalities for this project, such as the 4-methylazulene, 4,6,8-

trimethylazulene and 6-methylazulene derivatives 87,88 and 89 respectively (Figure 33).

OQ OQ X=CNO

88 0 \
X 89

Figure 33. Alternatives considered

O

The 6-substituted azulene derivative 89 was ultimately chosen for investigation. The marginal
advantage of the 6-methylazulene derivative over the others was its symmetry. The tH NMR

spectrum of 6-methylazulene is much simpler than those of the other azulenes, and an unspoken
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rule of protecting groups is that they should avoid occupying too much NMR real estate. This
symmetry also prevents a mixture of products forming when functionalising the 1- and

3-positions when performing two-step deprotections.

A major attraction of this protecting group candidate was the ability to protect alcohols, amines
and carboxylic acids as carbonates, carbamates and esters respectively (Scheme 9). Carbonates
and carbamates can be synthesised from CDI, an alcohol and the substrate alcohol/amine.

Carboxylic acids could be protected through an esterification reaction.

HO

RCOOH

CDI, ROH Esterification

CDI, RNH,

LA il O A0

Scheme 9. Protection of alcohols, amines and carboxylic acids
Deprotection through addition of mild base would result in generation of the vinylazulene 94

through f-elimination.

AL O = A0 s

Scheme 10. Deprotection through addition of base

The precursor 6-(2-hydroxyethyl)azulene (90) was to be made from 6-methylazulene (10)
(Scheme 11), which no previously-existing high-yielding synthesis was available for. The lack of
availability of the precursor, as well as the daunting prospect of investigating essentially three
protecting groups at once meant that while this protecting group candidate was deemed to be the
most promising, it would require the most work to investigate. Therefore, this protecting group
candidate was investigated last.
1 LDA, THF
Q 2. (CH,0), HO Q

90

Scheme 11. Synthe5|s of the precursor 90 for the protecting group candidate 89 from 6-methylazulene (10)
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Chapter 2. Synthesis of Azulenes

2.1 Introduction

From the outset of this project, it was clear that purchasing sufficient quantities of azulenes for the
proposed studies would be prohibitively expensive (as of June 2015, azulene itself can be
purchased at $550/gram from Sigma-Aldrich, 6-methylazulene can be purchased at $296.98/100

mg from Molportand other substituted azulenes are only priced on request.)

There exist several syntheses of azulene and azulene derivatives in the literature. Many of these
suffer from several drawbacks, including a relatively large number of steps, a tendency for low
yields and large numbers of by-products. The synthesis of azulene by D. M. Lemal etal.}(Scheme
12) takes place through a [4+6] cyclisation of dimethylaminofulvene and thiophene dioxide. The
synthesis of azulene by J. P. Depres et al. (Scheme 13) starts from cycloheptatriene and has been

additionally used to synthesise 1-, 4- and 7-alkyl-substituted azulenes.2

Br
.0 Bn o NaOH
N \\
O CHClIj, reflux 0] =~ o

B THF, 0°C
r +  THF, reflux, 4 h
MezN NMez

(EtO)ZCHNMez
/ -S0,
Reﬂux -NHMe,
O 1

9% overall yield over

4 steps
Scheme 12. Synthesis of azulene by D. M. Lemal et al.
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Scheme 13. Synthesis of azulene starting from cycloheptatriene by J. P. Depres etal.
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The Hafner approach to azulene synthesis by-passes some of the drawbacks suffered by other
methods. The general form of a Hafner synthesis involves the reaction of a cyclopentadienide
anion (shown in red in Figure 34) and a heterocycle such as a pyrylium or pyridinium salt (shown

in blue in Figure 34).3

R
R, !

X
)@ —{_JO

Rs  X=0*or NR*
Figure 34. General form of Hafner-type syntheses of azulenes

R1

2

The advantages the Hafner synthesis has over other methods are multi-fold; it can be performed
as a one-pot reaction using readily-available and cheap materials, (the most costly material
typically being sodium metal) which offsets the typically modest yields of the azulene product that
are obtained. Easy access to derivatives substituted on the 7-membered ring is provided by using
the correspondingly substituted heterocyclic precursor. Furthermore, the azulene product is the
most non-polar species in the reaction mixture, which facilitates separation from the large
quantities of the more polar products that are produced in this reaction. For these reasons, it was

decided to synthesise azulenes through this general strategy.

2.2 Synthesis of azulene

The Hafner synthesis of azulene reported in Organic Syntheses? is a robust method for preparing
azulene on a large scale. It is a three-step, one-pot procedure, wherein the first two steps generate
the pentamethine cation 96 which later forms five of the seven carbons in the 7-membered ring,
and the final step introduces the 5-membered ring through addition of sodium cyclopentadienide

(Scheme 14).
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Scheme 14. The three steps involved in the one-pot Hafner synthesis of azulene

These first two steps are a subset of what is known as Zincke chemistry, discovered at the turn of
the 20t century.4 The pyridinium compound 95, formed by the addition of 1-chloro-2,4-
dinitrobenzene to pyridine is known as the Zincke salt (formation depicted in Scheme 15), and
has a number of synthetic uses in general organic chemistry, such as formation of N-substituted
pyridinium salts from reaction of the species 95 with a primary amine, and formation of

unsaturated aldehydes from the treatment of 96 with aqueous base.

NO, — —_
NO,
NO,
(\Cl —_— NO, —_— or NO,
N N
® |
y NN 95

Scheme 15. Mechanism of the generation of the Zincke salt 95

In the particular case of the Hafner synthesis, the Zincke salt 95 is treated with two equivalents of
dimethylamine to form the pentamethine iminium species 96 through ring-opening of the
pyridinium (depicted in Scheme 16). The pentamethine 96 undergoes nucleophilic attack by the
cyclopentadienide carbanion followed by elimination of dimethylamine to produce the conjugated
intermediate 97. This intermediate cyclises through a 10T electrocyclic ring-closing process to
generate 98. Finally, elimination of a second dimethylamine from 98 completes the mechanism,

generating azulene (Scheme 17).
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Scheme 17. Proposed mechanism of the generation of azulene (1)

The scale of this method (1 mole) was too large and costly for our purposes, so various
modifications were developed. Our modifications of the Hafner synthesis mainly involved a 30-
fold reduction in scale, which subsequently led to shorter reaction times, and the use of
diethylamine instead of dimethylamine for ease of handling (the boiling point of dimethylamine is

7 °C, whereas that of diethylamineis 55 °C).
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The first step in the literature preparation involves addition of 1-chloro-2,4-dinitrobenzene to
pyridine solvent, followed by 4 hours of heating at reflux resulting in a light brown precipitate. I
found that at smaller scales this reaction would be complete at between one hour and ninety
minutes of heating at reflux. After cooling to 0 °C, two equivalents of diethylamine were added,
and the reaction mixture rapidly became orange-red. It is important to cool the reaction mixture
down to 0 °C at this stage, because at higher temperatures diethylamine would displace the
pyridine instead, forming a yellow compound with a tH NMR spectrum that matches 1-(N,N-
diethylamino)-2,4-dinitrobenzene.5 It was not necessary for the reaction to stir for the 12 hour
period described in the protocol; typically a waiting period of 30 minutes to 1 hour was used to
give the same result. After this period, freshly cracked cyclopentadiene was added, followed
immediately by a sodium methoxide solution prepared freshly from sodium metal in methanol.
The mixture was then heated to reflux. Itwas found that heating at reflux overnight as opposed to
the suggested four days was sufficient to give yields similar to the reported values. The yield of
azulene from these reactions was typically 25-51% (compared to 51-59% recorded for the
procedure in Organic Syntheses) and including the time taken for purification, the whole process
could be performed in two days, a marked improvement over the 5-6 day procedure of the

original paper.

Extraction of azulene from the brown-black crude mixture was a time-consuming process.
Ultimately, it was found that repeated filtration using petroleum ether over a plug of silica

followed by column chromatography was sufficient to obtain purified azulene.

2.3 Synthesis of alkyl-substituted azulenes

Several methylazulenes were targeted for synthesis, particularly those with methyl groups on the
7-membered ring, such as 99, 11, 10 and 9 (Figure 35). It was originally intended that the
methyl-substituted azulenes be synthesised using the same Hafner protocol with the
appropriately substituted pyridines, however the general procedure did not work in most cases,

and most of these azulene derivatives had to be synthesised through different protocols.

0o Op-Co (P

Figure 35. Methyl substituted azulenes 99, 11, 10, 9 were targeted for synthesis
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2.3.1 Synthesis of 4,6,8-trimethylazulene

The synthesis of 4,6,8-trimethylazulene (9) is already well established,6 and differs from the
Hafner synthesis of azulene in two ways: the use of a pyrylium heterocycle rather than a
pyridinium to form the 7-membered ring, and the lack of a ring-opening second step by a
secondary amine (Scheme 18). The cyclopentadienide ion attacks the pyrylium ring directly,
initiating the opening of the pyrylium and the subsequent 10m-electrocyclic ring-closure and loss

of water to form 4,6,8-trimethylazulene.
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Scheme 18. Proposed mechanism of the formation of 4,6,8-trimethylazulene (9)
The literature protocol calls for a milder reaction temperature than that of azulene, proceeding
under room temperature or slightly elevated temperatures in DMF to return yields around 50%.6

The 2,4,6-trimethylpyrylium cation can be prepared as a perchlorate or tetrafluoroborate salt. The

tetrafluoroborate salt 100 is prepared through addition of tetrafluoroboric acid to tert-butanol in

aceticanhydride (Scheme 19).
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Scheme 19. Proposed mechanism of formation of 2,4,6-trimethyl pyrylium tetrafluoroborate (100)

This synthesis was attempted several times, with yields returned typically below 10%, far lower
than the 50% yield reported in the literature.6 Nevertheless, sufficient material was made to last

the duration of this project, so this synthesis wasnever optimised.

2.3.2 Synthesis of 1- and 5-methylazulene

Only small amounts of 1- and 5-methylazulene were produced, as these azulenes were mainly

intended for comparison purposes with azulene in terms of various reactivities.

5-Methylazulene 11 is one of the few methylazulenes that can be made through Zincke
chemistry,” with 3-methylpyridine used instead of pyridine (Scheme 20). The mechanism is
essentially the same as that depicted in Schemes 15-17. The yield returned was only 8%, and the

reaction was only attempted once, so no further optimisation took place.

N 1. 1-chloro-2,4-dinitrobenzene, reflux

N 2. NHEt,, 0°C
| - ¢ T
= 3. Cyclopentadiene, NaOMe, reflux

11

Scheme 20. Synthesis of 5-methylazulene (11)

Making 1-methylazulene directly through the Hafner method requires expensive
methylcyclopentadiene, and has the disadvantage of also producing the 2-methylazulene isomer.

1-Methylazulene was instead synthesised by formylating azulene through the Vilsmeier-Haack
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method and reducing the formyl group to a methyl group with LiBH4 and BF3.Etz0, in 40% overall
yield (Scheme 21).

Q 1. POCls, DMF Q L|BH4 BF 3 Et,0
2.KOH, HZO Q

93% 42.5%
Scheme 21. Two-step synthesis of 1-methylazulene 101 through reduction of 1-formyl azulene (78)

2.3.3 Synthesis of 4- and 6-methylazulene

Neither the original Hafner synthesis nor the pyrylium modification is amenable to giving 4- or 6-
mono-substituted azulenes. Unsubstituted and partially substituted pyrylium salts do not react in
the same way to cyclopentadiene as 2,4,6-trisubstituted pyrylium salts do, tending to undergo

attack at the 4-position rather than the 2-position.s

N

| ——3 No reaction
= NO,
N
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y

Scheme 22. Reaction of 2-, 3-, and 4-methylpyridines with CDNB

The Zincke salt also fails to form upon addition of 1-chloro-2,4-dinitrobenzene (CDNB) to 2 and 4-
methylpyridines (Scheme 22). In the case of 2-methylpyridine the Zincke salt completely fails to

form, even under reflux at 128 °C, presumably because the methyl group at the 2-position

provides sufficient steric hindrance to prevent attack of the pyridine on the aryl chloride.

4-Methylpyridine, on the other hand reacts immediately with 1-chloro-24-dinitrobenzene at
room temperature to produce a deep purple solution which, by NMR, appears to consist of at least
seven species, all containing a 4-methylpyridine moiety. No explanation in the literature is given
for this reactivity, apart from an oblique mention in the Collection of Czechoslovak Chemical
Communications, 1947 of a ‘humic’ material being produced upon reaction.? Indeed, in the Zincke

chemistry literature in general, only referencesto 3-and 5-substituted pyridines can be found.”.
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This hurdle can be circumvented for 4-methylazulene by synthesising it from azulene and
methyllithium. The 4- and 8- positions are the most electrophilic, owing to the structure of the
LUMO (see section 1.2), and are alkylated upon addition of MeLi. The resulting anionic species
102 must be oxidised by p-chloranil to obtain 4-methylazulene (99). The yield for this reaction is

serviceable,atabout 35% (Scheme 23).10

MeLl
EtQO

Scheme 23. Synthesis of 4-methylazulene (99)

MeOH
e
p-Chloranil

929

6-Methylazulene cannot be made through this procedure, as the 6-position will only undergo
nucleophilic attack once the 4- and 8- positions are blocked. Instead, examples were found in the
literature of reactions using pyridinium species activated with reagents other than 1-chloro-2,4-
dinitrobenzene to form azulenes that were otherwise inaccessible. One example involves the
activation of 2-methyl-5-ethylpyridine with n-butyl bromide. Attack on the resulting pyridinium

bromide by sodium cyclopentadienide gives the desired 4-methyl, 7-ethylazulene.11

N | ] e @
P — _ >

DMF, 16 h reflux
N 'i‘+ Br
Bu
6.8%
Scheme 24. Literature example of an alkylated pyridinium bromide being used to synthesise the 4-methyl-7-ethylazulene
(103)

Another example involves the activation of the bicyclic pyridine 104 with methyl iodide, followed

by attack of sodium cyclopentadienide to produce the azulene 105.12

NaH,
z
THF, 2.5 hours r.t.
\
+ - 105

104 0.034%

Scheme 25. Literature example of the activation of the highly hindered pyridine 104 allowing the formation of the azulene
105
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In both cases the yields were poor. The first returned a 6.8% yield of 103, while the second
returned an abysmal 0.034% yield of 105. Nevertheless, both of these syntheses give azulenes

that could nothave been made through the methods that give azulene and 4,6,8-trimethylazulene.

[t was decided to investigate alkyl pyridinium activation as a method for formation of azulenes,
particularly 6-methylazulene. To test the chemistry on azulene itself, N-methylpyridinium iodide
was synthesised from pyridine and methyl iodide in high (90-94%) yield. This was allowed to
react with cyclopentadiene and sodium methoxide in pyridine to give azulene in a disappointing 1%
yield (Scheme 26). Attempts to make 4-methylazulene through this method fared even worse.
Upon reaction of 1,2-dimethylpyridinium iodide with sodium cyclopentadienide under elevated
temperatures, small traces of a bluish compound could be detected by TLC. However after heating
at reflux overnight in pyridine this blue compound invariably disappeared, indicating the reaction
conditions were too harsh for the survival of the 4-methylazulene product. This reaction was re-

run at a temperature of 70 °C overnight, giving 4-methylazulene 99 in a 0.8% yield.

@ NaOMe, @
Z r

Pyridine, reflux overnight

Y

+ -
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| N NaOMe, @
=z >
N Pyridine, reflux overnight

*
| 99 0.8%

Scheme 26. Attempted syntheses ofazulene 1and4-methylazulene 99 by reacting a N-methyl pyridinium iodide with
sodium cyclopentadienide

1%

4

s

Attempts to synthesise 6-methylazulene 10 fared somewhat better. The first attempt reacting 1,4-
dimethylpyridinium iodide with cyclopentadiene gave a 3% yield after heating at reflux overnight
in pyridine (Scheme 27). For the second attempt, instead of adding sodium methoxide as a
solution in methanol, a reaction vessel was prepared with freshly-made sodium methoxide as a
dry solid. This was done to avoid the possibility of methanol reprotonating the cyclopentadienyl
anion, a concern that later turned out to be erroneous because better yields were obtained using
alcoholic solvents in place of pyridine. Nevertheless, at the time it appeared promising, as a 5.5%

yield was obtained.
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Scheme 27. First attempt at making 6-methylazulene (10)
The further optimisation of this reaction was not pursued immediately, as sufficient 6-
methylazulene had been generated to perform some initial experiments (approximately 600 mg),
and the chemistry was at a scale sufficiently large — and the reagents sufficiently cheap - that the
very low yields were not a pressing issue. As the chemistry surrounding 6-methylazulene became

more promising, it became clear that an improved synthesis of 6-methylazulene was needed.

A synthesis of 6-methylazulene was found in the literature using similar chemistry, giving a 14%
yield, the major difference being choice of solvent - ethanol, instead of pyridine. The authors
described the difficulty they had with optimising this reaction. In their own words: “A variety of
modifications of the above method failed to improve the yield of 6-methylazulene; in fact, most

attemptsled to loweryieldsofproduct.”3

Undeterred, a variety of different alcoholic solvents were investigated. Use of methanol gave a 3.3%
yield, whereas a 4:1 mixture of ethanol/isopropanol (distilled over sodium from drum
isopropanol, which unbeknownst to us at the time consisted of 80% ethanol) gaveyields between
10% and 12%. Use of pure, dry isopropanol gave better yields, between 11% and 17% (Table 2).
Isopropanol reacts surprisingly slowly with sodium, requiring heating at reflux in order to go to
completion. Since sodium isopropoxide is only sparingly soluble in isopropanol, care was taken to
keep the reaction mixture at elevated temperatures at all times, lest the alkoxide precipitate. This
was true even after the reaction had completed, and the solution had to be kept hot during the
initial purification procedures. These reactions were typically performed for a duration between
80 minutes and 3 hours, using between 2 and 3 equivalents of Na/cyclopentadiene. A very slight
positive correlation can be seen between the number of equivalents of sodium cyclopentadienide
and yield, and between reaction duration and yield.

Entry | Eq.ofNa Eq.ofCyclopentadiene Reactiontime/ min | Yield %

1 2.03 2.03 80 11.1%
2 2.47 2.40 90 14.3%
3 2.39 2.40 190 16.6%
4 2.60 2.54 120 17.5%

Table 2. Reaction parameters and yields for the formation of 6-methylazulene (10) in isopropanol with sodium
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Finally, the synthesis of 6-methylazulene was performed using potassium instead of sodium, while
keeping every other variable approximately the same. Potassium is much more reactive than
sodium, and addition of potassium to isopropanol required submergence in an ice bath to control
the reaction rate. After heating the reaction mixture at 70 °C for 2 hours, a 35% yield of 6-
methylazulene was obtained, doubling my previous highest yield for this compound (entry 4,
table 2) and improving on the literature yield by 2.5 fold (Scheme 28). Further experiments gave
yields between 30% and 35%, and indicated there is an optimal temperature somewhere between
60 °C and 80 °C, above which the material begins to degrade. It is believed that through careful
tuning of reaction temperature and time, higher yields ought to be possible. The reaction is

amenable to scaleup, and yields of up to 4.5 grams have been obtained.

| N K,'ProH @ Q
y o

N+ - 70 °C, 2 hours
| 10

106 35%

Scheme 28. Optimised protocol for formation of 10

Higher yields of 10 have since been reported in the literature. In late 2015, a yield of 64% was
reported from a similar reaction involving the use of 1-butyl-4-methylpyridinium bromide instead
of 106 with NaH as the base and DMF as the solvent. The reaction requires heating to 170 °C for
30 minutes by microwave and is not as amenable to scale-up as the protocol developed in this

project.14

A curious by-product was often observed in these reactions. Present in very small (<0.1%) yields,
6-p-tolylazulene 107 was present. It is believed this compound is formed through deprotonation
of the product 6-methylazulene and reaction of the resulting anion with another equivalent of 1,4-
dimethylpyridinium chloride, via a similar sequence of sigmatropic rearrangements and

eliminations (Scheme 29).
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Scheme 29. Proposed mechanism of formation of 6-p-tolylazulene 107

A few attempts were made at recreating this process by reacting 6-methylazulene with 1,4-
dimethylpyridinium iodide in the presence of the bases LDA or sodium methoxide, but no

detectable amounts of 6-p-tolylazulene were ever found.

2.4 NMR structuralassignment of the azulenes

The signals associated with the protons on an azulene ring system are typically well separated

and have highly distinct lineshapes, allowing an organic chemist to rapidly identify the NMR shifts

of individual nuclei (Figure 36).

8.44
724, {357 751,

122.8 ’ 118.1
7.66, 8.02,
137.4 137.1

Figure 36. 'H and 13Cshifts of azulene
The effects of the uneven HOMO distribution are readily apparent, with the odd-numbered nuclei

being highly shielded (6x of positions 1,3 and 5,7 on azulene are 7.51 and 7.24 respectively, and 6c
of these positions are 118.1 and 122.8 ppm respectively) while the even-numbered nuclei are
highly deshielded (6n of positions 2, 4 and 6 are 8.02, 8.44 and 7.66 ppm respectively, and ¢ of
these positions are 137.1, 136.7 and 137.4 ppm, respectively). This clustering of odd and even
shifts can be readily seen in the HSQC of azulene (Figure 37), and is also apparent in the spectra

of other azulenes.
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Figure 37. 'H NMR spectrumand HSQC s pectrum ofazulene, illustrating the differences in coupling constants between the
rings and the separation of the shifts of odd and even positions

Protons on the 7-membered ring couple to each other with J-values of between 10 and 11 Hz,
whereas protons on the 5-membered ring typically have coupling constants of 4 to 5 Hz (Figure
37). The connectivity between protons can also be readily seen through COSY. In combination,
these pieces of information were sufficient to identify the substitution pattern of azulene

derivatives throughout this project.

In symmetry-breaking cases involving substitution on the 1- or 3-position with an electron-
withdrawing moiety (such as almost all the 1-substituted compounds discussed in Chapter 3), the
proton on the 4- or 8-position adjacent to the substitution exhibits a strong deshielding effect and
the corresponding shift appear as high as 9.89 ppm, such as in the case of methyl oxo-1-
azulenecarboxylate (7), while the proton on the unsubstituted side of the ring will only experience
a modest effect. Use of the COSY information then allows the adjacent protons on the 7-membered

ring to be assigned.

2.5 Summary of Chapter 2.

Azulene and a series of methylazulenes were synthesised in sufficient quantities to allow for
subsequent research. Sufficient quantities of azulene 1, and 4,6,8-trimethylazulene 9 were
synthesised for the experiments throughout chapter 3. No optimisation of the synthetic
procedures for 1-methylazulene 101, 4-methylazulene 99, 5-methylazulene 11 and 4,6,8-
trimethylazulene 9 was carried out, as these materials were never in large demand during this
research. The synthesis of 6-methylazulene 10 was significantly optimised by using isopropanol
as the solvent and using potassium instead of sodium, improving the yield from 3% to 35%. This
was sufficient to allow large quantities of 6-methylazulene to be produced, and rendered viable

the E1cB-based 6-substituted azulene protecting group discussed in chapter 4 onwards.
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Chapter 3. 1-Substituted azulene
protecting group candidates

3.1 Introduction

Of the four protecting group candidates discussed in chapter 1, three of them (the
azulenylmethylamine 80, the azulenesulfonamide 82 and the azulenecarboxylate 74, Figure 38)
could be accessed from azulene itself, which at the beginning of the project was much more
abundant and easily accessible than the 6-(2-hydroxyethyl)azulene starting material (discussed in
chapter 4). As such, these protecting group candidates were deemed the easiest to test and
represented less wasted effort if they failed, so they were pursued first despite being thought less
likely to succeed. Two of these three protecting group candidates (80 and 82, discussed in
sections 32 and 3.3, respectively) were ruled out early when they exhibited properties
deleterious to their function as protecting groups. The third, the 1-azulenyl ester discussed in
section 3.4 initially showed promise, but ultimately no sufficiently mild deprotection conditions

couldbe found forit, eliminating it as an effective protecting group.

oo O OO0

oﬁﬁ\NHR
(0]
Figure 38. The three protecting group candidates incorporating a 1-substituted azulene moiety

o

3.2 1-Azulenylmethyl protection of amines

3.2.1 Background

One of the first protecting group candidates to be considered was the 1-azulenylmethyl group for
protection of amines (Scheme 30). This candidate was intended to behave in a superficially
similar way to the benzyl ether family of protecting groups, with the deprotection mechanism
going through a positively-charged transition state that would be stabilised by interaction with
the azulene ring. This was perceived to be a potentially distinguishing feature from the other
azulenes-based protecting groups, as all the other protecting group candidates undergo

deprotection through a mechanism that involvesanegative charge in the transition state.
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Scheme 30. Generalised strategy for the protection and deprotection of amines with 79

The combination of acidic/oxidative and nucleophilic deprotection conditions were inspired by an
unexpected result during my Master’s research (Scheme 31), where a similarly substituted
guaiazulene 3-methylene cyclohexylamine 108 underwent substitution from a second equivalent
when exposed to sources of H+such as silica gel, resulting in loss of the cyclohexylamine and
generation of bis[guaiazulenyl]methylene 109.: While this reactivity of the guaiazulenyl
methylene 108 was considered to be a liability, it was thought that an azulene analogue, with

fewer electron-donating alkyl groups, would be sufficiently inert to allow usage as a protecting

group.

+ CyNHZ

H* (Silica)
e
C
Cy + N7 d
NG 109 I
H

Scheme 31. One equivalent of 108 atta cks a second equivalent, releasing cycl ohexylamine and methylenecycl ohexylimine

The intended protection of amines was to be carried out through reductive amination of

1-formylazulene 78, which was synthesised from azulene using Vilsmeier-Haack methodology.

Q 1. POCI3 DMF Q 1. p-TsOH Q
2. KOH, H,0 2. NHZR
1 3. NaBH,4
79 NHR

Scheme 32. A possible route to the protected substrate 79 through reductive amination of the amine with 78

3.2.2 Initial investigation

A reductive amination was carried out between 1-formylazulene and pyrrolidine. p-TsOH was
added to protonate the formyl group on 78 followed by the addition of pyrrolidine to create the

corresponding iminium. Addition of NaBH4 reduced the iminium salt to the amine 111 (Scheme

33).
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Scheme 33. Investigation of protection methodology on pyrrolidine

The yield of the desired product was 16%, with numerous by-products also present, including
what is believed to be 1-hydroxymethylazulene 111, and other compounds that were unable to be
identified. This pooryield alone was not lethal to the success of the protecting group candidate, as
these reactions can always be optimised further. What was lethal, however, was the discovery that
these 1-substituted azulene species were highly susceptible to degradation, both in air and on
silica gel, with the isolated compound degrading in a matter of days in air. It is for this reason that

investigation of the 1-azulenylmethyl protecting group candidate 79 was not pursued further.

3.3 1-Azulenesulfonamide protection of amines

An azulene-based sulfonamide protecting group was intended to be introduced through addition
of azulene 1-sulfonyl chloride 81 to the amine substrate (Scheme 34). The azulenesulfonyl
chloride was to be obtained in two steps from azulene, through sulfonation with SOz pyridine

followed by treatment of the sulfonate 112 with thionyl chloride to generate the sulfonyl chloride

81 (Scheme 35).
Protectlon Deprotection
> NH,R
Lithium Naphthalide

SO,CI SO,NHR

Scheme 34. Generalised protection and deprotection strategy of amines with 82

O (OR-CR 09

81 so. SO,NHR

Scheme 35. Proposed synthetic path to 82 from azulene

Initial progress towards the sulfonamide stalled at the sulfonate stage, owing to the difficulty of
isolating the highly polar 1-azulenesulfonate 112 from the aqueous phase, which contained other
ionic components of the sulfonation reaction as well as what was believed to be 1,3-
disulfonylazulene. These difficulties in purification resulted in the investigation of this candidate

being put on hold while the more successful 1-azulenyl ester was being investigated.
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Subsequently, when the difficulty of deprotecting the 1-azulenyl ester 74 was later discovered (as
discussed in section 3.4.3), it was realised that the natural stubbornness of sulfonamides towards
cleavage combined with the electron-donating properties of azulene would result in a protecting
group that would be incredibly difficult to remove. As ease of deprotection was one of the
requirements of the azulene protecting group, as stipulated in Chapter 1, no further investigation

of this protecting group candidate was carried out.

3.4 Protection of alcohols as 1-substituted azulene esters

3.4.1 Overview

The 1-azulenyl ester (Scheme 36) was the first protecting group candidate to be seriously
investigated. Protection would involve preparation of the 1-azulene acid chloride through
addition of oxalyl chloride to azulene followed by loss of CO from the resultant keto-acid chloride.
The alcohol-containing substrate would then be added to form an azulene-1-carboxylate ester.

Deprotection would involve standard ester hydrolysis or saponification techniques.

Protectlon Deprotectlon Q
ROH Q + ROH

Scheme 36. Generalised protection and deprgtection strategy for alcohols as the estero74
Initial investigations on the 1-azulenyl ester as a protecting group showed it had a great deal of
promise, with yields of the protection reaction reaching up to 90%, as described in section 3.4.2.
However, the conditions required for complete cleavage turned out to be much harsher than
expected, as discussed in sections 3.4.3 and 3.4.4. Conditions such as refluxing KOH/EtOH
overnight were necessary for complete deprotection; many of the standard saponification or
transesterification procedures did not work. This is a major drawback of the protecting group
candidate, because (as stipulated in chapter 1) the deprotection conditions must be sufficiently
mild to not affect the rest of the substrate, and the conditions required for deprotection would
easily cleave most other esters present in the reaction mixture. In fact, the severity of these
conditions exceed any described in Greene & Wuts for the deprotection of other notoriously

difficult-to-remove ester protecting groups.

In an attempt to alleviate the problemswith this lack of lability, two-step deprotection procedures
were attempted. Nitration of azulene and derivatives was successfully performed - albeit with

unsatisfactory yields - and the increase in reactivity this offered was roughly 100-fold, insufficient
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to make this technique synthetically useful. Complexation of azulene to an iron-carbonyl complex
was also investigated, but the complex itself was more labile to base than the azulenecarboxylate

ester. This work isdescribed in sections 3.4.5 and 3.4.6.

An alternate ‘tethered’ 2-step deprotection was investigated (section 3.4.7) for guaiazulene and
4,6,8-trimethylazulene-based ester protecting groups. This strategy involved deprotonation of the
4-methyl position by a strong base such as KHMDS followed by addition of paraformaldehyde,
with the intention of the resulting nucleophilic tethered alkoxide attacking the azulene-1-
carboxylate to form a 7-membered lactone and releasing the deprotected substrate. It was shown
that this was indeed possible to do, but only under forcing conditions with very low yields, making

the procedure unsuitable forreliable deprotection.

3.4.2 Protection

The protection of alcohols as azulene keto-esters by using oxalyl chloride has been demonstrated
previously by Timmer, Burkett et al2 During my Masters research,! similar chemistry was
explored with guaiazulene (Scheme 37). After addition of oxalyl chloride to guaiazulene, a species
thought to be the ketoacid chloride 114 would be produced. This could be immediately reacted
with an alcohol to produce the ketoester 116, or alternatively allowed to sit for 40 minutes, over
which time an equivalent of carbon monoxide would be lost to produce the intermediate thought
to be the acid chloride 115. Subsequent addition of an alcohol after this period would give the
ester 117 in high (~90%) yields.

! (COCI),, CH,Cl, 40 minutes

CcO
2 114 115 Cl

O o

ROH, Pyridine
Immediate addition

2. o

116 (e} 117 OR

>95% yield ©O O
~ 90% yield

ROH, pyridine

Scheme 37. Synthetic pathway to guaiazulene esters and ketoesters
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At the onset of this project, generation of the azulene acid chloride was expected to occur through
a similar procedure. When azulene was treated with oxalyl chloride and left for 80 minutes before
being treated with methanol, however, very little of the desired ester 8 was produced (Table 3).1t
was initially speculated that the presence of the electron-donating methyl on the 1-position of
guaiazulene was primarily responsible for its higher reactivity. However, when subjecting 1-
methylazulene to the same reaction conditions, very little difference between it and azulene were
observed. Much greater, though still incomplete, conversion was observed during the reaction of
4,6,8-trimethylazulene, which suggests that the conversion from ketoacid chloride to acid chloride
is primarily promoted by the presence of a methyl group at the 4-position, while also being
promoted slightly through the presence of electron donating groups elsewhere on the azulene
ring.

1. (COCI),, CH5CIy, 80 minutes, r.t.

Azulene derivative P Ester + ketoester
2. MeOH

3. Pyridine
Table 3. Yields of ketoesters and esters of 1,102, and 9 when subjected to the reaction conditions above

Azulene Ester Ketoester
. I ! I O—
1 8 o 7
O\ 104 © o 77%
0
' 101 O—
118 o 119
Q g
\ trace o 73%
9 l ! O—
o 121
120 O\ 24% (@] Y 65%

The esterification of azulene was then carried out using a variety of solvents and temperatures in
order to study the conversion of ketoacid chloride to acid chloride (Table 4). For room
temperature reactions, solvent choice had very little effect. Extended reaction times (overnight)
gave slightly higher quantities of the ester at the cost of significant amounts of degradation.
Performing the reactions at elevated temperatures gave higher quantities of 8, with yields

increasing with the boiling point of the solvent (CH:Clz < THF < toluene) to 32%. Finally,
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acetonitrile at reflux resulted in almost complete conversion of the ketoacid chloride to the acid
chloride, and gave a pleasing 97% yield of the ester 8. This result suggests a combination of heat
and stabilisation of charge by a solvent with a high dielectric constant is necessary to give

complete conversion of the ketoacid chloride to the acid chloride.

1.(COCl),, solvent
>
time, temperature \ +
(0]
7
8 o)

2. MeOH
3. Pyridine

(0]
Methyl keto ester o Methyl ester \
Table 4. Optimisation of the conditions for the formation of 1-azulenyl methyl ester

Entry | Solvent | Temperature | Time/minutes | Isolated yield of | Isolatedyieldof

ester ketoester

1 CHCI r.t. 80 1% 77%
2 CH:Cl; r.t. 2400 (overnight) | 2.5% 27%
3 CH:Cl; reflux 80 6% 75%
4 Toluene | r.t. 80 0% 73%
5 Toluene | reflux 80 32% 37%
6 THF r.t. 80 0% 90%
7 THF reflux 80 3% 72%
8 MeCN r.t. 80 3% 92%
9 MeCN reflux 80 97% 2%

The method described in entry 9 was next tried using an appropriate alcohol as a model for the
substrate to be protected. (-)-Menthol was chosen because it is a readily available model
compound that is easily detectable by TLC and *H NMR spectroscopy, is solid, and is also highly
non-polar for an alcohol and immiscible with water. The reactions were performed with menthol
as the limiting reagent to mimic real protection protocols, employing roughly 1.1 equivalents of
oxalyl chloride and 1.2 equivalents azulene. These quantities were chosen to ensure that no free
oxalyl chloride was present after the addition to azulene, as unreacted oxalyl chloride would react

with menthol preferentially over the 1-azulenyl acid chloride.
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1.(COCl),, MeCN, 30 min reflux !

>
2. (-)-menthol 122 o \\
3. N

(
pyridine 0

A

90%

Scheme 38. Optimised protocol for the protection of menthol as a 1-azulenyl menthyl ester 122

An initial reaction using the procedure in entry 9 of Table 4 gave a yield of 80% of the desired
ester 122. After some exploration of the reaction conditions, it was found that the conversion
from ketoacid chloride to acid chloride required only 30 minutes to go to completion, which was
indicated by a colour change from orange-red to crimson. Yields of up to 90% of 122 were
obtained this way (Scheme 38). This reaction appears to be quite sensitive to conditions - several
attempts have resulted in substantially lower yields, despite the amount of excess oxalyl chloride
and azulene being the only variables altered. It is thought this variability stems from a high
sensitivity to both moisture and to the quality of the oxalyl chloride used. Best results were

typically achieved in the few days after oxalyl chloride was freshly distilled.

As the azulene was used in excess, numerous azulene by-products were usually obtained (Figure
39), including recovered azulene, azulene 1-carboxylic acid and occasionally small quantities of a

stable crimson compound that wasidentified by HRMS to be azulene-1-carboxylic anhydride 123.

Figure 39. Azulene (1), azulene-based by-products 75 and 123 isolated from protection reactions

The reaction conditions for the formation of the ester 122 were deemed to be quite harsh - the
reaction generates anhydrous hydrochloric acid, the presence of which at elevated temperatures
could potentially lead to unwanted reactivity on a complex substrate. Typically, pyridine was
added about a minute after addition of the alcohol to neutralise the reaction, although this short
time period may not suffice to shield more sensitive parts of the substrate from the harsh acidic
conditions. When base was omitted from the final step, significant amounts of degradation of the

azulene moiety occurred, and the yield of 122 wasreduced to 50%.

In an attempt to mitigate the potential problem of acid sensitivity, the addition of amine bases
before addition of the alcohol was trialled. DMAP was added before menthol, but only 13% of the

desired productwas obtained. Menthol was recovered in 62% yield, and an orange water-soluble
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by-product was observed. This is thought to be the acyl DMAP adduct 124, whose positive charge
would be stabilised by both the electron-donation of the azulene moiety and resonance of the
DMAP moiety (Figure 40). However, due to the difficulty of isolating this polar compound, no

spectroscopic evidence for this was obtained.

@~
"

Figure 40. Proposed structure of the water-soluble orange compound

Addition of pyridine before menthol produced slightly better results. The desired ester was
obtained in 34% yield, and there was no stable water-soluble orange by-product. Due to these
poor yields for both the DMAP and pyridine cases, addition of base before the alcohol was deemed

to be ineffective asaway of combatting the harshly acidic conditions in the reaction.

The use of AgBF.was briefly investigated as a means to hasten the dissociation of the azulene keto
acid chloride through sequestration of the chloride ion by Ag*. A reaction was performed in
acetonitrile at room temperature and AgBF,was added immediately after oxalyl chloride and 80
minutes before the addition of menthol. A complex mixture of products was obtained from this
reaction, and azulenecarboxylic acid 75 was obtained in 48% yield as the only identifiable product.

The desired ester 122 was not present in the solution. This approach was notinvestigated further.

Two other esterifications were investigated as alternatives to the use of oxalyl chloride.
Carbonyldiimidazole (CDI) was explored as a mild phosgene equivalent, however no observable
reaction of azulene with CDI occurred, despite forcing conditions such as heating at reflux in
acetonitrile for two days. A Yamaguchi esterification between the azulenecarboxylic acid 75 and
menthol was attempted (Scheme 39), with the modification of pyridine being used instead of
DMAP in the second step to avoid possible formation of 124. However, this reaction gave only 3%
yield of the desired ester, with 1-azulenecarboxylic anhydride 123 being isolated in 61% yield.
Formation of symmetrical anhydride by-products is commonly associated with aliphatic
carboxylic acids in Yamaguchi esterifications,? due to aliphatic carboxylic acids being sufficiently
nucleophilic to displace 2,4,6-trichlorobenzoate from the mixed anhydride intermediate. As the
azulene is highly electron rich in comparison to other aromatic rings, formation of the
symmetrical anhydride through the same mechanism is likely. Owing to the degree to which
azulene stabilises carbonyls at the 1-position, the symmetrical anhydride 123 was rendered

relatively inert, and did not participate further in the reaction.
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o

61%
3%

Scheme 39. Attempted Yamaguchi esterification produced large quantities of the anhydride 123

At this point, with a high-yielding protection reaction and a sufficiently large supply of menthyl

ester 122 in hand, the deprotection studies commenced.

3.4.3 One-step deprotection

Basic saponification was the primary route investigated for one-step deprotection of these
1-azulene esters (Table 5). In order to expedite this investigation, yields were calculated through
1H NMR spectroscopy by finding the total mass of the crude sample and calculating the mass
fraction of free menthol by its relative integration to other identifiable components in the crude
mixture. This would produce an inflated yield estimate, because it assumes all species in the crude
mixture are identifiable in the NMR spectrum. Nitromethane internal standards were not used in
this instance (See chapter 5.1). Isolated yields of menthol were only obtained for the two

successful KOH-based reactions.

Base Solvent Temperature | Time NMR Isolated yield
yield

LiOH0.1 M 1:1 THF/H-0 reflux 2 days - -

KOH 1:1 THF/H.0 reflux overnight | - -

NaOMe MeOH reflux overnight | Trace -

KOH 0.7 M EtOH r.t overnight | 3% -

LiOH 0.8 M EtOH reflux overnight | 20% -

KOH 0.6 M EtOH reflux overnight | 94% 42%

KOH 0.6 M 4:1 EtOH/iPrOH | reflux overnight | 82% 52%

Table 5. Optimisation of the deprotection conditions of 122

Use of KOH/EtOH with heating at reflux overnight appeared to be the only method to produce
complete deprotection. LiIOH/EtOH only gave partial deprotection, while all other reaction
conditions gave either trace or no deprotection. Such strongly basic conditions are undesirable as
a deprotection protocol. It is thought the disparity between the NMR and isolated yield
measurements is due to menthol being slightly volatile (b.p. 212 °C), in addition to the

aforementioned calculated yield inflation. An attractive feature of this chemistry is that
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deprotection induces a colour change. The azulene 1-carboxylate salt 113 appears a bluer shade
of violet in comparison to the ester starting material, and so the extent of deprotection can be

judged qualitatively by its colour.

An assortment of other deprotection conditions were tried. The 1-azulenyl ester is susceptible to
acidic deprotection, but only under harsh conditions. Heating the protected ester at reflux
overnight in a 2:1 mixture of MeOH and a 10% aqueous solution of HCl gave only 8% deprotection
and traces of azulene (1). Reduction of the ester with LiAlH4 produced a complex mixture in which

only traces of menthol could be observed by TLC or NMR.

Regeneration of azulene
One approach to alleviating the concern of low atom economy that inevitably comes with
protecting group usage is to develop ways of recycling the protecting group body after

deprotection.+

The azulene by-product of deprotection, either azulenecarboxylic acid 75 or the carboxylate salt
113, is easily isolable from the deprotection reaction through an aqueous wash, and can be
decarboxylated to regenerate azulene by heating in acidic media.5 To exploit this feature, a
procedure was developed whereby a solution of 75 in 2:1 MeOH/10% HCI (aqg.) was heated in a
distillation setup (Scheme 40). Due to the volatility of azulene, it co-distilled with methanol and

was collected in the receiving flask in 79% yield.

2:1 MeOH/HCI 10% aq.
>
distillation

75 o 1 79%

HO
Scheme 40. Regeneration of azulene from 75in high yield

3.4.4 Activation methods for two-step deprotection

Due to the difficulty in finding mild deprotection conditions for the azulenyl ester protecting
group, two-step activation-deprotection protocols were explored. The mechanisms of
saponification and transesterification go through a negatively-charged intermediate and two
negatively-charged transition states (Figure 41). Decreasing the electron-rich environment of the
azulene ring through introduction of electron withdrawing groups or m-complexation will allow
for greater stabilisation of this negatively charged reaction pathway, facilitating the deprotection

reaction.
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Figure 41. Reaction mechanism for basic hydrolysis of esters

Initial computational work was done to ascertain the effects of various electron withdrawing
groups and m-complexing agents on the C=0 stretching frequency of azulene-1-methyl ester. The
stretching frequency of a carbonyl correlates to the reaction rate of the carbonyl towards
nucleophilic attack, with higher wavenumbers typically indicating a higher reactivity.6 As such,
calculations of the carbonyl stretching frequency of various azulene derivatives serves as a
convenient estimation of their relative reactivity, and are computationally much cheaper than

attempting to calculate the energies of both the ground and transition states.

The carbonyl stretching frequency of azulene-1-methyl ester 8 was calculated to be 1781 cm-1,
and this was used as the baseline to which the stretching frequencies of the other azulene

compoundsin Table 6 were compared.

Table 6. Calculated structures and the deviations in their C=0 stretch from that of 8 (1781 cm)

1781 cm™ Q 1780 cm””
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(o]
(e}
3

118

MeO o 125
MeO o
MeO
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© NC
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+2
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From Table 6, the three most promising potential methods of activation are nitration, TCNE-
based activation and complexation with Fe;COs as they have the highest C=0 stretches. Other
substituents on the 3-position either give lower amounts of activation of the C=0 bond, or in some
cases deactivate it. The result from the azulene-trinitrobenzene complex 131 appears to be
anomalously low, but this may be a limitation of the level of theory employed (B3LYP/6-31G**)

being unsuited forlong-range interactions such as Van der Waals forces.”

A precise comparison of the validity of the measurements was not possible, as very few of the
compounds shown in Table 6 were synthesised. From the related menthyl esters of compounds 8
and 129 (the compounds 122 and 136, discussed in section 3.4.5), a rough comparison can be
made. The experimental value of the C=0 stretch of 122 is 1681 cm-1, while the calculated value of
the C=0 stretch of 8 is 1781 cm-1, a difference of 100 cm-1. The experimental value for the C=0
stretch of 136 is 1688 cm-1, which is lower than the calculated value for 129 by 97 cm-1. DFT
frequency calculations are notoriously prone to overestimating the frequency of certain
stretches,8 however the relative differences between unsubstituted and 1-nitro substituted
species appear to be more accurate, with the calculated difference being 4 cm-, and the

experimental difference being 7 cm-1.

3.4.5 Activation by nitration

Addition of the nitro group at the 3-position of azulene was investigated as a way of activating the
azulene towards deprotection. The nitro group is one of the most electron-withdrawing groups
that can easily be introduced.® The traditional method of nitration - using a combination of nitric
acid and sulfuric acid to generate the necessary NO:+*ion - was deemed too harsh owing to the
breakdown of azulene in strongly acidic conditions. Menke nitration? circumvents this concern
by using copper nitrate trihydrate in the presence of acetic anhydride to generate the active acetyl

nitrate species.11 Reactions typically occur over the course of half an hour at room temperature.

Attempts at nitrating azulene itself produced low yields. It was found that nitrations in which
acetic anhydride was the solvent proceeded to 1,3-dinitroazulene 6, a vivid orange compound

obtained in 27% yield (Scheme 41).

NO,
CU(NO3)2 *3H,0, Ac,0
D - B
6
NO,
27%

Scheme 41. Dinitration of azulene
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On the other hand, Menke nitrations in which dichloromethane was used as a co-solvent (typically
4:1 to 2:1 ratios of DCM to acetic anhydride) produced the mono-nitrated azulene product. In all
cases, copper nitrate was used in 2-3 fold excess. The yields of these reactions were also poor,
from 13% to 36% with large quantities of unidentifiable brown material also being produced.
Addition of bases such as sodium acetate or triethylamine completely suppressed nitration (Table

7).
NO,

CU(NO3)2 - 3H20, ACzo
>
CH,Cl,

135
Table 7. Attempted optimisation of mono-nitration of azulene to form 1-nitroazulene (135)

Entry | Reaction conditions Yield %

1 1.2 eq. copper nitrate, r.t. 13%

2 2.2 eq. coppernitrate, r.t. 36.6%

3 1.2 eq. copper nitrate, -78 °C to r.t. 20%

4 2.5 eq. coppernitrate in NEt3 No reaction
5 3.5 eq. coppernitrate, 2.1 eq. NaOAc No reaction

Nitration was then attempted on the azulene menthyl ester 122 (Scheme 42). Surprisingly, this
proved more amenable to nitration than azulene itself, where intuition would posit that electron-
deficient azulene ester would react with relative sluggishness and result in an overall lower yield.
Yields of between 30% and 52% of the product 136 were obtained. This reaction appeared to not
proceed at all at 0 °C but significant degradation would occur at room temperature. Performing

this reactionin a dioxane/dry ice bath (10 °C) gave the highest yields of 136.

NO,

9 W

CU(N02)3 . 3H20, ACzO

o 136
122 0 \\ 0 S L
o] S S

N

30 -52%

Scheme 42. Nitration of menthyl ester 122

There are literature reports that this class of acetic anhydride/ metal nitrate-based nitrations

typically produce low yields.12 Nitration with tetranitromethane is reported to give higher yields,
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but tetranitromethane was deemed to be too much of a safety hazard owing to its toxic and
explosive properties. This reaction was not optimised further, as sufficient nitroazulene ester 136

had been generated for further testing.

NO, KOH, EtOH,

Q overnight, r.t.
136 0
o N NaOMe, MeOH

N -3 70% deprotection
overnight, reflux

P 50% deprotection

Scheme 43. Deprotection of the nitroazulene ester 136

The nitroazulene ester was tested against some of the reaction conditions used to deprotect the
azulene ester (Scheme 43). Again, the conversions were measured through tH NMR integration. A
relatively large increase in reaction rate was observed: overnight reaction with KOH/EtOH at
room temperature led to 50% deprotection while the same conditions with the unsubstituted
azulene ester gave 3% deprotection. Reaction of NaOMe/MeOH overnight at reflux also gave 70%
deprotection, whereas in the unsubstituted case these conditions gave only trace deprotection.
From these results it was estimated that the nitroazulene was about one to two orders of

magnitude more reactive than the unsubstituted azulene.

To obtain a more accurate picture of the relative rates of deprotection of 122 and 136, a NMR
kinetic study was attempted. A solution of 10 mL MeOH, 1 mL D:0 with 200.8 mg KOH was
prepared, with a single drop of tetramethylsilane added as an internal standard. An aliquot of 0.5
mL of this solution was then added to a sample containing a 2.6:1 ratio of azulene ester 122 to
nitroazulene ester 136 in 1 mL methanol, and this was subjected to tHNMR analysis. The total
concentration of KOH in these samples was 0.1 molL-t, with KOH in 14-fold excess relative to 122.
The large methyl peak belonging to methanol produced significant distortion in the NMR
spectrum, but this could be corrected for with multipoint baseline correction to give accurate peak

integration (Figure 42).
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Figure 42. H NMR spectrum of the reaction mixture of 122 + 136 with KOH, MeOH and D0 at t=0. Full unaltered

spectrum on left, and baseline-corrected spectrum of the relevant aromatic region on right.

Over the course of three weeks, this reaction was monitored by tH NMR spectroscopy, with at

least one spectrumbeing obtained per day.

122 » No reaction
+ 0.1 mol L' KOH in MeOH/D,0
136 - Complete cleavage in 8 days

Scheme 44. Competitive deprotection of azulene ester 122 and nitroazulene ester 136

The 3-nitroazulene menthyl ester 136 underwent complete cleavage over 8 days, however no
change in the concentration of the unactivated azulene ester 122 was observed over the course of
the 3 week experiment (Scheme 44). This result differs somewhat from the observed 3%
deprotection of 122 at rt. recorded in Table 5, and is possibly due to the NMR sample having a
lower concentration of KOH, or possibly because the base was slowly neutralised through reaction

with the borosilicate glass surface of the NMR tube.

Saponification of 3-nitro 1-menthylazulene
ester (136) over time
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Figure 43. Graph of the saponification of the nitroazulene ester 136 over time
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Formation of an intermediate species was observed in the tH NMR spectra during the
saponification of the nitroazulene menthyl ester (Figure 43). This was thought to be the methyl
ester, an intermediate resulting from transesterification with methoxide that then proceeds to be
saponified in the basic conditions. The rate of deprotection is consistent with a pseudo-first order
reaction rate, with the log of the proportion of menthyl ester taking the form of a straight line,
with a R2 value of 0.9835 (Figure 44). This gives a half-life of the nitroazulene menthyl ester as

1730 minutes, or 29 hours under these reaction conditions.

Natural log of 3-nitroazulene menthyl

ester (136) proportion over time
Time/days

)
/N_
}#_

o -
o -
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In (ester proportion)

~N (o)} w H w N
7‘

y=-0.5331x-0.0035
R?=0.9835

Figure 44. Logarithm of the proportion of menthyl ester 136 over time, demonstrating a linear trend

While no direct comparison between the rates of azulene and nitroazulene menthyl ester
deprotection was achieved, the nitroazulene ester is estimated to be about two orders of
magnitude faster. While a 100-fold increase in reaction rate may sound impressive, it was deemed
insufficient to make this into a viable protecting group. The nitroazulene ester 136 is still highly
recalcitrant, and the conditions required to effect deprotection are comparable to those of the
most stable esters used as protecting groups, pivaloate (0.5 M NaOH, EtOH, r.t. 12 hours) and
mesitoate (2M NaOH in EtOH, r.t,, 20 hours).13

3.4.6 Other activation methods - m-complexation and

breaking of aromaticity

One final strategy for activation of the azulene ring towards deprotection was investigated. It was
thought that by disrupting the aromaticity of the azulene ring system, the highly electron-donating

properties of the azulene could be diminished.
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One approach for disrupting the aromaticity involved attack of the 7-membered ring at the
electrophilic 4- and 8-positions of azulene with a nucleophilic alkyl species (Scheme 45). Addition
of methyllithium to azulene without an oxidation step results in formation of the 4-methyl

dihydroazulene species 137.14

Q MeLi, Et,O
—_—

Scheme 45. Disruption of aromaticity through nucleophilicattack at the 4-position

There are three possible locations for the nucleophilic attack of methyllithium onto an azulene-1-
carboxylate ester: two on the azulene ring itself, at the 4- and 8-positions, and one at the ester

carbonyl (Scheme 46). In any case, addition of methyllithium would either directly cleave the

ester or activate it towards cleavage.

Q MeLi
—_—

74 OR

Scheme 46. Possible products of nucleophilic attack on 74 by methyllithium

To test this approach, methyllithium was added to the 1-menthyl ester 122. The purple colour of
the azulene was lost, indicating attack on the ring itself. The species formed were unstable and the
1H NMR spectrum of the crude reaction mixture was largely unintelligible. This was not a major
issue, because recovery of the protecting group body from the deprotection reaction is not
necessary. The reaction was repeated, except with the subsequent addition of KOH in ethanol (0.2
M), followed by heating at reflux overnight to effect deprotection. Menthol was present in the
reaction mixture in large amounts, but the number of other products present in the reaction
mixture with similar R¢ values made it impossible to purify. The addition of methyllithium may
have had some effect on the saponification rate, but the messy nature of the reaction mixture
introduced problems for purification, and the necessary deprotection conditions were

neverthelessstill quite harsh, so this line of investigation was abandoned.

n-Complexation with tetracyanoethylene

The previously discussed computational studies in section 3.4.4 suggested that while the

expected changes in reactivity from m-complexation of electron-deficient aromatic rings such as
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trinitrobenzene were modest, complexation with a metal complex such as diironpentacarbonyl or

with tetracyanoethylene would produce much greater activation.

Tetracyanoethylene reacts with 1,3-disubstituted azulenes irreversibly to form a bridged
structure, such as 138 or 139, with the tetracyanoethylene moiety stretching between the 5- and
8- positions. It is unclear whether these form through a radical or concerted pericyclic process.
Takekuma etal. propose a radical mechanism.14 It is important that both the 1-and 3-positions are
substituted, otherwise tetracyanoethylene will undergo nucleophilic attack by the azulene ring
instead, resulting in loss of HCN and formation of a tricyanovinyl compound such as 140 (Scheme

47).15

NC R
NC
TCNE NC Q NG
— ~)
NC

ﬂ,

Scheme 47. Possible products from TCNE reaction with 1,3- d|subst|tuted a zulenes (above) and with azuleneitself (below)

; 2

What is not explained in the literature is the regioselectivity of the bridge formation when the 1-
and 3-positions are substituted unsymmetrically. The only two azulene-TCNE adducts that have
been described in the literature are symmetric azulene and guaiazulene derivativest¢ — which can
only have one stereochemical outcome, either due to symmetry or due to substitution at the 4-and
7-positions. The outcome of this reaction is important, as the regioisomer 132 was predicted
computationally (shown in Table 6) to have a much greater activation effect than the other

regioisomer 133.

Ultimately, it was decided not to investigate TCNE activation, in part due to safety concerns (TCNE
evolves hydrogen cyanide gas in the presence of water), and also due to the uncertainty in the

amount of activation that the m-complex would allow.

n-Complexation using an iron carbonyl com plex

There is precedence in the literature for the formation of azulene-metal complexes (such as iron

and molybdenum) wherein the metal is bonded to the face of azulene through m-complexation. A
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diiron pentacarbonyl species in particular was looked at as a potential mode for azulene
activation (Figure 45). The crystal structure of azulene diiron pentacarbonyl 141, elucidated by
M. R. Churchill shows some noteworthy features.16 One of the iron atoms lies directly over the top
of the 5-membered ring and has two carbonyl ligands, while the iron that lies over the
7-membered ring is positioned to one side with a hapticity of two, with one double bond on the 7-
membered ring not participating in iron ligation. This results in a loss of symmetry of the azulene
ring system, as well as a slight bending of the 7-membered ring out of plane. The author notes that
the Fe-Fe bond is also unusually long, at 2.78 A, which is relatively close to the longest known Fe-

Fe bond, whichis 2.88 A.17

CcO
OC_ I CO

OC‘FG\Fe/—CO

141 (7 I

—
—

Figure 45. Azulene diironpentacarbonyl, side on (left) and view from above (right), depicting the asymmetrical
arrangement of the Fe atoms over the ring system (CO ligands omitted for clarity)

There are two reported synthetic methods for making the azulene iron pentacarbonyl complex.
One involves heating azulene at reflux with iron pentacarbonyl in petroleum ether (b.p. 100-
120 °C fraction) for 5 days.17 This synthesis was unacceptable as an activation protocol due to the
harshness and extreme duration of these conditions and the potential toxicity of the liquid iron
pentacarbonyl. The other synthesis involves heating at reflux in pentane with the addition of
diiron nonacarbonyl - an orange solid that is much more easily handled and therefore safer. The
reference given for this procedure by R. Burton et all8 was a ‘personal communication’, and no
other information regarding relative quantities or reaction time was provided about the

procedure, so the relevant conditions had to be determined experimentally.

Heating azulene at reflux in n-hexane with diiron nonacarbonyl for 3 hours gave the desired -
complex 142 in only 10% yield. The same conditions with 4,6,8-trimethylazulene gave a similarly
low 23% yield. When the solvent were changed to toluene (also at reflux), the yield was instead
quantitative (Scheme 48). All the aromatic protons in these complexes appeared in a range

between 5.5 and 3.5 ppm, typical of aromatic ligands of metal complexes.
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142 99%

9

toluene, reflux

3 hours
Scheme 48. Syntheses of azulene and 4,6,8-trimethylazulene iron carbonyl complexes

The azulene menthyl ester was then subjected to these same conditions - heating at reflux in
toluene with diiron nonacarbonyl. After 6 hours only partial reaction had occurred (Scheme 49).
This is not surprising, as the m-system of the menthyl ester 122 will be much less electron rich
than that of azulene. This reaction gave an orange-red compound 143 in 19% yield. The 13C NMR
spectrum revealed that all peaks were doubled, probably due to the formation of diastereomers
(although positional isomers differing in the placement of the Fe over the 7-membered ring are

also possible).

\\ Fey(CO)g
o ™ >

122 o
& Toluene, reflux, 6 hours +

oC CcO
oc\ |
OC—Fe—Fe—CO
7 IS

—

143 19%

Scheme 49. Reaction of menthyl ester 122 with diiron nonacarbonyl generated the complex 143 (thought to be a mixture
of diastereomers)

The azulene iron pentacarbonyl complex 143 was then subjected to saponification conditions of
KOH in EtOH at room temperature. Unfortunately, these conditions resulted in removal of the iron
carbonyl complex instead of cleavage of the ester linkage, regenerating the starting menthyl ester

withno evidence of deprotection (Scheme 50).
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Scheme 50. Attempted deprotection onlyregenerated the ester 122

3.4.7 Substituted azulenes and ‘tethered’ deprotections

Investigation of an alternate, ‘tethered’ deprotection mechanism involving 4-methyl-substituted
azulenes was undertaken. The basic idea was that functionalisation of the adjacent 4-methyl
substituent with a methylene alkoxide would facilitate an alternate deprotection route through
intramolecular attack on the ester, forming a 7-membered lactone ring and displacing the alcohol
substrate (Scheme 51). For this investigation, three different azulene derivatives were explored:

4-methylazulene, guaiazulene and 4,6,8-trimethylazulene.

R
/| AN Strong base, (CH,0), /| N

Intramolecular attack

~— S
e} 145 O

144 RO RO RO" 146

/l\

o

Scheme 51. Generalised depiction of tethered deprotectioninvolving deprotonation of the 4- position of 144 followed by

alkoxymethylenation with paraformaldehyde to form 145 and intramolecular nudeophilic attackto release the substrate
RO-and form the lactone 146

4-Methylazulene was the first to be investigated for this purpose. Firstly, the regioselectivity of the
reaction between 4-methylazulene and oxalyl chloride needed to be elucidated. Plausible
rationalisations exist for the functionalization of either side of the 5-membered ring. By invoking
electronics, the 3-position would be favoured due to electron donation from the 4-methyl group.
By invoking sterics, the 1-position would be favoured due to steric crowding of the 4-methyl

grouparound the 3-position.
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Scheme 52. Reaction of 4-methylazulene (99) gave the undesired isomer 147

Upon addition of oxalyl chloride to 4-methylazulene (99), only substitution of the 1-position was
observed (Scheme 52). The major product was the ketoester 147, and several unidentified minor
compounds were also present. Common to all these compounds was a doublet in the tH NMR
spectrum containing at 10 ppm, a shift diagnostic for a proton at the 8-position on an azulene
adjacent to a keto-ester or similar highly electron-withdrawing functional groups. This unwanted
reactivity precluded use of 4-methylazulene as a precursor for a tethered deprotection-based

protecting group.

The guaiazulene esterand tethered deprotection

Guaiazulene avoids the regioselectivity issue faced by 4-methylazulene, through the presence of
the methyl on the 1-position blocking off electrophilic attack. Acylation of guaiazulene was well
understood as it was a focus of my Master’s research, though adaption of this chemistry into a

protectionreaction had not been performed previously.

Yields of the methyl ester of guaiazulene of up to 90% were obtained during my Master’s work
when using an excess of methanol. A protocol for protection is necessarily different, as the alcohol
substrate must be the limiting reagent. Repeating the protocols previously developed with
menthol as a limiting reagent gave a low 42% yield of 148, and significant formation (46% w.r.t

guaiazulene) of the diguaiazulenyl ketone by-product 149 (Scheme 53).

1. (COCl),, CH,Cl,, 35 minutes O
y
2. Menthol 148 o . G O

3.Pyridine
2 42%

WO,

o}
149

"y

&

Scheme 53. Synthesis of the guaiazulene menthyl ester 148

Nevertheless, enough of the desired material 148 was obtained to allow exploration of the
deprotection conditions, through both acidic ester hydrolysis and saponification, in addition to the

tethered deprotectionroute.
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Guaiazulene esters are even more resistant to saponification than azulene esters. Heating 148 at
reflux overnight in 0.7 M KOH in EtOH gave only 25% deprotection (as measured by 'H NMR
spectroscopy of the crude mixture), in comparison to full deprotection of the azulene ester 122 in
the same conditions. However, the guaiazulene ester 148 was much more amenable to acidic
hydrolysis, giving complete deprotection when subjected to 10% aq. HCl in EtOH and heated at
reflux over two hours (Scheme 54). In comparison, the azulenyl ester 122 gave only 8%
deprotection under similar conditions. This pattern of reactivity can be explained through the
presence of the alkyl groups around the guaiazulene ring making it more electron rich in
comparison to azulene, and thereby promoting the acidic hydrolysis pathway while impeding the

basic hydrolysis pathway.

Neither of these reactions are particularly useful as deprotection protocols as they nevertheless
require conditions that are much harsher than those that an organic substrate of any complexity

could be expected to be compatible with.

KOH, EtOH,

r 25% deprotection
overnight, reflux
S
o & 2:1 EtOH/ 10% HCI (aq.)

- Full deprotection
148

2 hours, reflux

Scheme 54. Attempted one-step deprotection of the guaiazulene menthyl ester 148

Two general strategies of tethered deprotection were envisaged. The deprotonation-
hydroxymethylation of a 4-methylazulene could be performed as a two-step process involving
irreversible deprotonation of the 4-methyl group with a strong base followed by addition of
paraformaldehyde, or in a single step by addition of a weaker base (so as to form an equilibrium
with the deprotonated species) in the presence of paraformaldehyde. The first strategy was
carried out by using alkali metal hexamethyldisilazide salts as strong bases (which, although
insufficient to deprotonate unfunctionalised methylazulenes, are sufficiently basic to completely
deprotonate methylazulenes with electron withdrawing substituents such as esters). Addition of
KHMDS in Et;0 resulted in a rapid deprotonation (indicated by a colour change from purple to
light brown), however addition of paraformaldehyde only gave 40% reclaimed starting material
and unidentifiable degradation material. The same reaction performed with LiHMDS gave 22% of
the hydroxymethylated product 150 and trace amounts (<1%) of the intended 7-membered

lactone 151, as well as trace amounts of free menthol (Scheme 55).
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Scheme 55. Attempted tethered deprotection using LIHMDS

The second strategy involved addition of DBU in MeCN. DBU, while being much stronger than any
known amine base, is weaker than alkali HMDS salts. (In THF, the conjugate acid of KHMDS has a
pKa of 26, whereas that of DBU has a pKa of 16.9). 19

Addition of DBU and paraformaldehyde to 148, followed by a two day reaction period at room
temperature afforded the hydroxymethylated product 150 in 16% yield and the bis-
hydroxymethylated product 152 in 38%yield (Scheme 56). No menthol was detected.

DBU, paraformaldehyde OQ
MeCN 2 days, r.t.
\ \\
\\\\ N ™

152

16% yield 38% yield
Scheme 56. Room-temperature reaction of 148 with paraformaldehyde and DBU

Repeating the reaction at elevated temperatures (1 day at ~35 °C, followed by 1 day at reflux)
gave a more complicated mixture of products. In addition to the products 150 and 152 at 16%
and 10% yields respectively, this reaction returned the purple lactone 151 in 10% yield and a
hydroxymethylated lactone 153 in 3% yield. By tH NMR integration, 17% yield of deprotected

menthol wasobserved for this reaction (Scheme 57).

OQ DBU, paraformaldehyde OQ OQ
MeCN, ~35°C, 1 day
reflux, 1 day
o \\
S

K 10% yield
148 oY 3% yield

150 152
+ 16% yield + 10% yield

Scheme 57. Reaction of148 at elevated temperatures gave some deprotection and formation of the lactones 151 and 153

69



While these reaction conditions were milder than the conditions required for saponification, they

are still too harsh and low-yielding for usein an end-stage deprotectionreaction.

As an aside, the lactones 151 and 153 are a different colour to the acyclic esters, being purple
rather than indigo. The carbonyl of the lactone is constrained in a co-planar arrangement with the
azulene ring system, and it is thought that the heightened degree of overlap between the m-
systems of the two results in a greater electron withdrawing effect from the carbonyl, and

consequently a hypsochromic shiftin absorbance towards the purple.

The 4,6,8-trimethylazulene ester and tethered deprotection
Finally, the reactivity towards acidic, basic and tethered deprotection was investigated for 4,6,8-

trimethylazulene esters.

The protection step was performed using the same general technique as employed with the
azulene esters, but, as is usual with this class of compounds, various idiosyncrasies in the

reactivity of 4,6,8-trimethylazulene had to be overcome.

In refluxing MeCN, the 4,6,8-trimethylazulene ketoacid chloride 154 would convert to an acid
chloride 155 in approximately 7 - 8 minutes, which was accompanied by a colour change from
orange to an intense red-pink. At the 20 minute mark, this red-pink changed to a deeper ‘brick-
coloured’ red-brown, and at this point addition of the alcohol followed by pyridine saw the
product obtained in only single digit yields (9% and 3% after 20 minutes and 30 minutes at reflux
respectively). The major product was a highly-insoluble brick-red powder that is believed to be

the 4,6,8-trimethyazulene ketone oligomer 156, on the basis of its colour and insolubility

(Scheme 58).
(COCl),, MeCN / N
0 -
—_—

9

154

o
Cl
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Scheme 58. Hypothesised origin of the brick-red substance 156

The highest yields of these protection reactions were obtained by addition of menthol at the 7
minute mark, immediately after the colour change from orange to pink-red was observed. This

returned a 50% yield of the desired ester 157 (Scheme 59).

1.(COCI);, (1 eq.),MeCN 7 min reflux
Q : o \\ +44% SM
2.Menthol 157 Io! N

3.Pyridine N
9 50%

Scheme 59. Synthesis of the 4,6,8-trimethylazulene menthyl ester 157

A slightly higher yield was obtained by adding an excess of menthol (making this method
inapplicable as an example of a protection reaction) after 9 minutes. A 62% yield of the desired

product was obtained, alongwith 36% yield of the bubblegum-pink menthyl diester 158 (Scheme

60).
1.(COCI), (2.3 eq.), MeCN, 9 min reflux !
—_—
Q 2.Menthol (excess) d e L
3.Pyridine J + 157 &
9
%,

’l
64%

"o 0
R
NI
adn
38% 158

Scheme 60. Synthesis of the mono-ester 157 and di-ester 158

The observed reactivity of the 1- and 3-positions in the formation of 158 is unusual with respect
to other azulenes. 1,3-Bis-addition is not normally observed in the reactions of azulene with oxalyl
chloride, despite the potential for bis-addition of both azulene and oxalyl chloride. This is because
the initial product of the reaction between azulene and oxalyl chloride — an azulene acyl chloride
or keto-acyl chloride - is less nucleophilic than azulene and less electrophilic than oxalyl chloride.
When reaction times are relatively short and there is no vast excess of one reagent over the other,

such dimers are not observed (Figure 46).
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Figure 46. Azulene keto-add chloride 159 can react with a second equivalent of azulene or oxalyl chloride, but both
pathways are much slower than the initial reaction

The presence of dimers in the reactions involving 4,6,8-trimethylazulene suggests that these
dimer-forming reaction steps are more favoured than they are for azulene. Since the electronic
effects of the electron donating methyl groups should affect the reactivity of all azulene species
equally, this effect is thought to be steric in nature - the presence of the methyl group causes the
carbonyl group to be pushed out of plane with the azulene (Figure 47), thereby mitigating the
electron withdrawing effect on the azulene system and allowing the 3-position to undergo
nucleophilic attack on oxalyl chloride more readily. Such an effect also explains why the formation

of other azulene-based analogues of the insoluble compound 156 are not observed.

(6]
Cl

aN :

= =

O

Cl

Figure 47. The presence of the methyl group atthe 4-position is thought to force the keto-acid chloride out of plane,
diminishing its electron-withdrawing effect over the azulene ring system

With sufficient material to proceed, the deprotection characteristics of the 4,6,8-trimethylazulene

menthyl ester were subsequently investigated.

The 4,6,8-trimethylazulene menthyl ester 157 proved even more resistant to basic hydrolysis
than the guaiazulene ester, providing 12% consumption of the starting material and only 6% yield
of menthol from heating at reflux overnight in 0.6 M KOH in EtOH. Surprisingly, this ester also
proved to be less amenable to acidic hydrolysis than the guaiazulene menthyl ester 148, with

complete deprotection occurring in aqueous HCl/methanol at reflux after 4.5 hours (Scheme 61).
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Scheme 61. One-step deprotection characteristics of the 4,6,8-trimethylazulene menthyl ester 157

Finally, the tethered deprotection chemistry was investigated. It was expected that the ester 157
would fare even more poorly than the guaiazulene ester 148, due to the additional sites at which
superfluous hydroxymethylation could take place, so 157 itself was not investigated. Instead, 157
was nitrated to form the 1-nitroazulene ester 160 in 52% yield using Menke nitration (Scheme
62). It was hoped that the 1-nitro group would not only aid in deprotonation and
hydroxymethylation, but would also increase the reactivity of the ester towards nucleophilic

attack.

Q CU(N03)2 . 3H20 Q
—_—
S \\ACZO S \\
o} N o N

157 N 160

52%

Scheme 62. Nitration of 157 to form 160

A tethered deprotection was then attempted. DBU was added to a solution of 160 and
paraformaldehyde in MeCN. An immediate colour change from orange to yellow was observed,
indicating deprotonation (Scheme 63). Over the course of the reaction, highly polar orange
material was produced (as measured by TLC), suggesting hydroxymethylation. However, no free

menthol could be observed on TLC or in the 1H NMR spectrum of the crude sample.

NO,
! DBU, paraformaldehyde» complex mixture of polar products
o MeCN, 1 day r.t. no free menthol observed
o N reflux, 4 hours

\
»

160
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Scheme 63. Attempted tethered deprotection of 160

With the lack of success of the guaiazulene and 4,6,8-trimethylazulene esters towards tethered

deprotection, thisline of investigation was halted.

3.6 Summary of chapter 3

Flaws were exposed at an early stage for the protecting group candidates 79 and 82, with the 1-
azulenylmethylene 79 being too unstable in open air to be usable, and the 1-azulenesulfonamide

82 expected to be far too difficult to remove with mild conditions.

Protection and deprotection methods for alcohols with the 1-azulenyl ester 74 were
demonstrated. Unfortunately, the successful deprotection methods found for this protecting group
were far too harsh to be of practical use in most total syntheses — especially as it is intended for
these protecting groups to be removed during the synthetic endgame, where the need for mild
reaction conditions is paramount. One-step deprotection required harsh basic conditions of
KOH/EtOH at reflux overnight in order to proceed to completion, and the most successful two-
step deprotection - nitration - only succeeded in increasing the reactivity by about a hundredfold,
which was deemed insufficient to allow for acceptably mild deprotection conditions for use in

complex molecule synthesis.

Replacing azulene with other alkyl-substituted azulenes gave even more recalcitrant ester
protecting groups. Tethered deprotection using guaiazulene esters was shown to work in
principle, but in practice the reactivity was far too low and the reaction conditions far too harsh

for this method to be useful as a deprotection strategy.

Due to these factors, it was decided that 1-azulenyl esters would not be viable protecting groups
in organic synthesis. While they are not precluded entirely from some sort of protecting group
function (i.e. in uses such as coloured tags where deprotection is not important, or in a synthesis
where the final substrate is sufficiently stable to withstand the harsh deprotection conditions),

these applications were deemed too far outside the scope of this projectto pursue.
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Chapter 4. Base-labile 6-substituted
azulene  protecting  groups  for
carboxylic acids, alcohols and amines

4.1 Introduction

After exhausting the possibilities for mild deprotection of azulene 1-esters, 6-substituted azulenes
were investigated for their potential as protecting groups, with 6-(2-hydroxyethyl)azulene as the
precursor (Scheme 64). Despite early difficulties with synthesising sufficient material for testing,
this project met with significantly more success than the 1-azulenyl ester chemistry discussed in

Chapter 3, with mild and high-yielding protection and deprotection (one and two-step)

methodology developed.
O
RX
Protection Deprotectlon +
— RX—<
M|Id base
0
X=C, N, O

Scheme 64. The protecting group candidate 89

The key to the function of 6-substituted azulene protecting groups was exploitation of the acidity
of the protons adjacent to the 6-position. Upon treatment with the appropriate (typically amine)
base, an equilibrium is formed between the starting material and the resonance-stabilised
carbanion 161 (Scheme 65). This induces an elimination through an E1cB mechanism,

regenerating the original substrate.!

) _Rx—/<_
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Scheme 65. General deprotection mechanism of the protecting group candidate 89
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4.2 Synthesis of 6-(2-hydroxyethyl)azulene

From the outset, it was clear that large quantities of 6-(2-hydroxyethyl)azulene (90) would be
needed for this project. For this, the synthesis of 1-methyl-4-(2-hydroxyethyl)-7-isopropylazulene
162 from guaiazulene that was developed during my Master’s research was adapted (Scheme
66).2 Hydroxymethylation was achieved through deprotonation with LDA at 0 °C, followed by
addition of paraformaldehyde.

1. LDA, THF
q
2. (CH,0),

2 162 OH
1. LDA, THF
—— B
2. (CH,0

10 ( 2 )n HO 90

Scheme 66. Hydroxymethylation of guaiazulene (2) and 6-methylazulene (10)

It was known from this previous work on guaiazulene that deprotonation/hydroxymethylation
often gave low and inconsistent yields of 162 (ranging from 13% to 67% with an average of
35%).2 A few initial reactions with 6-methylazulene indicated that this pattern would be repeated,
with yields ranging between 20% and 68% despite little variation in the reaction protocol.
Considerable effort was therefore invested in finding higher-yielding and more reliable reaction
conditions and determining the causes of the low and variable yields. While no definitive
explanation of this variability was found, reaction protocols (described in section 4.2.2) were

eventually established that gave more consistent yields of 50-60% with a highest yield of 73%.

There are many factors at play in this chemistry, some of which are controllable - such as
concentration and reaction temperature - and others are inherent to the chemistry of the
reagents, such as the complexity of organolithium chemistry and the quantity of water present in
paraformaldehyde. Obtaining definite correlations between these variables and yield was fraught
with difficulties, and often a clear correlation would appear, only to disappear after additional

reactions were performed.
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4.2.1 Investigation of the deprotonation step with methyl
iodide

The chemistry of LDA-mediated deprotonation is notoriously complicated.3 Optimisation of the
deprotonation step of the synthesis, and exploration of the fidelity of the deprotonation step is

essential to the optimisation of the overall reaction.

LDA was typically made by addition of n-BuLi (1.7-1.9 M in cyclohexane) to diisopropylamine in
THF at 0 °C. Deprotonation of 6-methylazulene (and likewise, guaiazulene and 4,6,8-
trimethylazulene) produces a colour change from indigo to a colour ranging from golden brown to
grey-brown depending on the concentration. The resulting azulenide anion 163 absorbs much
less strongly in the visible region, and reaction mixtures that are rendered completely opaque by
the starting material often become somewhat transparent after deprotonation. As a result, even a
small amount of 6-methylazulene - whether unreacted or reprotonated - will discolour the
deprotonated reaction mixture quite noticeably to a khaki green. This allows the observer to tell if

the deprotonation has reached completion or not with relative confidence.

After full deprotonation was visually confirmed through colour change, the reaction was
quenched in order to determine the extent of reaction. Initially thiswas done through the addition
of D20, but use of methyl iodide was found to be more amenable to analysis. Methyl iodide reacts
somewhat faster with the anion than D20, and the proportions of the resulting reaction mixture of

6-methyl- and 6-ethylazulene 164 were easier to evaluate by 1H NMR integration (Scheme 67).

D)

Q LDA, THF Cb % Q
10 163 =< F‘
164

Scheme 67. The two methods of investigating the extent of deprotection

Initially, deprotonation was carried out such that LDA was added to the reaction mixture, rather
than the reaction mixture to LDA. Through this method, yields were obtained ranging from 50%
to 80% of 6-ethylazulene 164. This method suffered from two drawbacks. The first was
determining the concentration of LDA: LDAwould be titrated prior to use (see titration method in
chapter 7), but the values obtained would often vary from the calculated values (the number of
moles of n-Buli divided by the total volume of LDA, THF and the n-BulLi solution) by about 30% in
either direction, creating an uncertainty in the quantity needed for addition into the reaction

mixture. Reasonable doubt can be placed on the accuracy of both estimations - the titration
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method gave concentrations that varied considerably between individual runs (in some cases up
to 40% variation). In comparison, titration of n-BuLi using the same method gave a much smaller
variation, of the order of 5%. Calculation of the concentration of LDA from the volumes of the
added reagents diisopropylamine, n-BuLi and THF, assumes that no change in density takes place

upon mixing, whichis not necessarily the case.

The second drawback was formation of small (~2% yield) quantities of a dimeric by-product 165
(Figure 48). Through addition of the 6-methylazulene-containing reaction mixture to the LDA
solution, a slightly better overall yield of 83% was obtained. The issues with determining the
concentration of the LDA mixture were simply bypassed. Also, formation of the dimeric impurity
165 was no longer observed in these reactions. It is believed that 165 is formed through a radical
mechanism when 6-methylazulene and the azulenide 163 are both present in the same mixture.
When adding the reaction mixture to LDA through a cannula, LDA is always in excess so mixtures
of 6-methylazulene and 163 cannot occur. While the overall yield did not see much improvement
(83% vs 80% for best case) between these two addition methods, the reverse addition method
did improve the reliability and ease of the process, preventing the formation of 165 which

occasionally was observed to degrade during chromatography and foul up the column.

ey R

Figure 48. The dimer 165

Nevertheless, the high 83% conversion obtained indicates that the deprotonation step in the

formation of 6-(2-hydroxyethyl)azulene isnot the primary cause of the low yields of 90.

4.2.2 Optimisation ofthe formation of 90

Following the model reactions with methyl iodide, the reaction of the azulenide 163 with
paraformaldehyde was investigated in depth. Firstly, the same reverse addition method used in
section 4.2.1 was adopted. Despite this, the yields of these reactions were lower than those that
formed the ethylazulene 164, typically between 25-50% and never above 61%, with not-
insignificant quantities of starting material (10-20%) recovered and other by-products being

generated.

There are two highly polar products that were regularly observed in these reactions. The azulene
derivative 166 was often seen in ~10% yields, presumably from addition of paraformaldehyde to

the nucleophilic 1-position (Figure 49). Smaller quantities of an even more polar compound were
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sometimes observed. This compound has never been isolated in sufficient purity to identify by

NMR, butit is thoughtto be the triol 167 based on this polarity.

OH OH

SEWASS,

166 167

HO

OH
Figure 49. By-products of the formation of 90

Hydroxymethylation of the 1-position of azulene by paraformaldehyde is typically performed
under acidic conditions.* It is not clear how the formation of 166 and 167 takes place. When
azulene was treated with paraformaldehyde in the presence of KOH, no reaction occurred.
Likewise, when the reaction is repeated with 6-ethylazulene and in the additional presence of
diisopropylamine, no reaction occurred. Only when azulene was treated with LDA before addition

of formaldehyde gas was the 1-hydroxymethylazulene 111 formed in 9% yield (Scheme 68).

THF, KOH, (CH,0),
\Z
Q 7< >

OH

o4

111

OH
/ N THF, KOH, (CH20), NH'Pr,
=
N 1.LDA, THF
OO 22— 0
— S 2. CH,0 gas

9% OH
Scheme 68. Attempted replication of the conditions that form 166 and 167

When summed, the yields of the starting material 10, the product 90 and the by-products 166 and
167 did not always account for the entire mass balance - significant quantities of degradation to
highly-polar green material was often observed. The lost material ranged in yield from 1% to 60%,
and the resultant green material would in extreme cases discolour the column during

chromatography and obfuscate the eluting blue fractions.
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Investigation of the paraformaldehyde addition step

Further understanding of the nature of formaldehyde and paraformaldehyde was needed in order
to optimise the reaction conditions. Formaldehyde gas itself is unstable, and readily polymerises
to polyoxymethylene on cold surfaces (Figure 50). As a result, formaldehyde is almost never

handled as a gas on its own.

+H20
0] 0}
nCH0 |/—= H N TH
-H,0
Figure 50. Equilibrium of formaldehyde with polyoxymethylene

There are three main ways of storing and using formaldehyde. The first, formalin, is a solution in
water typically consisting of 37% formaldehyde by mass. The second is 1,3,5-trioxane, the cyclic
trimer of formaldehyde. 1,3,5-Trioxane is a solid, and forms an equilibrium with formaldehyde in
the presence of acid, and can decompose to formaldehyde at 270 °C or higher.5 The third is
paraformaldehyde, a specific type of polyoxymethylene powder, usually 8-100 monomer units
long capped by OH groups. Paraformaldehyde can be depolymerised to formaldehyde in the

presence of base, or it can be decomposed by heat to form formaldehyde gas.

Of the three forms, only paraformaldehyde was seriously considered as a formaldehyde source.
1,3,5-Trioxane was tried a handful of times as a reagent, but with no reaction observed. Formalin

was rejected because the aqueous environment was incompatible with the chemistry.

Paraformaldehyde is a frustratingly ill-defined material. The main concern affecting reactivity is
that every oligomeric unit contains one equivalent of water. This one equivalent cannot be
removed by drying, as it makes up the end cap of the oligomer and is only released on
depolymerisation. On a molar basis, an oligomer n units long will have a water content of
100/(n+1) % and therefore will be 100*(n/(n+1)) % pure. Little information is given on the
distribution of chain length in individual batches (a range of 8-100 is normally cited), but the
average degree of polymerisation can be calculated from the stated purity of the
paraformaldehyde. Commercial batches usually come with a purity of 90%, with the other 5%
being primarily water. From this, it can be determined that one twentieth of the substance is

water and therefore that the average chain length is 20.

The water content and chain length matters, as it affects not only the amount of water present in
the reaction, but also the rate of reaction. The mechanism of paraformaldehyde depolymerisation
is roughly the same irrespective of the mode of decomposition: the terminal protons are removed

either by base or by heat, and the polymer spontaneously depolymerises from the ends inwards.
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The rate of depolymerisation is proportional to the quantity of capping hydroxyl groups present,
and therefore inversely proportional to the average chain length of the paraformaldehyde

oligomer. The greater the average polymer chain length, the slower the release of formaldehyde.

There was a slight negative trend observed between the excess amount of paraformaldehyde and
the reactionyield that suggests the water evolved from paraformaldehyde does play a detrimental

part (Figure 51).
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Figure 51. Relationship between the excess of paraformaldehyde and the isolated yield of 90

When plotting the number of equivalents of paraformaldehyde versus the yield of 90, a negative
correlation with an R2 value of 0.21 was seen. An R2 value this small cannot be used as anything
more than the barest suggestion of a correlation, though it is worth noting that a poor correlation
would be observed even from a strong dependence, due to the lack of systematic control over the

other variablesin these reactions.

Formaldehyde gas was typically introduced to the reaction mixture by heating a separate vessel
containing paraformaldehyde and connected to the reaction vessel via cannula. Typically, no other
flow of gas was present. Occasionally, when blockages in the cannula occurred, the remaining
paraformaldehyde powder was added directly to the reaction mixture. Both methods have their
disadvantages. Direct addition required the septum be removed briefly in order to add the
powder, potentially introducing oxygen and water to the reaction mixture. Paraformaldehyde
powder also reacts comparatively slowly - sometimes taking half an hour at 0 °C before going to
completion. Cannulation of formaldehyde gas resulted in a much faster reaction, such that the
reaction vessel was occasionally observed to go from golden-brown to blue almost
instantaneously. However, the newly-formed formaldehyde gas is hot, which creates the potential

forunwanted side-reactions.
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Distribution of reaction yields by mode of addition of
paraformaldehyde
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Figure 52. Distribution of yields of 90 for the mode of addition of formaldehyde

From Figure 52, it can be seen that the yields from formaldehyde added as a gas are much more
variable then the yields from addition of paraformaldehyde powder. The average yields (when
discarding the outlier at 0-5%) are both approximately the same - 46.3% for powder addition,
and 45.7% for gas addition. Addition of formaldehyde as a gas is clearly necessary if optimum
yields are to be obtained, but without eliminating the source of the poor and variable reactivity,

both methods would be equally efficient over the long run.

Investigation of concentration effects

Reaction concentration was another factor that was investigated, but was ultimately found to have
no effect on overall yield. There was a concern over a certain aspect of lithium chemistry, in that
the lithium cation coordinates readily to any compound carrying a lone pair, and the number of
possible species in any given reaction mixture can be combinatorially vast.6 There have been
examples before of higher-order aggregates inhibiting reaction rates in concentrated solutions,
and it was thought that by increasing the dilution, the formation of such aggregates would be

reduced.
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Figure 53. Relationship between concentration and the yield of 90
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When plotting reaction concentration vs yield, no correlation was observed (R2=0.05) (Figure 53).
While this does not rule out aberrant behaviour resulting from lithium coordination, it does

present strong evidence of a lack of aggregation effects.

Effect of dry ice/ethylene glycol bathandscaling up

The ice-water bath used to maintain the temperature of the reaction was considered to be a
potential source of reprotonation. Despite all reactions being performed with a rubber septum
under inert atmosphere, a slow colour change of the golden-brown solution of the azulenide 163
to green-blue upon sitting was often observed, suggesting reprotonation through penetration of
water through the septum. When performing this reaction using an ethylene glycol/CO. bath
(-30 °C), the golden-brown azulenide species 163 retained its colour for much longer. The first
attempt at performing this reaction with an ethylene glycol /CO- bath gave a record 73% yield that

so far has notbeen matched.

Nevertheless, encouraged by this high yield, the reaction was gradually scaled up from the 100 mg
scale to the gram scale. The yields from these reactions typically ranged from 52% to 62%, a
marked increase in consistency. It is not clear whether this increased consistency is due to the
larger scale or due to the use of the ethylene glycol/CO; bath. Unfortunately, at the gram scale, the
cannula transferring formaldehyde gas into the reaction mixture would regularly get blocked with
paraformaldehyde solid, necessitating direct addition of the powder and resulting in diminished
yields. This would occur even in a 14-gauge (1.5 mm inner diameter) cannula, the largest bore

availablein the lab.

Othervariables and their effects

Several other variables were considered. Glassware and reagents were subject to varying amounts
of drying - including storage of all reagents in a desiccator over phosphorus pentoxide, and
rigorous drying of all glassware with a heat gun under vaccuum. To our knowledge, use of
rigorous drying techniques over and above the normal precautions (oven-dried glassware, dry

solventsand inert atmosphere) had no measurable effect.

The formaldehyde gas is typically transferred via cannula from a sealed vial containing
paraformaldehyde. In an attempt to circumvent blockage of the cannula during addition, a positive
nitrogen flow through the cannula was tried, which resulted in very low (~25%) yields.
Attempting to dry the formaldehyde gas by passing it through a calcium chloride plug resulted in
no gas flow beyond the plug.
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Washing the product 90 with dilute hydrochloric acid during the workup procedure was found to
cause rapid degradation. Even after removal of the aqueous layer and the subsequent
chromatography of the organic layer, 6-(2-hydroxyethyl)azulene would degrade to a green

material in minutes.

Formation of the unsymmetrical dimer 168

Alongside 6-(2-hydroxyethyl)azulene (90), these reactions often gave small quantities of an
unsymmetrical dimer 168 (Figure 54). It had been occasionally observed that the 6-(2-
hydroxyethyl)azulene spot on the TLC plate would over time resolve into two spots with very
similar R¢ values; one major and one minor, but the minor would seemingly disappear during
column chromatography and in the 1H NMR spectrum. It was only when an NMR spectrum was
obtained of 6-(2-hydroxyethyl)azulene with peaks attributable to 13C satellites appearing to be in
10% abundance, that it was realised these peaks in fact belonged to the missing minor product

(Figure55).

Frustratingly, this compound was very difficult to separate from 6-(2-hydroxyethyl)azulene (90).
The two compounds have very similar Rr values in many solvents, with a significant degree of
overlap. Purification of large quantities of the impure 90 was tedious, as performing column
chromatography on the mixed fraction gave a separation of approximately 50% each time. Even

after successful separation from 90, the fraction containing 168 was not wholly pure.

The tH NMR spectrum of compound 168 (Figure 56) shows that the aromatic proton peaks are
shifted simultaneously upfield and downfield, on account of the compound’s slightly asymmetrical
structure. The off-centre hydroxymethyl appears to slightly shield one azulene ring and deshield

the other. When compounded with its relative abundance of 2-4% it was able to almost flawlessly

masquerade as satellitesof 90 (Figure 55).

OH

SSER".-

Figure 54. The unsymmetrical dimer 168
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Figure 55. An expansion of the 'H NMR s pectrum of impure 90, showing peaks belonging to the 4- and 2-positions with the
peaks belonging to the dimer 168 masquerading as carbon satellites, and the satellites themselves.
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Figure 56. Spectrum of 168 with blowup of aromatic region

The assignment of this structure was based on the COSY and HSQC data from the aliphatic region,
as well as the presence of two non-identical azulene rings. The HSQC spectrum shows four unique
carbon environments, with three methylenes and a methine. The protons on one methylene are

non-equivalent. Performing a COSY walk from 3.86 (CH2, adjacent to the hydroxyl) gives the
sequence 3.02(CH) 2.13(CHz) = 2.73(CHz) (Figure57).
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Figure 57. COSY correlations for the structural assignment of 168

[t is unclear how the compound 168 forms in the synthesis of 90. A brief retrosynthetic treatment
suggests that one equivalent of 6-(2-hydroxyethyl)azulene becomes deprotonated at the
sidechain adjacent to the 6-position, which then goes on to react with positive charge beta to the

6-position on the other equivalent (Scheme 69).

OH

P Y

Scheme 69. Retrosynthetic analysis of 168

Formation of a carbanion on a compound with a free hydroxyl (whether protonated or
deprotonated) is unlikely, so this suggests the hydroxyl on 169 is substituted somehow. There are
two main possible identities for the carbocation synthon 170, either 6-vinylazulene or a 6-(2-
alkoxyethyl)azulene 171 substituted with a leaving group (Figure 58). 6-Vinylazulene (94) was

judged to be unlikely, asit has never been observed as a product of these reactions.

Figure 58. Possible identities of the synthon 170

One plausible mechanism involves the formation of an oxymethylene chain on the end of
6-(2-oxyethyl)azulene 172 to form 173. Formaldehyde gas readily condenses and repolymerises
in solution to form an equilibrium with paraformaldehyde, so the formation of
6-(2-ethylenyl)azulene end-capped polyoxymethylene 174 is not outside the realm of possibility
(Scheme 70.) Formation of 174 circumvents the two mechanistic problems discussed earlier -
the acidic position adjacent to the 6-position on azulene is spatially more removed from the
hydroxyl functionality at the end of the oxymethylene chain, and the chain also functions as an

acceptableleaving group.
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Scheme 70. Proposed mechanism of the formation of 168, where n > 1

Summary
Efficient synthesis of large quantities of 6-(2-hydroxyethyl)azulene (90) was crucial to the success
of the 6-substituted protecting group 89. Many variables were investigated and found to have no

detectable effect on the overall yield. Use of an ethylene glycol/dry ice bath gave much more
consistent results and resulted in a modest overall increase in yield. There nevertheless remain
possible ways of increasing the overall yield (perhaps by further preparation or manipulation of
paraformaldehyde), but nevertheless enough pure 6-(2-hydroxyethyl)azulene had been generated

for subsequent protection and deprotection studies.

4.3 Development of protection methodology

With 6-(2-hydroxyethyl)azulene in hand, exploration of the conditions necessary for alcohol,

amine and carboxylic acid protection commenced (Scheme 71).

HO 920 O RCOOH
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Scheme 71. Amines, alcohols and carboxylic acids were targeted as substratesfor development of protection methodology
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Carboxylic acid protection was to be achieved through esterification of the acid substrate with 90.
There are many easy and high-yielding esterification protocols available from which a protection
reaction could be developed, such as Yamaguchi,” Steglich,8 Mitsunobu,® Corey-Nicolaou,1© and

other protocols (Scheme 72).
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Scheme 72. General strategy of protection of alcohols, amines and carboxylic acids

Access to alcohol and amine protection was to be achieved through treatment of 90 with
carbonyldiimidazole (CDI) to form the carbonylimidazole species 176, followed by treatment
(either in one pot or after a purification step on 176) with the alcohol or amine substrate to form

the corresponding carbonate 92 or carbamate 93, respectively.

4.3.1 Carboxylic acid protection

Protection of carboxylic acids was chosen as the first area of investigation. There are many
effective and high-yielding procedures for ester formation, so the development of protection
methodology was expected to be relatively easy in comparison to the methodology for alcohol and
amine protection. This was indeed the case, and efficient protection through Steglich esterification
allowed rapid progress to be made towards investigation of the deprotection conditions covered

in chapter 5.

The carboxylic acid chosen for the initial investigation was cinnamic acid 177. This is because
cinnamic acid is relatively non-polar for a carboxylic acid, easy to handle, easy to identify and
integrate in a 1H NMR spectrum and easy to visualise on TLC, whether under UV or with a

permanganate stain.

The original intention was to do a survey of many established esterification reactions to find

suitable protection conditions. This turned out to be unnecessary, as after trialling Yamaguchi
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esterification and thionyl chloride-based activation of cinnamic acid, Steglich esterification was

settled on as a reliable, high yielding, mild protection protocol.

The yields for Yamaguchi esterification were low, typically producing the cinnamate 178 in yields
of less than 50%. An inseparable by-product was present in the purified material, and the 1H NMR

spectrum of the mixture suggested the presence of the trichlorobenzoate ester 179 (Scheme 73).

Yamaguchi esterification
1.C,HgCl3-COOH
OH 2HeCl3 \ o]

base, THF
\ e 47%
177 S 2. DMAP, 178 0
W | (0
HO

90 0
“ 179 13%
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Scheme 73. Yamaguchi esterification of cinnamicacid 177 with 90 gave incomplete conversionto 178andsmall amounts
of a compound thought to be 179

Direct reaction of 90 with an acid chloride generated using thionyl chloride resulted in complete
degradation of the azulene moiety, with no detectable azulene species present by TLC (Scheme
74). It is believed this degradation is due to the sensitivity of 6-(2-hydroxyethyl)azulene to the
acidic conditions present in the reaction mixture. As mentioned in section 4.2.2, hydrochloric acid

would induce rapid degradation of 6-(2-hydroxyethyl)azulene.
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+ @ P Complete degradation

A

Scheme 74. Attempted coupling of 90 with cinnamyl chloride

HO

Steglich esterification

Steglich esterification involves the use of stoichiometric quantities of the carbodiimide DCC
(although EDCI can be employed to the same effect) and catalytic quantities of DMAP to
deprotonate the acid and reprotonate the species 180 (Scheme 75).8 It is a robust and mild way
of generating esters at room temperature. As a protection reaction, these features are ideal, with

the only drawbacks being the inability to protect a carboxylic acid when an unprotected hydroxyl
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group is present elsewhere in the molecule (as intermolecular esterification and/or lactonisation

can occur) and the occasional difficulties with removing the dicy clohexylurea by -product 181.

JilQ
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DMAP - H*

o QJLQ‘— %
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Scheme 75. Mechanism of Steglich esterification

Steglich esterification of cinnamic acid with 6-(2-hydroxyethyl)azulene using DCC as the coupling
reagent gave the desired ester in yields ranging from 83% to 93% in 3 hours (Table 8). Use of
EDCI resulted in more sluggish esterification, which would explain the somewhat lower yield of
79% over the same time period. The ester coupling for 178 (and all other esters) was confirmed
by HMBC correlation between the carboxylate carbon and the methylene protons on the distal end

of the 6-(2-oxyethyl)azulene moiety.

OH

\ 178
177 O  DCC or EDCI, DMAP Q
> 0
CH,Cl,, 3 hours \ 79 - 93%
- 0
9 b

HO
90
Table 8. Steglich esterification of cinnamic acid (177) with 90

Coupling agent | Eq.couplingagent | Eq.90 DMAP /mol% Yield %
DCC 1.27 0.77 10 83

EDCI 1.1 1.18 12 79

DCC 1.1 1.13 17 93

DCC 1.09 091 32 89

With such high yielding and clean reactions, the protocol was scaled up to produce sufficient
amounts of material for further deprotection studies, as well as create a selection of other

protected acids with differing physical and electronic properties (Table 9).
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i O O
©)J\ 182 © 75%
. = O
O)‘\ 183 © 77%

O 0
7 O O
184 O 87%
(0] 0 (o)
o A, [ )< 0
\ ! 185 O 83%
0
@ OH o
e () N,
o)
186 77%
o) O,N
OH Q
o)
187
NO, OzN 92%
T < D0
o
ol
83%

B\W/\\(OH M/\\SO - OO

o)

93%

Table 9. A selection of carboxylic acids were protected through Steglich methodology
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With the exception of the esterification of azulene-1-carboxylic acid 75, all of these reactions were
complete in 3 - 4 hours. For the coupling of 75, the reaction required heating at reflux overnight
and stoichiometric quantities of DMAP to proceed to completion. The sluggishness of this reaction
was presumably due to the low acidity of the carboxylic acid group. Azulene-1-carboxylic acid has
a pKa of 7 on account of the electron-donating nature of the azulene ring, whereas other
carboxylic acids have pKas that typically range from 3.5 to 5.11 As a result, 75 is more resistant to

deprotonation by DMAP.

Solid-state protection of carboxylicacids

Protection of carboxylic acids through Steglich esterification is by no means restricted to the

solution phase.12 High-yielding solid-state esterifications have been shown to be possible by

Cedric McLeland et al.13

The cinnamate 178 and benzoate 182 have been made by grinding the starting materials in a
mortar & pestle for approximately 10 minutes (Table 10). The yields for these reactions were
usually slightly lower than those of solution-phase Steglich esterifications, probably due to the
incomplete mixing that is typical of solid-phase reactions. Both DCC and EDCI can be used in these
solid-state reactions, although as before, EDCI reacted more sluggishly and required a longer

grinding period.

0 . O
Coupling agent, DMAP
- I -«
HO R OH grinding, 10 minutes 0

Table 10. Solid state Steglich syntheses of esters 178 and 182

Carboxylicacid Coupling agent Eq.couplingagent | Yield
Cinnamic acid DCC 1.5 78%
Benzoic acid DCC 1.3 75%
Benzoic acid EDCla 1.5 77%

a 15-20 minutes of grinding,

4.3.2 Protection of amines and primary alcohols

Development of protocols for alcohol and amine protection proved somewhat trickier. One of the
primary ways of forming carbonates and carbamates involves use of phosgene.14 Use of phosgene
was not pursued due to toxicity concerns and because 6-(2-hydroxyethyl)azulene wold almost

certainly react with phosgene at the 1-position, possibly faster than at the hydroxyl group.
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Carbonyldiimidazole is often employed as a milder and less toxic phosgene analogue, and has
been used for carbonate and carbamate formation as well as esterifications.15 Initial difficulties
were encountered with the use of CDI, but they were overcome and protocols were developed

with acceptable yields for the protection of alcohols and amines.

One-step protocol for alcohol protection

The reaction protocols that were followed came originally from Davis et al.16 In these protocols,
unsymmetrical carbonates are prepared by adding one alcohol to a reaction mixture containing
CDI and catalytic quantities of KOH in toluene at 60 °C, followed by addition of the second alcohol
after several hours. The authors mention that the alkyl carbonyl imidazole intermediate 190 is
much less reactive than CDI itself, (Scheme 76) which means that while CDI can react with any
alcohol, the intermediate 190 will only react with sufficiently sterically un-demanding primary
alcohols at anything resembling an appreciable rate, so the resulting unsymmetrical carbonate
can only ever have one secondary or tertiary alcohol attached. 6-(2-Hydroxyethyl)azulene is a

primary alcohol, so in principle protection should be accessible forall alcohol species.
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Scheme 76. Generalised depiction of reactions with CDI

A one-step procedure for carbonate formation was attempted with 6-(2-hydroxyethyl)azulene
and cyclohexanemethanol as the other alcohol species. 90 was added first, so as to aid reaction
troubleshooting (rendering all subsequent reaction intermediates visible). With 1.3 equivalents of

cyclohexanemethanol,a97%yield of the productwas achieved (Scheme 77).
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CDI, KOH (cat.) o—<

HO 90 5
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Toluene 60 °C 97%
OH

(excess)
Scheme 77. Synthesis of the cyclohexanemethanol carbonate 191

An issue with one-pot generation of unsymmetrical carbonates is that the reaction stoichiometry
must be precisely equimolar, otherwise an excess of one material over another leads to
disproportionate amounts of symmetrical carbonate formation. To illustrate, if CDI is in 20%
excess after the addition of the first alcohol (the protecting group), addition of the second alcohol

substrate (which should be the limiting reagent) will result in preferential reaction with CDI over
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the monoimidazole carbamate 190, leading to a 20% loss of the substrate as an unwanted
carbonyl monoimidazole. The remaining 0.8 equivalents of the second alcohol can then reactwith
either of the carbonyl imidazole species, generating either the intended carbonate or a
symmetrical carbonate by-product. A loss of material ranging from 20 - 40% can ultimately occur,

depending on the comparative rates of reaction between the carbonyl monoimidazole species.

Furthermore, if CDI is in a 20% deficit (i.e. 0.8 eq.), then after addition of the first alcohol, the
remaining 0.2 equivalents of this alcohol can react to form a symmetrical carbonate, leaving only

0.6 equivalents of the mono-imidazole intermediate to react with the substrate.

These issues of stoichiometry are compounded by the fact that CDI is highly sensitive to water,
and easily degrades to imidazole, losing CO: in the process. Even unopened bottles of CDI can
contain significant quantities of imidazole, making it necessary to determine the CDI content by 1H

NMR integration (using CDCls dried with molecular sieves) and adjusting quantities accordingly.

Two-step protocol

Because of these stoichiometic issues, a two-step approach towards protection was tried.
Generation of the carbonyl monoimidazole of 6-(2-hydroxyethyl)azulene 176 proceeded
quantitatively, even at room temperature without catalytic KOH (Scheme 78). The reaction can
be performed with excess CD], as it is removed during purification. This material is surprisingly
stable to air and moisture, and can be kept for up to a week in open air before requiring re-
purification. In fact, its handling properties are better than 6-(2-hydroxyethyl)azulene, as it dries

more easily and forms a fluffy solid instead of a solid film that is difficult to remove via spatula.

Q CDI, THF N/\ /<
HO r.t., 2 hours
90 99%

Scheme 78. Synthesis of 176

Coupling of this intermediate to cyclohexanemethanol proved more difficult than expected. When
the literature protocol was followed, a poor yield of 16% was obtained even after extending the
reaction time to overnight. Typically, a large quantity of starting material would remain, along
with small quantities of other products such as 6-vinyl azulene (94), 6-(2-hydroxyethyl)azulene
(90) and the symmetrical carbonate 192 (Table 11).
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Base
Solvent
Temperature 191

+
overnlght
176
(excess) )]\

O o A0

Table 11. Attempted optimisation of the formation of 191

HO

Entry | Eq. of Base Solvent Temp. %yield | %yield | % yield | %yield | RSM
176 191a 192 90 94 176

1 1.01 KOH Toluene | 60 °C 16 - 11 trace 77
eq. (12 mol%)

2 1.12 K2CO03 (1 eq.) | Toluene | 65°C 26 12 30 trace 36
eq. KOH(0.5 eq.)

3 1.14 KOH THF reflux 25 - - 3 74
eq. (69 mol%)

4 0.87 - MeCN r.t 5 - - - 77
eqg.

5 0.79 KOH MeCN reflux 60 - - 27 5
eq. (34 mol%)

6b 1.02 KOH Toluene | Reflux | 63 - 8 7 14
eq. (19 mol%)

a Calculated relative to cyclohexanemethanol. »4 hourreaction time.

Several alterations in the reaction conditions were tried. Stoichiometric amounts of NEts gave only
starting material, and only modest reactivity was observed when using K.COs (Table 11). The
solvents THF, MeCN and toluene were tried at different temperatures, but little change in
reactivity was seen between solvents at the same temperature (compare entry 1 and 3 in Table
11). Refluxing in acetonitrile (~80 °C) gave a 60% yield, which suggested that the primary
variable affecting yield was temperature. Finally, heating at toluene reflux (~110 °C) gave the

slightly higher 63% yield.

In an attempt to better understand the reactivity patterns, a hypothesised reaction network of the
protection reaction was drawn up (Scheme 79). The active basic species were assumed to be the
potassium alkoxide of the substrate and the potassium imidazolate species. The desired species
91 is susceptible to deprotection from the catalytic quantity of base present, resulting in
formation of 94. The base is nevertheless regenerated from this elimination, so small amounts of
formation of 94 do not impede the overall reaction. The mechanism of formation of 192 is

hypothesised in Scheme 80.
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Scheme 79. Proposed reaction network for the formation of 91
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Scheme 80. Proposedreaction network responsible for the formation of the symmetric dimer 192 when water is present

There appeared to be a tendency for these reactions to stall; the reaction would initially proceed
rapidly, and significant product could often be seen after 10 minutes by TLC analysis. After several
hours there would reach a point where no further reaction seemed to take place, irrespective of
how much longer it was left to react. This points to two possibilities: either the catalytic quantity
of KOH is being poisoned or lost, or one of the reaction products is hindering reaction in an anti-

autocatalytic fashion.

98



More drastic modifications to the protection protocol were later pursued. A solid-state reaction
was performed with 176, KOH and cetyl alcohol using a Mortar & Pestle (Scheme 81). (Cetyl

alcohol was used instead of cyclohexanemethanol at this point because it is solid, and was in

plentiful supply).
o) (0]
N=\ Cetyl alcohol, KOH
_< o—<
I%/N indi >~ — Q
176 © erinding Ha1Cis™ 389, © 193

Scheme 81. Solid state formation of the cetyl carbonate 197

After approximately 15 minutes of grinding, with occasional addition of small (<1 mL) quantities
of CH:Cl: to ensure formation of a paste, a 38% yield of 193 was obtained, along with 17% yield of
the symmetrical carbonate 192, 7% yield of 94 and 41% RSM. The formation of the symmetrical
carbonate 192 is presumably due to the lack of anhydrous conditions. While these reaction
conditions are too moisture sensitive for grinding to be an effective technique, it did reveal how

fastthe reaction could take place given the right conditions.

Further experiments were performed in the solution phase, using KHMDS instead of KOH as the
basic catalyst. KHMDS (as a 0.42 M solution in toluene) has the advantage of being easier to add in
small quantities than KOH. When performing the reaction with KHMDS (14 mol %) in THF at
room temperature, a 62% yield was obtained after 1 hour, a yield equal to that of entry 6 of Table
11 with much less time and heat expenditure. In addition, generation of the by-products 192, 94
and 90 seem to be reduced through use of KHMDS.

The use of very small catalytic loadings of KHMDS failed to produce favourable results. Loadings
of 0.4 mol% and 1.6 mol% gave only 19% and 29% yields of 193 respectively, even after reaction
overnight. As before, when monitoring the reaction by TLC, the reaction appeared to stall. This
stalling was eventually circumvented through the repeated addition of small quantities of KHMDS
over the course of the reaction. Addition of 8 drops in total of KHMDS solution (equating to 26 mol%
total) irregularly over the course of four days gave an astonishing 80% yield of 193. Finally, the
yield was increased to 83% through performing the reaction in silanised glassware (see method
for glassware silanisation in Chapter 7) and adding a single drop of KHMDS solution (18 mol% in

total) every half hour over 2.5 hours.

From these results, it is believed that the acidic silanol groups present on the surface of the
glassware were neutralising the active basic species in the solution. These reactions were
performed at approximately one hundredth the scale of those reported by Davis et al.1t which is

presumably why they did not observe the same effects.
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Nevertheless, a high-yielding (if somewhat cumbersome) protocol was developed that allowed

protection of alcohols as 6-(2-oxyethyl)azulene carbonates.

Protection of amines

Reaction of the azulene carbonylimidazole species with the test substrate cyclohexylamine to
produce the carbamate 194 was carried out. The protocol used is based on the protocol of Davis
et al,'7 similar to the protocol given for the formation of carbonates.1? In comparison to the
alcohols explored previously, cyclohexylamine was more reactive, presumably owing to the
higher nucleophilicity of amines over alcohols (Table 12). Even so, the same stalling of the
reaction rate was observed again. Without catalytic base, the highest yield achieved was 50%.

With catalytic KOH and toluene at reflux, the highest yield achieved was 75%.

N=\ _< °
Reaction conditions HN—{ Q
176 5

>

toluene, overnight
Hz

194
Table 12. Optimisation of the formation of 194

Entry | Base temperature % yield | % yield | % yield | % yield | RSM

194a 192 90 94 176
1 KOH 180 mol% b r.t. 6% 23% 40% - 21%
2 - 65 °C 29% - - - 68%
3 - Reflux 50% 5% 45%
4 KOH 7 mol% Reflux 76% 3% - 4% 9%

a Calculated relative to cyclohexylamine b This high base loading was accidental

4.4 Deprotection

Since this 6-substituted azulene protecting group shares the same mechanism of deprotection as
FMOC, the first conditions tried were the traditional deprotection conditions of FMOC: piperidine
in DMF18 at room temperature overnight on the azulene-protected cinnamate 178 (Scheme 82).
This returned a 28% yield of deprotected cinnamic acid, along with the piperidine adduct of 6-

vinylazulene 195 and 72% returned starting material.
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Scheme 82. Initial deprotection conditions investigated for 178

The same deprotection was tried with other solvents, such as THF, MeCN and EtOH, with no
deprotection observed. These results indicated that the 6-substituted azulene is more stable to

base than FMOC, and stronger bases were needed for complete deprotection.

Addition of the stronger amidine base DBU (with a pKa of 24.3 in MeCN, as compared to
piperidine, which has a pKa of 19.3 in MeCN)1 to the protected cinnamate in MeCN gave full
deprotection within three hours (Scheme 83). Complete consumption of the starting material
and quantitative regeneration of cinnamic acid (as calculated from the integration of the 1H NMR
spectrum of the crude mixture) as well as generation of the blue 6-vinylazulene (94) was achieved.
Interestingly, the 6-vinylazulene produced in this reaction did not appear to react further with
DBU - the adduct 196 was not observed. This is presumably because DBU is much less

nucleophilic than piperidine, despite being far more basic.

Quant é
DBU MeCN Q
3 hours, r.t.
196
/ not observed

80%
Scheme 83. Optimised deprotection conditions for 178

This deprotection has several attractive features. Firstly, the azulene-based products are easy to
separate from the reaction mixture. If deprotected with a nucleophilic base such as piperidine, an
amine species such as 195 will be formed that can be protonated and easily separated from the
desired product during aqueous workup. If deprotected with a less nucleophilic base such as DBU,
6-vinylazulene 94 is produced, which is sufficiently non-polar to be eluted with petroleum ether
during column chromatography. Secondly, 6-vinylazulene has a different colour to the 6-alkyl-
substituted azulenes. It is blue, rather than indigo, and this colour change is noticeable enough to
allow the extent of deprotection to be assessed visually, thus making the deprotection self-

indicating (Figure 59).
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Figure 59. Cinnamate ester 178, on left, and 6-vinylazulene 94 on right, demonstrating colour change

4.4.1 Two-step deprotection

With the success of the single-step deprotection demonstrated, the feasibility of two-step
deprotection was examined. Because the reaction rate is dependent on the stabilisation of the
negative charge generated by the 6-position, and because the anion sees good overlap with the
plane of the azulene m-system, nitration at the 1-position was once again chosen as an exploratory

activatingreaction (Figure 60).

Q o)

N\ _o N ) 0
/@
C] Q - - ’
R

R
Figure 60. The nitro group confers additionalstabilisation of the negative charge bythe 6-position, facilitating cleavage.

The cinnamate 178 was nitrated using the Menke nitration protocol at 10 °C to give a 20% yield of
the intended product 192 (Scheme 84). As discussed before in Chapter 3, testing of the effects of
nitration on deprotection was deemed to be more important than optimisation of the yield, and

sufficient quantities of 197 were generated to allow for these tests.

toluene
70 minutes, 10 °C 20%
Scheme 84. Nitration of 178
Morpholine was chosen as the initial base for the deprotection studies of the activated

nitroazulene protecting group, as it is relatively weak (pKa of 16 in MeCN) and was expected to

fail. Surprisingly, 76% deprotection (as measured by 1H NMR) was attained after a 20 hour period
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(Scheme 85). This is a vast increase in reactivity over the unactivated azulene protecting group,
estimated to be a ten million-fold increase in reaction rate. This figure was arrived at on the basis
of DBU and morpholine having a difference in basicity of 8.3 pKa units (corresponding to DBU
being 1083 = 200,000,000 times more basic) and the deprotection of 197 with morpholine taking

roughly ten times as long as the DBU deprotection of 178.

177

O O
@ \L(

MeCN, r.t., 20 hours

N\ s
/
© 198 OQ

Scheme 85. Cleavage of the nitrated azulene ester 197

4.5 Summary

These initial results show the 6-substituted azulene 89 holds much promise as a protecting group
for amines, alcohols and carboxylic acids. Mild and easy protocols have been found for protection
of carboxylic acids. The amine and alcohol protection protocols gave good yields but were

somewhat user-unfriendly and could still be improved.

The conditions required for deprotection of carboxylic acids were found to be relatively mild.
Addition of DBU in MeCN at room temperature over 3 hours is sufficient to give full deprotection.
Furthermore, nitration of the azulene ring revealed this chemistry is highly amenable to activation,
and a two-step process could be a viable orthogonal deprotection procedure, providing a high-

yieldingactivation reaction can be found.

With these results in hand, it was decided to focus the rest of this research project on exploring

the scope and limitations of the 6-substituted azulene as a viable protecting group (Chapter 5).
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Chapter 5. Exploration of the utility of
the Azul protecting group

5.1 Overview

With the 6-substituted azulene group showing promise as a protecting group, an investigation of

its utility in the broader sphere of synthetic chemistry was initiated.

At this point, it was decided that the 6-(2-oxyethyl)azulene protecting group would be christened
Azul when used as an ester for carboxylic acid protection and AzulOC (Azulene OxyCarbonate or

OxyCarbamate) when used for hydroxyl/amine protection (Figure 61).

IO gD

Azul AzulOC
Figure 61. The Azul protecting group for carboxylic acids, and the AzulOC protecting group foramines and alcohols
In order to better establish Azul as a protecting group, several aspects of its compatibility with the
broader area of organic chemistry had to be investigated, such as reactivity with various bases,
compatibility with other reactions and orthogonality to other protecting groups, as well as

improvementsto the deprotection methods.

Several additional deprotection conditions were found for the one-step deprotection method, and
an efficient and high-yielding process for two-step deprotection was found. This expanded list of
deprotection conditions allowed both selective and global deprotection to take place in the
presence of other protecting groups such as TBS and FMOC, demonstrating a high degree of

orthogonality in the process.

Investigating the compatibility with various reaction conditions was also judged to be an
important part of the development of this protecting group. The synthetic chemist ideally wants to
know beforehand the compatibility of the protecting group with the reactions they intend to carry
out. While it is completely impractical to test the compatibility of the Azul protecting group with
every known variant of every known reaction, much information can be gleaned by choosing a
few representative reactions that both cover a wide area of ‘reaction space’ (i.e. oxidation,
reduction, palladium catalysis, nucleophilic, electrophilic, acidic, basic) and are relatively

commonly used in synthesis. From this body of results, the intention is that one could infer

106



compatibility of a similar reaction with this Azul protecting group. The Azul protecting group was
found to be incompatible with Swern oxidation and partly incompatible with Suzuki cross-

coupling, but was otherwise inert to the range of reaction conditions that were tested.

Most of this work was performed with the Azul-protected acids, rather than protected alcohols or
amines. The primary reason for this was that alcohol and amine protection reactions were only
developed relatively late in the project, and initial experiments indicated they behaved in much
the same way as the protected acids. It was judged that investigation of the wider scope of Azul-
protected acids would have higher priority than development of Azul-protected alcohols and
amines, because if a fundamental flaw of the protected acids were to be discovered, it would likely

be shared by the protected alcoholsand amines.

A note on quantitative NMR spectroscopy

For much of the work in this chapter, quantitative NMR techniques were used to determine the
outcomes of reactions. Quantitative NMR involves adding a known amount of an internal standard

to the sample, whose integral is compared to that of the componentsin the sample.

In order to increase the accuracy of NMR quantitation, the pulse sequencewas slightly modified. A
90 degree pulse (as opposed to the standard 60 degree pulse) was used, along with a long
relaxation decay and acquisition time. Integration becomes much more reliable when using such a
pulse sequence, as integrals belonging to different protons on the same compound can vary by 10%
or more when produced by the standard 'H NMR pulse sequence, while those same integrals only

vary by 2% or less whenrecorded through these quantitative NMR techniques.

The internal standard used was nitromethane. A sharp singlet at 4.3 ppm is present in the tH NMR
spectrum, and usually did not overlap with other nearby peaks. Nitromethane boils at 100 °C,
making it sufficiently involatile to prevent evaporation during preparation of the NMR sample and
long-term storage, but volatile enough to be removed by vacuum when needed. A standard
solution of 3% nitromethane in CDClz was prepared and 50 pL of this solution (a calculated

0.0273 £0.0005 mmol) was added to each sample analysed.

There were several reasons why quantitative NMR was used over isolation or other quantitative
analytical techniques involving HPLC, GCMS or LCMS. Firstly, a large number of small-scale
reactions were planned - reactions involving testing Azul against various bases and against other
protecting groups. Isolating every product of a reaction takes time, and at small scales the

weighed value may be wildly inaccurate. Secondly, in the case of the reaction compatibility
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experiments, analysis of the reaction mixture as a whole rather than isolation of specific

compounds was the goal.

NMR quantitation was chosen over HPLC, GCMS or LCMS quantitation primarily for practical
reasons - there was no access to walkup LCMS and only restricted access to HPLC and GCMS,
while NMR access was unrestricted. In terms of the overall usefulness of NMR quantitation, it
holds distinct advantages over HPLC quantitation, as HPLC relies on the compound in question
having a unique and well-resolved R; and does not give unambiguous identification of the
compound. When compared to MS techniques, the setup and run time of the experiments is
approximately the same, but NMR has a greater capacity for the identification of minor by-

products.

However, it became apparent of the course of these investigations that the above method
consistently overestimated yields by a factor of 1.2 to 1.3. This was also observed when
quantifying known masses of material. As such, most of the results in this chapter are discussed
on the basis of material conversion determined through 1H NMR spectroscopy, although the

calculated yield values are mentioned in Chapter 7, for the sake of completeness.

5.2 Exploration of Azul deprotection conditions

A range of reaction conditions was explored and a map of the regions of ‘base space’ in which the
Azul protecting group was stable or labile was generated. The three primary variables were the
identity of the base, the solvent, and the reaction temperature. The bases chosen were mostly
amines, complemented with amidine bases, sodium hydroxide and TBAF. The conjugate acids of
these bases have pKas in acetonitrile ranging from 12.5 to 24.3, covering approximately 12 orders
of magnitude, and in Table 13 have been ordered in terms of their basicity in MeCN.! A value for

the pKa of DIPEA in MeCN could not be found, so its rank is based on its basicity in water.

The extent of deprotection was assessed by quantitative NMR of the crude reaction mixture. While
a percentage deprotection was normally obtained, the relevant information to answer the
question “Do these conditions cause deprotection?’ can be summed up in a ternary “Yes’, “no” or
“partially”. In the following tables, the cells representing the deprotection outcome are coloured
with a traffic light motif: Red for no reaction, yellow for partial deprotection and green for full

deprotection (£95%).
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Base pKa Base pKa
MeCN water MeCN water
DBU 24.3 12 Triethylamine 18.8 10.7
' L
(. ™
N J
DBN 23.8 12.7 DABCO 18.2 8.82
N
| ()
©:> N
N
(-)-Sparteine 21.66 11.96 DMAP 17.95 9.66
N
\ X
N
Pyrrolidine 19.56 11.27 Morpholine 16 8.36
o)
92 @
N
H
Piperidine 19.29 11.22 2,4,6-collidine 15 7.4
() S
X I
H =
N
DIPEA 10.75 Pyridine 12.5 5.25
Y | N
N 7
Y :

Table 13. List of common mild bases in order of their basicity

5.2.1 Investigation of deprotection at room temperature

An Azul-protected species was subjected to a selection of various bases in various solvents at
room temperature. The cinnamate ester 178 (Azul-cinnamate) was used as the test substrate in
these studies, once again due to the favourable properties of cinnamic acid (relatively non polar,
identifiable using UV /permanganate stain on TLC). Four solvents were chosen for investigation:
DMF, acetonitrile, ethanol and THF. Dichloromethane was excluded because of its reactivity with

some of the more nucleophilic amine bases. The results are summed up in Table 14.
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Base, solvent
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Table 14. Bases andsolvents and their degree of deprotection atroomtemperature. All reactions were performed with

Overnlght
r.t., open air

QMI.’

overnight duration, unless otherwise stated

DMF MeCN EtOH THF
TBAF 100%, 20 min
DBU 100%, 3 hours Partiala 100%, 3 hours
DBN 100%, 3 hours
(-)-Sparteine ~2% No reaction
Pyrrolidine 94% No reaction
Piperidine 70% No reaction No reaction No reaction
NaOH/H-0 37%b
DIPEA No reaction
NEts No reaction No reaction
DABCO 3%
DMAP No reaction
Morpholine No reaction

aAzul fragment appears to be Azul ethyl ether by NMR. The peaks overlap, making integration of
individual species difficult. Deprotection was estimated at 90%.

b 1:1 THF/H:0. Deprotection occurs primarily through saponification, with only traces of 6-
vinylazulene forming,

Both of the amidine bases, DBU and DBN, were able to cleave the Azul protecting group in a few
hours in MeCN. The standard conditions used to cleave FMOC- piperidine in DMF — only gave
partial deprotection of the Azul protecting group. Pyrrolidine in DMF gave a higher amount of
cleavage, but did not quite reach completion. Sodium hydroxide in 1:1 THF/H:0 gave only partial
deprotection. The Azul-containing fragments of piperidine and pyrrolidine deprotection were the

piperidine and pyrrolidine adducts of 6-vinylazulene respectively.

TBAF was placed at the top of the list owing to its rapid deprotection of Azul. Anhydrous fluoride
is known to be strongly basic,2 but no references citing the actual pKa of TBAF could be found.
Addition of anhydrous TBAF to Azul-cinnamate in THF gave complete deprotection within 5
minutes. This rapid reaction rate appears to be insensitive to moisture, as this reaction can be

performed with wet TBAF in open air with the same results.
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5.2.2 Investigation of deprotection at elevated temperature

The reaction between Azul-cinnamate and various bases at elevated temperatures was
investigated (Table 15). The stronger amine bases such as pyrrolidine and piperidine can effect
complete deprotection after heating at reflux overnight in MeCN. THF was less effective as a

solvent, presumably because of its lower boiling point.

@M Baso,sohent QNH +

reflux 12 - 24 hours

open air 0 O
Base

Table 15. Bases and solvents and their effect on deprotection at elevated temperatures

MeCN EtOH THF
Pyrrolidine Full deprotection
Piperidine Full deprotection | 23% deprotection | 18% deprotection

Triethylamine 11% deprotection
DABCO 94% deprotection

5.2.3 Two-step activation - deprotection methodology

As shown in the previous chapter, nitration of the 1-position of the azulene moiety gave a
protecting group that was much more reactive towards fS-elimination. However, the 20% yield of
the nitrated derivative was entirely too low to be useful. In order for two-step deprotection to be
practical, the activation step must be both relatively mild and as high yielding as possible. Other

methods were sought to achieve efficient activation.

One potential advantage the Azul protecting group had over the other protecting group
candidates that were explored in Chapter 3, was that the 5-membered ring could potentially be
substituted twice. A set of potential mono- and di- activated azulene targets was drawn up

(Figure 62).
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Figure 62. Possible mono- and di- EWG-substituted azulene derivatives that could act as activated Azul species

The mono-substituted targets not only represented compounds known in the literature, but were
also accessible through reactions that had been performed previously during this project for other
purposes. Access to the di-substituted azulenes were a lot less clear, as it was not known whether
the deactivated mono-substituted azulene ring would still be sufficiently nucleophilic to react with

the relevant electrophile a second time.

Addition of a methyl ketoester

Ketoesters are very easy to introduce to an azulene moiety,3 and their effect on the electronics of
the azulene ring can be inferred to be similar to the nitro group from the similar orange-red
colours of the compounds (compare Amax of 499 nm for nitro-substituted Azul-cinnamate 197 and
505 nm for methyl ketoester-substituted Azul-cinnamate 205). This made the addition of the
methyl ketoester a natural choice for the activation reaction. Addition of oxalyl chloride to
azulene in open air, followed 20-30 seconds later by methanol and then after another 30-60
seconds by pyridine gave a quantitative yield of the ketoester 7 (Scheme 86). These brief
intervals of time are necessary if this two-step methodology is to be used with acid-sensitive
substrates, as anhydrous HCl is produced during the reaction. All the reagents were of standard

quality and were not pre-dried.
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1. (COCl),, CH.Cls, 20 - 30 seconds
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2. MeOH, 30 - 60 seconds
3. Pyridine
1
7
quant.

Scheme 86. Addition of a methyl ketoester to azulene

This reaction was repeated on the Azul-protected cinnamate, once again giving an almost
quantitative yield and confirming that the procedure is compatible with the ester linkage

(Scheme 87).

1. (COCI , CH,Cly, 30 sec
2 MeOH
3. Pyridine

o 99%
Scheme 87. Activation of Azul-cinnamate 178 to form 205 quantitatively.
An attempt was made at adding a second methyl ketoester onto 7. This substrate proved to be
much less reactive than azulene itself, and after 5 minutes no product had appeared (Scheme 88).
This reaction could have theoretically been pushed further in terms of time and temperature, but
it was decided that it would then no longer meet the criterion of being a mild reaction (at the very
least, such strongly acidic conditions might endanger the ester link between Azul and the

substrate).

o N\,
Q 0
0 o
1. (COCl)y, CH20|</5 minutes
7< -
2. MeOH
7 3. Pyridine 0
206
° 0]
/

Scheme 88. Unsuccessful attemptatadding a second methyl ketoesterto 7

As an activating group, the performance of the methyl ketoester was slightly better than that of
the nitro group explored in Chapter 4. Essentially complete (97%) deprotection could be achieved

by treating 205 with morpholine overnight at room temperature (as opposed to 76%
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deprotection from the nitro-activated species 197), and employment of stronger bases gave much

0]
(0]
o—
Base

OQ Base, MeCN or
-3 Cinnamic acid + 0

r.t, open air

O 74 OQ 208

Table 16. Exploration of the sensitivity of 205 towards various bases

more rapid reactions (Table 16).

Base Reactivity

DBU Full deprotection. <10 seconds
Piperidine Full deprotection, <25 minutes
Triethylamine Full deprotection, 5 hours
DABCO Full deprotection, <1 minute
Morpholine 97% deprotection, overnight
2,4,6-collidine No reaction, overnight
Pyridine No reaction, overnight

The vinylazulene deprotection product 208 appears to readily react with the bases DBU,
piperidine and morpholine (forming adducts of the form 207), based on the formation of highly

polar orange material seen with TLC analysis after the deprotection was complete.

Addition of dimethylsulfonium chloride

Under the Swern oxidation reaction conditions, azulenes react rapidly with the intermediate
chlorodimethyl sulfonium chloride to form the corresponding 1-dimethylsulfonium chloride,

rapidly changing the colour of the azulene species from indigo to magenta (Scheme 89).4

O (COCI),, DMSO
~« A e X
5 CH,Cl,, -78 °C
93

Scheme 89. Addition of dimethylsulfonium to Azul can be carried out under Swe rn oxidation conditions

\ "
® S/
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Due to the relatively minor colour change in comparison to addition of a nitro group or ketoester,
and the corresponding indication that the dimethylsulfonium moiety would be less electron-
withdrawing than either of the aforementioned groups, this approach was not expected to
increase the reactivity of Azul towards deprotection to the same degree. Nevertheless, any

increase in reaction rate may be beneficial, and so this method of activation was explored.

An attempted addition of dimethylsulfonium on 178 was carried out using Swern oxidation
conditions (Scheme 90). A rapid colour change from indigo to magenta was observed. The
conversion of the Azul species to the dimethylsulfonium appeared to be more or less quantitative
according to TLC. However, the resulting azulene derivative stubbornly partitioned into the
aqueous layer during phase separations. Even for relatively non-polar species such as Azul-
cinnamate 178, the resulting sulfonium ion is only sparingly soluble in organic solvents and was
not amenable to purification through normal or reverse-phase chromatography. Another
regrettable feature is that once the azulene dimethylsulfonium species is dissolved in organic
solvents, degradation would occur. As a result, neither yields nor clean NMR spectra could be

obtained of the pure compounds.

o 1. (COCl),, DMSO
CH,Cly, -78 °C A magenta compound
/ >
178

(@) 2. NEts, -78 °C to r.t. No evidence of deprotection
Scheme 90. Attempted dimethylsulfonium addition-deprotection of 178 using NEts as a base

Lack of isolability of the intermediate does not necessarily preclude its use as an activation
reaction - it merely restricts the process to a one-pot activation-deprotection. In this case,
however, the sulfonium ion was insufficiently electron-withdrawing to allow NEts; to induce
deprotection, and no sign of cinnamic acid was found in the 1H NMR spectrum. On this basis, the

dimethylsulfonium mode of activation was not pursued further.

Vilsmeier-Haack formylation

Using the Vilsmeier-Haack reagent to introduce an activating dimethyliminium moiety was also
considered. Hydrolysis of the resulting iminium to the corresponding aldehyde was rejected, not
only because the aldehyde functionality was deemed too weakly electron withdrawing to impart
sufficient activation on the azulene ring, but also because the conditions required to generate the
aldehyde - aqueous base - would likely induce the deprotection of the activated Azul protecting

group regardless.
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Q 1. POCl3, DMF, CH,Cl,

0 y ~ 20% deprotection
\ 2. Morpholine, overnight

178
0]
Scheme 91. Attempted Vilsmeier-Haack activation-deprotection

A one pot Vilsmeier-Haack activation-deprotection on Azul-cinnamate was tried (Scheme 91),
using morpholine as a base. This gave approximately 20% deprotection based on 1H NMR
integration. While this initially seemed promising, multiple species were produced, giving a
complex 'H NMR spectrum and obscuring the relevant peaks. Furthermore, some of the by-
products were of roughly the same polarity as cinnamic acid and were prohibitively difficult to
separate by column chromatography. While this reaction could conceivably be developed into an
effective activation-deprotection method, it was judged to be inferior to the ketoester-based

activation method described earlier.

5.2.4 Deprotection of other substrates

Various carboxylic acids and the cetyl Azul carbonate 193 (cetyl AzulOC) were subjected to the
standard deprotection conditions consisting of DBU in MeCN (Table 17).

A A 2=l D

X=C,0
Table 17. Deprotection of Azul-protected carboxylates and Cetyl AzulOC

Protected substrate Deprotected substrate Reactionduration | Yield2
Azul-cinnamate 178 cinnamic acid 8 hours 94%
Azul-benzoate 182 benzoic acid 3 hours 99%
Azul-2-furoate 185 2-furoicacid 4 hours 97%
Azul-1-naphthoate 188 1-naphthoicacid 3 hours 97%
Azul-azulene-1-carboxylate 186> | azulene-1-carboxylicacid | overnight 80%
Cetyl AzulOC193b cetylalcohol 6 hours 97%
a]solated yield

b THF added as a co-solvent to aid dissolution

Most of the deprotections took place within 3 - 6 hours and returned close to quantitative yields.
In the case of Azul cinnamate 182, the deprotection rate was lowered due to the sparing solubility

of the material in MeCN. The previous deprotections of 182 presented in section 5.2.1 proceeded
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more quickly due to the reaction being performed at smaller scales with the same quantity of
solvent, and were therefore at higher dilution. The sluggishness of the deprotection of 186 is

explored in the followingsection.

5.3 Deprotection kinetics

It was noticed with the deprotection of Azul-azulene-1-carboxylate 186 that the rate of
deprotection was much slower than for other Azul-protected substrates. This was thought to be
due to the poor leaving ability of the azulenecarboxylate anion. To test the influence of the leaving
group ability on the deprotection rate, several Azul-protected carboxylic esters were subjected to
the identical deprotection conditions of 3.5% DBU in MeCN while being continuously monitored
with a UV-Vis spectrophotometer. The molar excess of DBU was sufficiently high for pseudo-first
order kinetics to be assumed. The change in colour between the Azul-protected substrate and 6-

vinylazulene allowed the reactionrate to be monitored at visible wavelengths (Figure 63).

Visible absorbance spectra of protected and
deprotected Azul-cyclohexanecarboxylate 183
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Figure 63. Absorbance s pectra of protected and deprotected Azul-cyclohexanecarboxylate 183, describing the observed
change in colour

Eight Azul-protected carboxylic acids were investigated in this fashion, but only five of them gave
useful data (Table 18). Of the successful experiments, the range of pKas was 6.99 - 3.12, which

was sufficiently broad to give anoticeable trend.
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Each substrate was observed to have a first-order decay profile, consistent with the expectation of
pseudo-first order kinetics (183 serving as an example in Figure 64). The rate constant was

extracted through finding an exponential of best fit, as discussed in chapter 7.

Reaction kinetics of Azul-Cyclohexanecarboxylate 183
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Figure 64. Reaction rate of 183, showing a reaction rate consistent with first order kinetics

(0]
178 @—ﬂO—Azul . o 188
O O—Azul

(0]
O—Azul
o] 0 Q 0o 186
185
)<
e} O—Azul

—Azul
Table 18. The deprotection rates and pKas of the substrates tested

Compound Deprotection | Half pKa of corresponding
rate *1000/L | life/min | carboxylicacid
mol-1s-1

Azul-Furoate 185 2.20+0.64 25 3.12

Azul-Naphthoate 188 1.48+£0.34 37 3.69

Azul-Cinnamate 178 1.12+0.43 47 4.44

Azul-Cyclohexanecarboxylate 183 1.15+0.26 44 4.9

Azul-Azulene-1-carboxylate 186 0.54 +0.15 103 6.99
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Ln(k) vs leaving group pKa of Azul-carboxylate

deprotection
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Figure 65. Correlation between the logarithm of the reaction rate and pKa of the leaving group

An obvious negative correlation can be seen between the pKa of the leaving group and the
logarithm of the reaction rate (Rz = 0.96) (Table 18, Figure 65). This indicates the negatively-
charged transition state of the elimination mechanism is stabilised by the electron-withdrawing
tendencies of the adjacent leaving group. It also suggests that the rate limiting step is the
elimination step, rather than the deprotonation step (Figure 66). A flattening of the observed
reaction rates at lower pKa ranges would indicate the switching of rate limiting steps from the
elimination step to the deprotonation step, and the left hand side of Figure 65 would appear to

level out.

LD~ [ L O |-, A0

Figure 66. The elimination step —believed to be the rate-limiting step

The two esters with the most acidic corresponding carboxylic acids - the trichloroacetate 210 and
dichloroacetate 211 did not exhibit an appreciable change in spectrum or colour upon addition of
DBU. By NMR of the products, it appears the ester is hydrolysed directly with adventitious water
and 6-(2-hydroxyethyl)azulene is produced, rather than 6-vinylazulene (Scheme 92). This
indicates that the mechanism for ester cleavage changes from E1cB to direct hydrolysis for

sufficiently electron-poor esters.
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Scheme 92. Ester cleavage of trichloroacetate 210 and dichloroacetate 211 proceeds through saponification, rather than g-
elimination

The Azul-3,5-dinitrobenzoate ester 187 behaved in a markedly different and more surprising way.
Upon addition of DBU to the reaction mixture, an immediate colour change from indigo to a much
more intense crimson colour was observed (Figure 67). A change in the azulene ring system was
tentatively ruled out, as there were no species present in the reaction mixture that could
conceivably create the crimson colour by either substituting on to an odd position and being
sufficiently electron poor, or substituting onto an even position and being sufficiently electron rich.
The intensity of the crimson colour was also a red flag - azulene containing compounds with
much higher extinction coefficients are usually heavily conjugated molecules with donor/acceptor

functionalities.

Azul 3,5-dinitrobenzoate, before and after addition of DBU

Before DBU addition

Absorbance
w

2 — After DBU addition

300 400 500 600 700 800
Wavelength/nm

Figure 67. Addition of DBU causes formation of a Meisenheimer complexthatis more strongly absorbing than the Azul
species

The colour change was ultimately explained by formation of a Meisenheimer complex, which is a
relatively stable negatively charged species resulting from nucleophilic attack of an electron
deficient aromatic ring, in this case attack of DBU onto the 4-position of the dinitrobenzoate

moiety (Scheme 93).5 The intense crimson completely overwhelmed the UV-Vis spectrum and
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obscured the colour change associated with deprotection. Some spectral info on the reaction rate
could be gleaned from the shoulder at 669 nm that gave a tentative deprotection rate of 0.005 s-1
or a half-life of 10 minutes, but this result can only be tentative, as the chosen wavelength is

different from the wavelengths of the other substrates studied.

O—Azul
187
O5N

Scheme 93. Formation of a coloured Meisenheimer complex from DBU and 187

O,N

Interestingly, Azul 3,5-dinitrobenzoate appears to form a Wheland-Meisenheimer complex with
itself in the solid phase (Figure 68). A Wheland-Meisenheimer complex occurs when the
attacking nucleophile is an aromatic species capable of forming a positively charged conjugated
system alongside the negatively charged Meisenheimer complex.6 While the compound appears
indigo in solution, once it is allowed to dry it becomes a dirty green-brown colour typical of
oxidised azulene species, indicating addition at the 1-position of the azulene. This aggregation is
reversible, and upon addition of solvent this oligomeric material slowly dissolves and

monomerises to give an indigo solution once again.

NO,

O,N

212

n
Figure 68. The postulated structure of the oligomeric Wheland-Meisenheimer complex generated from 187

5.4 Regeneration of 6-(2-hydroxyethyl)azulene (90)

As discussed previously in section 4.3, the prospect of being able to recycle a protecting group
after cleavage is an attractive one, especially when the protecting group employed is expensive or
scarce. A large quantity of 6-vinylazulene was accumulated over the course of this project as a
result of deprotection reactions, and would otherwise be of no value if it could not be regenerated

into starting material.
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Figure 69. Resonance structure of 6-vinylazulene

Addition of a hydroxyl group to the end of the double bond was expected to be relatively easy, as
6-vinylazulene is electrophilic at that position on account of the stabilisation of the negative
charge on the zwitterionic resonance structure (Figure 69). This stabilisation overwhelms the

Markovnikov effect typically responsible for substitution at the more substituted position.

. O P e,

Scheme 94. The piperidine adduct 195 is generated in Azul deprotections involving piperidine

Nucleophilic attack at the less-substituted position had already been observed with piperidine in
the deprotection of Azul-cinnamate 178, as mentioned earlier in Chapter 4 (Scheme 94). The
nucleophile in question would either be water or another species that could be converted to a
hydroxyl group in a subsequent step (Scheme 95). The choice of nucleophile was informed by

Herbert Mayr’s excellent tables of nucleophilicities.”

H,O/OH"
------------ P
HO
“~«.Nu

! H,0/0H .9
E N .e°

A,

Scheme 95. General strategy for regeneration of 90.

Many attempts were made to regenerate 6-(2-hydroxyethyl)azulene from 6-vinylazulene over the
course of this project. Initial attempts involved either acid-catalysed alkene hydration or direct

nucleophilic attack of H,0 /OH- (Schemes 96 and 97).

™7 OQ N OQ

Scheme 96. Mechanism for acid-catalysed alkene hydration
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Scheme 97. Mechanism for basicalkene hydration

Neither water nor hydroxide were sufficiently nucleophilic to result in reaction and these
reactions would invariably either return SM or result in degradation (Table 19). Mayr’s tables of

nucleophilicity give values of 5.5 for H20, 10 for OH-, and 19 for piperidine.”-¢ The scale is

/ O Q Conditions Q

HO
Table 19. Attempts at synthesising 90 from 94 through direct addition of H,0 or OH-

logarithmic.

Reaction conditions Temperature Outcome

NaOH, 1:1 H,0/THF, overnight r.t No reaction

10% HCI (aq.), THF, overnight r.t. Degradation
KOH, 1:1 THF/H:0, overnight Reflux Degradation
NEts/H:0 2:1, overnight r.t No reaction
MeCN/H20 2:1, NEt3, p-TsOH ~30°C No reaction
p-TsOH, H,0, THF, overnight r.t. SM + degradation
KOH, H:0, DME, 1 week r.t. SM + degradation

THF /H.0 mixtures will separate into different phases upon addition of aqueous base, diminishing
the capacity for reaction. It was found that DME/H:0 mixtures remained monophasic when
treated with aqueous base. Nevertheless, no reaction was observed to take place in DME/H20

with addition of KOH.

From the results of the compatibility studies with low-temperature Suzuki cross-coupling
(discussed in more detail in section 5.7.2), 8% conversion of Azul-benzoate 182 to
6-(2-hydroxyethyl)azulene (90) was observed. It was postulated that deprotection was taking
place, generating and hydrating 6-vinylazulene (94) in situ through the action of the palladium
catalyst (Scheme 98).
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NO, Pd(OAc)2 KoCOj4
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O~ 0
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Scheme 98. Low-temperature Suzuki cross coupling in the presence of 182 generated a small amount of 90

To explore the possibility of this mechanism taking place, 6-vinylazulene was subjected to
conditions similar to the original reaction: Pd(0Ac)2, K2COz in a 3:1 THF/H20 mixture (MeOH was
not used due to the possibility of (Scheme 99). After two days at r.t. no reaction had been
observed, so the mixture was heated at reflux for one further day, after which still no reaction
took place. These results suggest that generation of 6-(2-hydroxyethyl)azulene in the low-
temperature Suzuki reaction was likely to occur through ester saponification rather than a

deprotection-hydration sequence.

Pd(OAC)z, K»CO3
74 OQ 3:1 THF/H,0 !
94 2 days, r.t.
1 day reflux

Scheme 99. Attempted synthesis of 90 by repeating the conditions found in Scheme 96

With the failure of these single-step methods for the regeneration of 90, two-step procedures
were considered. It had been observed previously that in deprotections involving DBU that after
approximately one week, the blue colour of 6-vinylazulene would revert to indigo. This suggested
the formation of a DBU adduct to 6-vinylazulene. If the DBU moiety could be hydrolysed by base, a

route to regeneration of 6-(2-hydroxyethyl)azulene mightbe achieved (Scheme 100).

DBU KOH
N—
/ THF/HZO © Q
reflux overnight N
195
24%
Scheme 100. Synthesis of the DBU adduct 195

Heating 6-vinylazulene at reflux in the presence of DBU gave the adduct 195 in 24% yield.
Subsequent treatment of 195 with KOH in H.0 /THF at room temperature gave no reaction, even
after a week, while heating the same mixture to reflux resulted in degradation with traces of 6-

vinylazulene present. Postulating that the DBU moiety was too poor a leaving group on account of

the pKa of DBU, activation with DMAP (the conjugate acid of which has a pKa of 17.95 in MeCN,
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compared to 24.3 for DBU-H+, making it a better leaving group) was investigated. No reaction

occurred between 6-vinylazulene and DMAP, even at reflux in THF (Scheme 101).

. AN
DMAP, THF, open air /
/ OQ h /N4<\_//N 213

1 dayr.t.
94 1 day reflux

Scheme 101. Attempted synthesis of 213

The next nucleophile considered was sodium nitrite. According to Mayr’s tables, the nitrite anion
has a relatively high nucleophilicity - around 17. Nitrite can react both at the nitrogen and the
oxygen position, depending seemingly arbitrarily on the specific reaction conditions.? If the
reaction occurs on the oxygen, the resulting compound is a nitrite ester, which can subsequently
be hydrolysed. However, after subjecting 6-vinylazulene to sodium nitrite in refluxing acetonitrile,

no reaction wasobserved (Scheme 102).

NaNO,, MeCN,
N =N
/ Q 7< > O \

94 reflux overnight 214

Scheme 102. Attempted synthesis of 214

The nucleophilic hydroperoxide anion (HOO-) was also considered. The nucleophilicity of HOO- is
approximately 5 orders of magnitude higher than hydroxide,” and nucleophilic attack on 6-
vinylazulene was expected to produce 6-(2-hydroperoxyethyl)azulene 215 which could then

plausibly be reduced to obtain the desired compound 90 (Scheme 103).

KOH, H,0,, DME
N
O X~ W
/ HOO
94

215

Scheme 103. Attempted synthesis of 215

Hydrogen peroxide disproportionates to water and oxygen rapidly in the presence of base, and
vigorous bubbling would occur until all the hydrogen peroxide had been consumed, without
appearing to react with 6-vinylazulene to any detectable level. No reaction was observed when
using DME as a solvent. When MeOH was used a highly non-polar indigo compound was returned
in 27% yield (Scheme 104). The tH NMR spectrum showed evidence of an Azul moiety and a
terminal methyl, and HRMS confirmed the structure as Azul-methyl ether 216.

KOH, H202, MeOH
>\
74 o
94

27% 216
Scheme 104. The methyl ether 216 was generated from the methanolic KOH presentin the reaction
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The surprising reactivity of 6-vinylazulene to methoxide suggested an alternative route to

6-(2-hydroxyethyl)azulene: addition of an alcoholic protecting group precursor followed by
deprotection (Scheme 105).

O PG—O deprotection Q
—
/ PGO HO 90

Scheme 105. Generalised two-step route to regeneration of 90

3,4-Dimethoxybenzyl alcohol was chosen as the protecting group precursor, as deprotection of
DMB using DDQ is relatively easy to perform. Addition of 6-vinylazulene to a 1:1 solution of 3,4-
dimethoxybenzyl alcohol in DME in the presence of KOH gave the desired product 217 in 49%

yield after 4 hours (Scheme 106). Further reaction times resulted in increasing amounts of

degradation.

49%
N5, 4 hours

Scheme 106. Synthesis of the Azul 3,4-dimethoxybenzyl ether 217

Unfortunately, azulenes degrade rapidly and completely in the presence of DDQ (Scheme 107). A
sticky green substance resulted from the addition of DDQ to 217, and repeating the reaction with

azulene resulted in a similar degradation, which indicates this tendency towards degradation is

inherent to the azulene moiety and not just a feature of 217.

MeO
DDQ
eO —>»  degradation
(¢ 217
DDQ
—_— degradation
1

Scheme 107. Addition of DDQ resulted in rapid degradation of the azulene moiety

An alternative set of DMB deprotection conditions was tried - cerium chloride and sodium
iodide.10 Several products were present in very small quantities, but were difficult to separate and
had indistinct 'H NMR spectra. None of the observed spectra corresponded to

6-(2-hydroxyethyl)azulene. There is circumstantial evidence of substitution at the 1-position for
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some of the products. A polar blue (as opposed to indigo) product was present, with a tH NMR
spectrum lacking triplet multiplicity for H-2. It is possible that the deprotection by-product of this
reaction, 3,4-dimethyoxybenzyl iodide, reacted with the 1-position of azulene through a cerium
chloride-catalysed Friedel-Crafts alkylation to form a compound such as 218 (Figure 70). Such a
result would be unusual, as azulenes are notoriously difficult to functionalise through Friedel-

Craftsalkylation.1 However, thisreaction was not investigated further, owing to time constraints.

O OMe
Q OMe
g 218

Figure 70. Possible structure of one of the products resulting from CeCls-mediated deprotection of DMB

Regeneration of 6-(2-hydroxyethyl)azulene from 6-vinylazulene remains elusive. It is believed
that reintroduction of the hydroxyl group should be possible under the right conditions, and that

an efficient method for regenerating 90 would be an attractive feature of the Azul protecting

group.

5.5 Deprotection summary

Removal of the Azul protecting group is very easily accomplished. One-step deprotection can be
performed with amidine bases such as DBU or DBN or with TBAF at room temperature, and do
not require dry or inert-atmosphere conditions to proceed. At elevated temperatures, piperidine
and pyrrolidine in acetonitrile can be used for deprotection. The majority of amine bases do not
react at all with the Azul protecting group, which is an advantageous feature considering how
commonly certain amine bases (such as DABCO, Hiinig’s base, DMAP and NEt3) are employed as
reagents. The colour change from indigo to blue that is typically observed upon deprotection

allows self-indicating reaction reaction to self-indicate.

Two-step deprotection can be accomplished through the introduction of a methyl ketoester,
followed by the addition of a very mild base such as morpholine. The activation reaction is
quantitative and gives a colour change from indigo to an orange-red, and increased the reactivity
towards deprotonation by an estimated seven orders of magnitude. Other activation methods

were explored, but were deemed to be insufficiently effective or mild.
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5.6 Comparisons with other protecting groups

5.6.1 Overview

Crucial to the development of a new protecting group is the assessment of its compatibility with
other commonly used protecting groups. Ideally, there should exist conditions where either the
new or pre-existing protecting group be cleaved in the presence of the other. The ability to
perform a global deprotection isn’t a requirement, but is a nice bonus. Any incompatibilities
between protecting groups need to be fully understood if the protecting group is to be useful for

the wider synthetic organic community.

Originally, the comparison was to be performed on a single substrate with both protecting groups
attached. Through initial tests on FMOC-Gly-OAzul 189, it was found that large numbers of similar
compounds could be formed through these experiments, confounding :H NMR analysis. Also, the
syntheses of these compounds proved challenging. For instance, the comparison with TBS ethers
was originally intended to be performed on the substituted glycolate 220, but isolation of the
polar intermediate 219 from the contents of the previous reaction proved to be prohibitively

difficult (Scheme 108).

j]\/ TBS-CI O 219 95, DCC, DMAP O 220
oH ———> )J\/oms """""" - J\/OTBS
HO Imidazole, DMF 1o CHyCl, AzulO

Scheme 108. Attempted synthesis of a bis-protected glycolic acid

Instead, the orthogonality comparisons were typically performed on two separate species - a

protected subject of the protecting group in question, and an Azul-protected carboxylic acid.

Conditions were found that allowed the Azul protecting group to be fully compatible with the TBS

and MOM protecting groups, whereas for FMOC only partial orthogonality could be achieved.

5.6.2 Orthogonality to TBS

The TBS ether protecting group is one of the most important and widely used protecting group for
hydroxyls. TBS ethers are typically cleaved through treatment with acid or fluoride, but are
relatively stable to base. This combination immediately suggests some selective cleavage methods,
as the Azul protecting group is stable to acid, but labile to base and fluoride.
TBS-cyclohexanemethanol 221 was used as the TBS-protected substrate. Mixtures of
221 and Azul cinnamate were made up, typically in around 1:1 ratios in preparation for the

selective deprotectionreactions (Scheme 109).
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Scheme 109. Various conditions for deprotection were explored on the mixture of 178 and 221

Selective cleavage of the TBS ether and global deprotection were found relatively easily (Table
20). Treatment of the mixture with 4:1 MeOH/10% aq. HCl solution overnight at room
temperature gave complete cleavage of the TBS group, but also a small amount of oxidative
degradation of the azulene moiety. To circumvent this problem, the weak acid PPTS was used
instead. Addition of PPTS followed by heating at reflux overnight in MeCN gave complete TBS

cleavage with no cleavage of the Azul group.

Deprotection of both the TBS-ether and Azul-cinnamate (i.e. global deprotection) was achieved by
reaction with TBAF in THF for 3.5 hours. Shorter reaction times resulted in only partial cleavage

of both protecting groups.

Finding a workup protocol for selective Azul deprotection was somewhat trickier on account of
having to remove DBU under non-acidic conditions. Fortunately, DBU is sufficiently basic to
reversibly form a complex with water (DBU-H+ OH-) and could be removed through repeated
washes of water during phase separations.’2 The cinnamate salt was then extracted from the

aqueous wash using aqueous hydrochloric acid and copious extraction with CH:Cl..

No TBS deprotection | Full TBS deprotection

No Azul 1:4 10% HCl@q) / MeOH r.t. overnight.
Deprotection Or PPTS, MeCN reflux overnight

Full Azul | DBU, THF, 7 hoursr.t. TBAF, THF, 3.5 hours, r.t.

deprotection

Table 20. Selective and global deprotection conditions for Azul and TBS mixtures

From these results, it was concluded that full orthogonality between Azul and TBS can be achieved.
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5.6.3 Orthogonality to FMOC

The FMOC protecting group was considered to serve as a useful comparison to Azul, owing to

their shared mode of deprotection through base-induced f-elimination. As FMOC-glycine was
readily available, the Azul group was introduced via the method discussed in Chapter 4 to obtain

the compound 189 (Figure 71).

@)
Figure 71. FMOC-Gly-OAzul

FMOC was found to be much more labile to basic conditions than the Azul group, and full selective
FMOC deprotection was easily achieved by reacting with piperidine in MeCN for 30 minutes atr.t.,
while global deprotection could be achieved by treatment with typical conditions for Azul

deprotection - namely DBU in MeCN for 8 hours, or TBAF in THF for 30 minutes (Table 21).

The rate of FMOC deprotection precludes the development of a one-step selective Azul

deprotection protocol, so the use of a two-step protocol was investigated.

O
1. (COCI),, CH,Cly,
20 seconds, r.t. oO—
189 y
2.MeOH, 30 seconds 222
3. Pyridine

Scheme 110. Activation of FMOC-Gly-OAzul in preparation for selective Azul deprotection

The Azul protecting group was activated using the methodology discussed in section 5.2.3 to give
the compound 222 in high yields (Scheme 110). Despite the activation, selective Azul
deprotection was difficult to achieve, as FMOC was only slightly less reactive than the activated

Azul protecting group. The most successful result involved using NEt; in MeCN at 0 °C to give full

Azul deprotectionand 25% FMOC deprotection.
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No FMOCdeprotection Full FMOC deprotection

No Azul Deprotection Piperidine, MeCN, 30 minutes r-.t.

Full Azul deprotection 1. (COCl), CH:CI; TBAF, THF, 30 minutes r.t.
2. NEt3,MeCN,0°Ca | or DBU,MeCN, 8 hoursr.t.

Table 21. Selective and global deprotection conditions for FMOC-Gly-OAzul
a25% deprotection of FMOCwas observed

These results show that partial orthogonality between Azul and FMOC can be achieved. Through
the right choice of solvent and temperature, it is anticipated that selective Azul deprotection in the

presence of FMOCis attainable.

5.6.4 Orthogonality to MOM

The MOM-protected substrate used in this study was the MOM-cetyl ether 223. MOM is typically
only deprotected through acidic or Lewis acidic conditions, and this left little room for the design

of a global deprotection method. Azul cinnamate was used as the Azul protected substrate in this

study (Scheme 111).

\O/\O/\C15H31

223

s~ D

Scheme 111. Various conditions for deprotection were explored on the mixture of 178 and 223

Deprotection conditions
o

Azul-cinnamate was deprotected selectively in the presence of MOM through addition of DBU to
MeCN (Table 22). Selective MOM deprotection was attempted though heating the mixture at
reflux in a 1:30 v/v solution of 10% HCl (aq.) in MeOH, which gave MOM deprotection
concurrently with Azul degradation. Use of the mild acid PPTS while heating at reflux in a 3:1
mixture of EtOH/MeCN (MeCN present to aid solubility) gave full selective MOM deprotection and
no observable degradation of Azul-cinnamate. These results show that full orthogonality of Azul

with MOM can be achieved

No MOM deprotection Full MOM deprotection

No Azul Deprotection PPTS, 3:1 EtOH/MeCN reflux

overnight
Full Azul deprotection DBU, MeCN, r.t. overnight

Table 22. Selective deprotection conditions for Azul and MOM mixtures
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5.7 Reactioncompatibility

5.7.1 Overview

Knowledge of a protecting group’s compatibility with various reaction conditions is crucial when
designing a synthetic scheme. If the effects of a common protocol are unknown on a new

protecting group, chemists will be reluctant to use the protecting group in their syntheses.

Several commonplace reactions were investigated to this end, to explore not only the effect of the
reaction on the protecting group, but also the effect of the protecting group on the reaction. A set
of representative reactions was sought, based on both diverse chemical phenomena and common
synthetic requirements. These reactions included: Suzuki cross coupling, sodium borohydride

reduction, Masamune-Roush, and Swern oxidation

The azulene-protected species chosen for this work was the benzoate ester 182. This ester was
chosen in particular due to the expected inertness of the benzoate functionality to the reaction

conditions explored. (Figure 72).

a4

Figure 72. Azul-benzoate 182 was used as the Azul-protected substrate

Compatibility was tested by running the reactions in duplicate, with one flask charged with Azul-
benzoate and one control without any azulene-based contamination. These reactions were run
side-by-side and the reaction conditions (relative quantities of reagents, timing, temperature)
were Kept as similar to each other as possible. Afterwards, each reaction was subjected to some
form of simple workup designed to allow an intelligible tH NMR spectrum of the crude product
mixture to be obtained, from which the extent of reaction could be assessed through integration of

the peaks corresponding to the relevant chemical species.

Incompatibilities were found in only two reactions - high-temperature Suzuki cross-coupling and
Swern oxidation. The azulene moiety was found to be compatible to all the other reaction

conditions explored.

5.7.2 Suzuki cross-coupling

The Suzuki cross-coupling is one of the most popular and widely used reactions for carbon-carbon

bond formation, making it ideal as the subject of the first reaction compatibility investigation.13
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There were two potential points of failure for this reaction, one being the possibility of
deprotection through the presence of base, and the other being the potential for palladium-

catalysed activation and substitution on the nucleophilic 1-position of the azulene moiety.

A traditional (i.e. high temperature) Suzuki cross-coupling between phenylboronic acid (224) and
2-bromoanisole (225) catalysed by palladium tetrakis(triphenylphosphine) was performed
(Scheme 112). After 2 hours, the control reaction gave 70% conversion of the starting material
225, while the azulene-doped reaction gave 45% conversion to 226, in addition to approximately
17% conversion of the Azul-benzoate to other species, including 6-vinylazulene (94) and various

highly polar materials that degraded during workup.

Pd( PPh3) O

KZCO3, toluene reflux

(@)
2 hours N
226

Scheme 112. The reaction used to assess the compatibility of Suzuki cross coupling with Azul

[t is not clear what the cause of the Azul-benzoate deprotection is. A follow-up reaction involving
Azul-benzoate in the presence of palladium tetrakis(triphenylphosphine) and potassium
carbonate in refluxing toluene (without the cross-coupling reactants) gave only 8% conversion of
186 to 6-vinylazulene after heating at reflux overnight - much less than the 17% conversion over
two hours observed previously. A similar reaction without the palladium catalyst (using
potassium carbonate and phenylboronic acid only) gave only trace quantities of 6-vinylazulene.
This suggests an active intermediate in the cross-coupling mechanism may be responsible for the

observed deprotection.

Of course, the Suzuki cross-coupling has seen much development since the original publication,14
and considerably milder methods exist that allow for coupling at ambient temperatures. Coupling

of phenylboronic acid to the electron-deficient p-nitroiodobenzene (227) can be performed using

palladium acetate at room temperature (Scheme 113).

+ Pd(OAC)z, K2C03 O
—>
MeOH, 3 days, r.t.
228 O

NO,
Scheme 113. The reaction used to assess Azul compatibility with low-temperature Suzuki cross coupling
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The low-temperature Suzuki reactions were allowed to proceed for 3 days, despite being
essentially complete after one day. Yields of 228 were quantitative for both the Azul-benzoate
doped reaction and the control, although 8% conversion of Azul-benzoate to
6-(2-hydroxyethyl)azulene was observed. Considering the extended length of this reaction, it is

reasonable to assume that reaction time canbe shortened to give a lower amount of deprotection.

Overall, Suzuki cross-coupling was judged to be partially compatible with the Azul protecting
group. Compatibility is achievable, providing the appropriate choice of alkyl halide (or possibly

triflate) is made.

5.7.3 Reductionusing NaBH4

Reduction of carbonyl-containing functionalities to alcohols is commonly performed using

reagents such as sodium borohydride and lithium aluminium hydride.15

The reduction of benzophenone (229) to diphenylmethanol (230) with sodium borohydride was
chosen as the test reaction (Scheme 114). Once again this reaction was allowed to proceed for
much longer than the time it took to reach completion, for the purposes of over-engineering. The
reaction was left overnight, despite being complete after approximately half an hour. In both cases,
the conversion of benzophenone to diphenylmethanol was complete, with only trace evidence of
Azul benzoate being consumed. From this, it was concluded that the Azul protecting group is

compatible with NaBH, reduction.

Q OH

O O o O O
—_—
MeOH, r.t. overnight 230

229
Scheme 114. The reaction used to assess Azul compatibility with NaBH4 reduction

5.7.4 Masamune-Roush olefination

One of the concerns over the Azul protecting group was that it would be incompatible with the
strongly basic conditions of the Wittig-type reactions (i.e. LDA, NaH and KHMDS). These reactions
are synthetic workhorses and are regularly applied to stitch together two molecular fragments or
introduce a conjugated alkyl-protected ester, especially in the early stages of a synthesis, so the

ability to perform these reactionsin the presence of the Azul protecting group is highly desirable.
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Figure 73. The acidity of the a-protonis increased through the complexation ofa metalto the phosphonoacetate in the
Masamune Roush olefination

One variant, the Masamune-Roush modification,6 can be performed using triethylamine as a base,
which the Azul protecting group is stable to (based on results in section 5.2). The acidic a-proton
of the phosphonoacetate can be made much more acidic through the bidentate complexation of
the carbonyl and the P=0 to a Lewis acid; typically LiBr or MgBr: is used for this reaction (Figure
73).17

o)
] I
P \)]\ LiBr, NEts NN
Et0” | ot — S
OEt ~ THF, r.t. overnight
231 o) 232 \O 233

Scheme 115. The reaction used to assess Azul compatibility with Masamune-Roush olefination

Anisaldehyde was coupled to triethylphosphonoacetate using lithium bromide and triethylamine
(Scheme 115). Complete conversion was achieved in both cases with only trace evidence of
conversion of the Azul-benzoate. From this, it was concluded that the Azul group is compatible

with the Masamune-Roush olefination

5.7.5 Swern oxidation

Oxidation of alcohols to aldehydes and ketones is an integral part of synthesis, owing to the
synthetic utility of the resulting carbonyl. From the investigations into activation-deprotection
reactions in section 5.2.3, it was already known that the Swern reaction conditions® would
unfavourably react with the Azul protecting group. Nevertheless, it is still important to test the
compatibility of Azul-benzoate with this reaction, for two reasons. First, it was not known how
close the competition is between the alcohol and Azul-benzoate towards nucleophilic attack on
chlorodimethylsulfonium chloride. There is the possibility of one reaction being selected for over
the other. Second, it was not known if the Azul protecting group would have an adverse effect on
the oxidation of the alcohol substrate beyond using up equivalents of chlorodimethylsulfonium

chloride.

Cetyl alcohol was chosen as the substrate for oxidation, mainly because it was a primary alcohol
(the resulting aldehyde peak would be easy quantify by 'H NMR integration), readily available,

and both it and the oxidised product hexadecanal are non-volatile (Scheme 116). This choice of
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substrate led to some problems, though. Cetyl alcohol is barely soluble in CH:Cl; at room
temperature - at -78 °C the compound is not noticeably soluble at all. By using THF as a co-solvent,

this problem wasavoided.

OH 1. (COClI),, DMSO, CH,Cl,, THF, -78 °C O| 234

>
C1sHay 2. NEtg, -78 °C - r.t. C1sHa1
Scheme 116. The reaction used to assess Azul compatibility with Swern oxidation

Attack of the dimethylsulfonium moiety on Azul-benzoate was rapid and complete, with a colour
change from indigo to magenta observed over the course of twenty seconds, suggesting formation
of the compound 235. In comparison, addition to the alcohol occurs much more slowly, over the
course of 2 hours - as evidenced by previous attempts at this reaction whereby triethylamine was
added early (after 30 minutes), and returning large quantities of unreacted cetyl alcohol. (Scheme

117).

Ccr
@®@s—
o Fast 0o
— >
(e} (e}
182 235
+ CISMe," CI I
3 cr
o Slow 07N
—
C1sH31 CacH
15H31

Scheme 117. Comparison of the reaction rates between addition ofthe dimethylsulfonium chloride to an alcohol and to
Azul

The control reaction gave a conversion of 86%, while the Azul-benzoate reaction gave a slightly
lower conversion of 75%. Approximately 5 equivalents of chlorodimethylsulfonium chloride were
present in both reactions. From this, it can be concluded that Swern oxidation is not compatible
with the Azul protecting group, although oxidation of alcohols can still proceed, providing an

excess of chlorodimethylsulfonium chloride is present.

5.8 Summary

Azul shows promise as a protecting group. It has been tested against a wide variety of bases, and
these tests show the Azul protecting group inhabits a ‘Goldilocks Zone’ where it is labile to some of
the stronger bases such as amidines and TBAF, but is stable to the vast majority of amine bases

including the more commonly used organocatalysts. Finding a quantitative and easy-to-perform
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activation method for two-step deprotection was fortuitous, as it allows for so much more

flexibility and orthogonality.

Orthogonality between Azul and other common protecting groups was demonstrated. Full
orthogonality with TBS-ethers and MOM-ethers was observed, and partial orthogonality with
FMOC was observed. These experiments served as a good demonstration of the flexibility of the

Azul protecting group towards deprotection.

Regeneration of the deprotection by-product 6-vinylazulene (94) was investigated, but no

methods were found to achieve this transformation.

The compatibility of the Azul protecting group with a selection of common reactions such as
Suzuki cross-coupling, NaBH. reduction, Masamune-Roush and Swern oxidation was assessed.
Some incompatibilities were found with high-temperature Suzuki reactions and Swern oxidations,

but otherwise the Azul group performed well.
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Chapter 6: Future work and
conclusions

6.1 Future work

As with any open-ended project, there is no definable endpoint to research. Termination of the
project seems arbitrary, and leaves a dizzying array of possibilities left unexplored and paths not

taken.

6.1.1 Further development of the Azul protecting group for
carboxylic acids

While the Azul protecting group for carboxylic acids has been well investigated at this point, there
still remain numerous additional tests for orthogonality and reaction compatibility. The
orthogonality of the PMB protecting group to Azul was to be investigated, but time restraints did
not permit adequate study. Incompatibility with DDQ was demonstrated through the attempts at
regenerating 6-(2-hydroxyethyl)azulene from the DMB ether 217, but a more formal investigation
with PMB-protected species is nevertheless needed. Hydrogenation is an alternate method for

cleaving PMB ethers, and may provide an interesting test of compatibility with the Azul moiety.

There were several other salient reactions whose compatibility with Azul were to be tested.
Additional reductions with stronger reducing agents such as LiBHs and LiAlH4, or with alkyl
substituted reducing agents such as K-selectride or DIBAL-H are needed. Finding a compatible
alcohol-to-aldehyde oxidation method is also a high priority. Parikh-Doering and Dess-Martin
oxidations were investigated but suitable procedures for generating crude mixtures with sensible
1H NMR spectra could not be found. Anecdotal evidence exists towards the compatibility of Azul
with Parikh-Doering in that no azulenedimethylsulfonium species was produced, a somewhat
surprising result given the similarity of Parikh-Doering to the Swern oxidation. Other important
reactions considered for evaluation were alkene metathesis, Yamaguchi esterification, Huisgen

cycloadditionand reactionsinvolving radical chemistry.

Alternative modes of protection with the Azul protecting group and multi-step one-pot reactions
warrant investigation. For instance, the compatibility of the Masamune-Roush reaction with Azul
opens up the possibility of introducing the Azul protecting group through a Masamune-Roush

olefination. Reaction of the Azul-phosphonoacetate 236 with an aldehyde or ketone-containing
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substrate under Masamune-Roush conditions would provide a convenient Azul protection and

two-carbon homologationinasingle step (Scheme 118).

‘ R
ﬁ i O o ﬂ
Eto—P\)J\ """""
THF, rit.
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Scheme 118. Azul protection-olefination using Masamune-Roush
Alternatively, the same process might be achieved through the use of the Bestmann ylide (Scheme

119).1 Reaction of 90 with an aldehyde or ketone in the presence of Bestmann ylide would give

the same product237.
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Scheme 119. Azul protection-olefination using Bestmann ylide

Such procedures are synthetically useful not only due to their step efficiency, but also because

they avoid generation of free carboxylic acids that may be difficult to handle and purify.

Tandem deprotection-esterification or deprotection-lactonisation reactions are also expected to
be highly useful (Scheme 120). The typical eventual fate of a carboxylic acid produced as a
synthetic intermediate is as part of an ester or lactone. Azul deprotection results in a carboxylate
salt and 6-vinylazulene. There is no hydroxyl functionality that can possibly re-esterify the
carboxylate salt Introduction of an alcohol under esterification conditions (such as Mitsunobu or
Yamaguchi) could provide the desired ester efficiently, while lactonisation could conceivably be
achieved through global deprotection of a substrate such as 238 to generate the conjugate base of

a seco-acid such as 239 which subsequently lactonises under the appropriate conditions.

R'OH
(0]

(0] Deprotection

...... » R

RN /\ U~/ 7T > OR'
esterification
conditions
! TBAF 0 © Lactonisation conditions
------------------- b o

oTBS OH 939 O

Scheme 120. Possible methods of tandem deprotection-esterification or deprotection-lactonisation

140



6.1.2 Development of the AzulOC protecting group for
alcohols and amines

While methods were found to introduce the AzulOC protecting group onto amines and alcohols in
relatively high yields (75% and 83% respectively), the reaction conditions are not especially user-
friendly and result in a large number of azulene-based by-products. It is possible that protection
may be improved by using the more reactive (and more expensive) N,N-disuccinimidyl carbonate

in place of CDI.

At present, only two primary alcohols - cetyl alcohol and cyclohexanemethanol - have been
protected with AzulOC. The methodology needs to be extended to secondary and tertiary alcohols,
as well as phenols. Selective protection methodology for differentiating between hydroxyl

functionalitiesisalso highly desirable.

Much work needs to be done before AzulOC is a viable protecting group for amines. Along with
protocols that cover a wide variety of nitrogen-containing compounds (such as primary and
secondary amines, amino acids and heterocyclic compounds such as indoles), protocols for
deprotection and the subsequent separation of the amine substrate from DBU need to be

developed.

The array of orthogonality and compatibility reactions that were performed on the Azul
carboxylic acid protecting group must also be performed on the AzulOC amine and alcohol
protecting groups. While it is expected that AzulOC will behave very similarly to the Azul

protecting group, itis nevertheless necessary to investigate this area fully.

The final test for the Azul protecting group is its incorporation into a complex molecule synthesis.
While many of the scenarios encountered during a synthesis can be anticipated and investigated
separately, there will always be some combination of factors that cannot be anticipated and must

be experienced and overcome atthe time. The proofofthe pudding, as they say, is in the eating.

6.1.3 Other azulene based protecting groups

There is room for making additional variants of the Azul protecting group. The difficulty of scale-
up of the 6-(2-hydroxyethyl)azulene (90) preparation remains a bottleneck in the process, on
account of the handling properties of paraformaldehyde. Large quantities of the protecting group
precursor must be cheaply and readily available if other synthetic chemists are to adopt its use.
Other protecting groups with similar function could conceivably be developed. Paraformaldehyde

could be replaced with other aldehydes or ketones in the synthesis step of the protecting group to
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give compounds with additional steric bulk. For instance, reaction of 6-methylazulene with LDA
followed by benzophenone would give the bulky tertiary alcohol 240. As benzophenone is much
more easily handled than paraformaldehyde, higher yields and larger scales are expected to be

achievable for the synthesis of this protecting group precursor (Scheme 121).

1. LDA, THF HO

------------- b

2. Benzophenone 240
10

Scheme 121. Synthesis of the protecting group precursor 240

Protection with a hindered species such as 240 would likely be more difficult than protection with
the Azul protecting group, and protection of alcohols would likely be limited only to primary
alcohols.2 Deprotection may be expedited through the generation of additional conjugation in the
compound 242, and may give access to a slightly different regime of lability in ‘base space’
(Scheme 122). The increased conjugation of 242 could also result in a more noticeable colour

change upon deprotection.

Mild base
Protect|on deprotectlon Q /

Scheme 122. Protection of 240 as 241, and its deprotection

A 1-(2-hydroxyethyl)azulene-based protecting group is also feasible. The progenitor alcohol 243
has been synthesised from azulene in one step using oxalyl chloride and lithium borohydride.
Unlike the Azul protecting group, the azulene ring is not expected to have much influence over the
deprotection conditions - it is merely anticipated to be a coloured tag. Such a protecting group
would deprotect through the usual ester or carbonate cleavage conditions (i.e. acidic or basic
hydrolysis) rather than through S-elimination and would be expected to be stable to the non-

aqueous bases that deprotect Azul (Scheme 123).

Q (COCI),, CH,Cly protection Q
T LiBH, Q """"""
243
25%

Scheme 123. Generation of 243 and protection of a substrate as 244

XR
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6.2 Concluding remarks

The use of coloured protecting groups greatly expedites synthetic chemistry by allowing
purification to be performed more easily and by allowing the chemist to track and account for
material more easily. This allow the chemist to be more productive over a given timescale, and
may also benefit non-specialists, researchers who are not career organic chemists who

neverthelessneed to use synthetic techniquesto carry outresearch.

The physical and chemical properties of azulenes make them ideally suited for use as protecting
groups. The intensity of visible light absorption is high but not too high, and so negligible
quantities of material do not remain highly coloured. The azulene moiety is both non-polar and
structurally compact, a combination of traits highly unusual amongst other organic chromophoric
species. Stabilisation of both positive and negative charges allows for some unusual and

potentially orthogonal modes of deprotection.

Several azulene-based protecting group candidates were explored. Two of these candidates, the 1-
azulenylmethyl group 79 and the azulenesulfonamide 82 were swiftly abandoned. 79 was
dropped due to a tendency to degrade, and 82 was dropped due to difficulties in synthesis and the
realisation that the predicted deprotection conditions required would likely be too harsh for use
in complex molecule synthesis. The azulene-1-carboxylate ester 74 and guaiazulene and 4,6,8-
trimethylazulene variants were heavily investigated as protecting groups. Despite finding
favourable protection conditions, the basic deprotection conditions required were judged to be
unacceptably harsh for use in complex molecule synthesis. Various two-step approaches were
investigated, including nitration, m-complex activation and tethered deprotection from the
neighbouring 4-methyl position. None of these approaches gave sufficiently improved protocols

for deprotection.

The 6-(2-oxyethyl)azulene-based protecting group, nicknamed Azul for carboxylic acids and
AzulOC for alcohols and amines has met with much greater success. It has demonstrated excellent
flexibility when it comes to deprotection conditions and orthogonality, and compatibility with
several common reaction conditions has also been demonstrated. As a protecting group for
carboxylic acids, protection is easily carried out through Steglich chemistry. Protection reactions
for alcohols and amines still shows room for improvement and more research is needed before
they can be used as a general protocol. The Azul protecting group fulfils most of the requirements
stipulated in Chapter 1 for a useful azulene-based protecting group, and it can tentatively be said

to be ready forinclusionin a total synthesis.
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Experimental

General procedures

All reactions were performed under a nitrogen atmosphere in glassware dried using a heat gun
under vacuum, unless otherwise specified. All reaction solvents were obtained dry, either from a
Innovative Technology PureSolv solvent dispenser (THF, DCM, toluene, diethyl ether, hexane) or
from distillation over sodium metal (methanol, ethanol, isopropanol, DME) or calcium hydride

(pyridine, acetonitrile, diethylamine, diisopropylamine, DMSO), unless otherwise specified.

Phase separations of mixtures involving coloured substrates were typically performed using
CH:Clz/H:0, and repeated as necessary until the colour had been removed from the aqueous layer.

No drying procedures are performed prior to concentration by rotary evaporation.

All column chromatography was performed using silica gel (40-63 micron from PureScience).
Material collection was typically performed by collecting single fractions for each coloured band
into round-bottomed flasks, unless for desired colourless compounds or particularly difficult

separations, in which case multiple fractions were collected using test tubes.

All NMR data were acquired using a Varian Unity Inova 500 (operating at 500 MHz for 1H and 125
MHz for 13C). All structural assignments were made on the basis of 2D NMR data (COSY, HSQCAD,
HMBCAD). J coupling values are rounded to the nearest 0.5 Hz. All IR data were obtained from a
Bruker Alpha Platinum with ATR fitting. All mass spectrometry data were acquired from an
Agilent Technologies 6530 Accurate Mass Q-TOF LC/MS instrument. All UV/Vis data were
obtained from a Varian Cary 100scan UV-Visible spectrophotometer, using quartz cuvettes with a

10 mm path length, and spectra were recorded of the regions between 400 and 800 nm.

Thin layer chromatography was performed using Machery-Nagel SilG/UV;s4 polyester-backed
silica TLC sheets. When performing TLC on mixtures consisting only of coloured compounds, it is
not necessary to use a TLC stain. In cases where azulene-based compounds were insufficiently
concentrated to be visible to the naked eye, a 254 nm UV source effectively visualised the spots
(due to azulene absorbing approximately five times more strongly in the UV region than in the
visible), or alternatively an anisaldehyde stain was used (prepared from 15 mL AcOH, 3.5 mL p-
anisaldehyde, 350 mL EtOH and 50 mL H:SO.), under which azulene moieties char to a deep red

colour and become much more intense.
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Specific optical rotation measurements were attempted on chiral molecules, but the
concentrations required for transparency of the solution at 589 nm were too dilute to allow

measurements above background noise to be made.

A note on descriptions of colour

Many of the names for colours that fall between blue and red on the colour wheel are used
interchangeably (such as the colours violet, purple and magenta) or with ambiguity (indigo the
classical colour is a slightly purple blue, whereas indigo dye is a slightly green blue). It is necessary
to provide a visual description of these colours, so that phrases such as ‘colour change from purple

to violet’still confer meaning (Figure 74).

T

Blue Indigo  Violet Purple Magenta Crimson Maroon Orange-red

Figure 74. Depiction of the colours encountered throughout this project

Azulene (1)
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1-Chloro-2,4-dinitrobenzene (6.88 g, 34 mmol, 1 eq.) was added to a RBF, followed by pyridine
(70 mL, 870 mmo], 25.5 eq.), upon which a red-orange colour appeared. This solution was heated
at reflux for 70 minutes, during which time a precipitate had formed throughout the entire liquid
volume. The reaction was left to cool to r.t. over 20 minutes, then cooled further in an ice bath for
10 minutes. Diethylamine (7.5 mL, 72.5 mmol, 2.1 eq.) was added and the mixture stirred for 20
minutes, then left to warm to r.t. and left to stir until all the precipitate had dissolved (ca. 1 hour).
During this time, a solution of NaOMe was prepared by adding MeOH (18 mL) slowly to sodium
metal (2.12 g, 92.6 mmol, 2.7 eq.). Freshly cracked cyclopentadiene (7.5 mL, 89 mmo], 2.6 eq.) was

slowly added to the reaction mixture, followed immediately by the NaOMe solution. The reaction

mixture was then heated at reflux for 30 minutes, after which a distillation head was attached in
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order to remove some of the more volatile components of the reaction (approximately 40 mL of
the mixture, mostly methanol and diethylamine). The distillation head was then swapped back to
the reflux condenser and reflux was resumed. After a few hours, a dirty green-blue colour was

visiblein the reaction mixture.

After heating at reflux overnight, the distillation head was re-fitted and the reaction mixture was
distilled to dryness. A portion of azulene co-distilled with the pyridine. Pet. ether was periodically
added and distilled off to recover additional azulene through azeotrope formation. This distillate
was reduced via rotary evaporation to remove pyridine and pet. ether. The solid remaining in the
reaction vessel was broken up manually and repeatedly washed with dichloromethane to extract
the remaining azulene. The resulting solution was then passed through a silica plug with pet. ether
as the eluent to remove the most polar impurities. The two azulene-containing mixtures were
then combined and purified with column chromatography using pet. ether. The pure solution was
then repeatedly reduced via rotary evaporation and the azulene-containing distillate that
collected in the splash-head was returned to the solution. Finally, a small amount of diethyl ether
was added in order to remove remaining hexane through azeotrope formation, and the solution
reduced to dryness through rotary evaporation with a wad of cotton wool wrapped in aluminium
foil fitted into the lower arm of a splash-head, to obtain azulene 1 (2.2 g, 51%) as a flaky blue-
indigo powder. tH NMR (500 MHz, CDCls) 6 8.44 (d, /=10.0 Hz, 2H, H-4,8), 8.02 (t, J=3.5 Hz, 1H, H-
2),7.66 (t,J=10.0 Hz, 1H, H-6), 7.51 (d, J=10.0 Hz, 2H, H-1,3), 7.24 (t, J=9.5 Hz, 2H, H-5,7). 13C NMR
(125 MHz, CDCls) & 140.2 (C, C-33,8a), 137.4 (CH, C-6), 137.1 (CH, C-2), 136.7 (CH, C-4,8), 122.8
(CH, C-5,7),118.1 (CH, C-1,3), Amax: 575 nm. Spectral data matched those reported previously.!

2,4,6-Trimethylpyrylium tetrafluoroborate (100)

4
o
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®
BF,
Acetic anhydride (50.0 mL, 530 mmol, 9.8 eq.) and t-butanol (4.0 mL, 42 mmol, 1 eq.) was added
to a conical flask with stirrer under open air. Tetrafluoroboric acid (7.0 mL, 48% v /v in water)
was added dropwise at a rate such that the temperature of the solution in the flask was
maintained around 100 °C. During this time the solution slowly turned a dark brown. The reaction
mixture was left to cool to 80 °C before being placed in an ice bath, upon which a beige precipitate

formed. Et:0 (30 mL) was added to aid further precipitation. The reaction mixture was filtered

and washed with Et;0, and a further filtration was performed on the filtrate to yield a second crop.
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The solids were combined to yield 2,4,6-trimethylpyrylium tetrafluoroborate 101 (4.568 g, 51%)

as a beige powder. This material was used in the next reaction without undue delay.

4,6,8-Trimethylazulene (9)
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[sopropanol (60 mL) was added to sodium metal (1.73g, 75 mmol, 3.3 eq.) in a RBF fitted with a
condenser and was heated until all sodium had reacted. Freshly distilled cyclopentadiene (6.5 mL,
77 mmol, 3.5 eq.) was then added to the still-warm reaction mixture and a slight pink colour
formed. 2,4,6-Trimethylpyrylium tetrafluoroborate 100 (4.704 g, 22.3 mmol) was added and the
reaction was left to reflux for 2 hours. The reaction mixture briefly went purple, followed by

orange.

The still-warm reaction mixture was then filtered through a silica plug and washed with pet. ether.
The crude mixture was concentrated via rotary evaporation to remove the remaining isopropanol,
and was then subjected to another silica plug in pet. ether followed by column chromatography in
pet. ether to afford 4,6,8-trimethylazulene 9 (667 mg, 17.5% yield) as purple waxy crystals. 1H
NMR (500 MHz, CDCl3) & 7.66 (t, J=4.0 Hz, 1H, H-2), 7.26 (d, /= 4.0 Hz, 2H, H-1,3), 7.06 (s, 2H, H-
5,7), 2.88 (s, 6H, 4-Me,8-Me), 2.65 (s, 3H, 6-Me). 13C NMR (125 MHz, CDCls) 6 146.4 (C, C-6), 145.1
(C C-4,8), 136.64 (C, C-3a,8a), 132.62 (CH, C-2),127.3 (CH, C-5,7), 116.2 (CH, C-1,3), 28.9 (CH3s, 6-
Me), 25.3 (CH3, 4-Me,8-Me), Amax: 540 nm. Spectroscopic datamatched those reported previously.2

1,4-Dimethylpyridinium iodide (106)

4-Methylpyridine (15 mL, 152 mmol, 1 eq.) was added to a RBF fitted with a Vigreaux column
open to the air in an ice bath. Methyl iodide (9.5 mL, 153 mmol, 1.004 eq.) was added slowly in 1
mL portions. A beige precipitate gradually formed, followed by a rapid exotherm during which the

reaction mixture completely changed to a salmon-coloured solid. A recrystallisation was then
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performed in the same vessel, using a minimum (ca. 20 mL) of hot ethanol, and the solid was
washed with diethyl ether to afford 1,4-dimethylpyridinium iodide 106 (33.877 g 95%) as
salmon-coloured deliquescent crystals possessing a sweet-sickly amine-like odour. This

compound was used in the next reaction withoutundue delay.

6-Methylazulene (10)
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Isopropanol (145 mL) was added slowly to potassium metal (8.23 g, 210 mmol, 2.33 eq.) at 0 °C in
a RBF fitted with a condenser. Freshly distilled cyclopentadiene (18 mL, 214 mmol, 2.37 eq.) was
added to this reaction mixture and a cream-coloured precipitate with hints of pink developed. 1,4-
Dimethylpyridinium iodide 106 (21.241 g, 90.3 mmol, 1 eq.) was added and the mixture was

heated to 40 °C for 30 minutes followed by heating to 70 °C for 2 hours. After this period, the

reaction mixture appeared blue-green. The reaction mixture wasallowed to cool.

The reaction mixture was added directly to a silica plug filled with silica and topped with celite.
During this process the reaction mixture became much more brown, but this is presumably due to
the atmospheric oxidation of the unreacted reaction components, not loss of 6-methylazulene. The
column was flushed sequentially with pet. ether and CH:Cl;, and concentrated by rotary
evaporation, taking care not to evaporate to dryness. This crude mixture was then subjected to
another two silica plugs in pet. ether to remove the most polar by-products, after which the crude
mixture had regained its blue colour. A final column in pet. ether was performed to remove the
remaining impurities, followed by repeated rotary evaporation to separate volatile 6-
methylazulene from pet. ether. The material was re-dissolved in Et,0 and concentrated by rotary
evaporation to afford 6-methylazulene 10 (4.493 g, 35%) as indigo flakes. tH NMR (500 MHz,
CDCl3) 6 8.28 (d, J=10.5 Hz, 2H, H-4,8), 7.89 (t, J=4.0 Hz, 1H, H-2), 7.42 (d, J=4.0 Hz, 2H, H-1,3), 7.14
(d, J=10.0 Hz, 2H, H-5,7), 2.70 (s, 3H, 6-Me). 13C NMR (125 MHz, CDCls) 6 148.8 (C, C-6), 138.8 (C,
C-3a,8a), 135.8 (CH, C-4,8), 135.6 (CH, C-2), 124.3 (CH, C-5,7), 118.0 (CH, C-1,3), 21.1 (CHs, 6-Me).

Amax: 561 nm. Spectroscopic data matched those reported previously.3

6-p-Tolylazulene (107)
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This compound formed in tiny (~0.01% yield) amounts in syntheses of 6-methylazulene that
contain an excess of sodium or potassium to cyclopentadiene. Indigo needles. tH NMR (500 MHz,
CDCls) 6 8.41 (d, J=10.0 Hz, 2H, H-4,8), 7.90 (t, J=3.5 Hz, 1H, H-2), 7.57 (d, J=7.5 Hz, 2H, H-10,14),
7.42 (d, J=4.0 Hz, 2H, H-1,3), 7.41 (d, J=9.0 Hz, 2H, H-5,7), 7.31 (d, /=8.0 Hz, 2H, H-11,13), 2.46 (s,
3H, 12-Me). 13C NMR (125 MHz, CDCl3) 6 151.0 (C, C-6), 142.5 (C, C-9), 138.8 (C, C-3a,8a), 137.9 (C,
C-12), 136.6 (CH, C-2), 1359 (CH, C-4,8), 129.5 (CH, C-11), 128.4 (CH, C-10), 123.4 (CH, C-5,7),
118.2 (CH, C-1,3). Spectroscopic data matched those reported previously.4

5-Methylazulene (11)
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3-Methylpyridine (30 mL, 303 mmol, obtained from bottle without purification) was added to
1-chloro-2,4-dinitrobenzene (1.878 g, 9.3 mmol, 1 eq.) in a RBF fitted with condenser. The
reaction mixture went red-brown. After 40 minutes at reflux, reaction mixture went black and
viscous. This was then cooled to 0 °C and diethylamine (2.0 mL, 19.3 mmol, 2.1 eq.) was added
and the reaction changed colour to maroon. Concurrently, NaOMe solution was prepared by
adding MeOH (10 mL) to sodium metal (556 mg, 24 mmol, 2.6 eq.). This solution was added to the
reaction mixture followed by freshly distilled cyclopentadiene (2.0 mL, 23.7 mmol, 2.56 eq.) and

the reaction mixture was heated to reflux.

After overnight reaction, the reaction mixture had become thick and black. This mixture was
transferred directly to a silica plug and eluted with pet. ether to obtain a blue solution. A
separation was performed with pet. ether/ 10% aq. HCI to remove remaining 3-methylpyridine,
and the organic layer was purified by column chromatography in pet. ether to afford 5-
methylazulene 11 (93 mg, 7% yield) as a blue solid. tH NMR (500 MHz, CDClz) & 8.30 (s, 1H, H-4),
8.25 (d, J=10.0 Hz, 1H, H-8), 7.88 (broad s, 1H, H-2), 7.52 (d, J=10.5 Hz, 1H, H-6), 7.29 (m, 2H, H-
1,3), 7.07 (t, J=10.0 Hz, 1H, H-7), 2.65 (s, 3H, 5-Me). 13C NMR (125 MHz, CDCl3) 6 139.8 (C, C-3a),
139.5 (C, C-8a), 138.4 (CH, C-4), 138.2 (CH, C-6), 137.0 (CH, C-2), 134.9 (CH, C-8), 131.9 (C, C-5),
121.9 (CH, C-7), 116.65 (CH, C-1 or C-3),116.61 (CH, C-3 or C-1), 26.5 (CH3, 5-Me). Spectroscopic

data matched those reported previously. 5
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4-Methylazulene (99)
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Azulene 1 (178.9 mg, 1.395 mmol) was added to a RBF and dissolved with Et,O (10 mL). 1 mL of
MelLi soln (3 M in diethoxymethane, 3 mmol, 2.15 eq.) was added in two 0.5 mL portions. After 15
minutes, the blue colour had been lost and a light pink colour was observed. The reaction mixture
was cooled to -78 °C and MeOH (1.1 mL, 25 mmol, 18 eq.) was added, followed by p-chloranil (461
mg, 1.87 mmol, 1.3 eq.) and the reaction was left to return to room temperature. After 45 minutes,

the reaction mixture appeared brown-green.

A separation was performed using pet. ether/aq. KOH, and column chromatography was
performed on the organic layer using pet. ether, to afford 4-methylazulene 99 (69.6 mg, 35% yield)
as an indigo viscous oil. tH NMR (500 MHz, CDCls) 6 8.37 (d, /=9.5 Hz, 1H, H-8), 7.86 (t, J=3.5 Hz,
1H, H-2), 7.55 (t, J=9.5 Hz, 1H, H-6), 7.45 (d, J=3.5 Hz, 1H, H-1), 7.40 (d, J=3.5 Hz, 1H, H-3), 7.20 (d,
J=10.0 Hz, 1H, H-5), 7.14 (t, J=9.5 Hz, 1H, H-7), 2.95 (s, 3H, 4-Me). 13C NMR (125 MHz, CDCl3) 6
146.8 (C, C-4), 140.0 (C, C-3a), 137.6 (C, C-8a), 136.9 (CH, C-8), 136.3 (CH, C-6), 135.3 (CH, C-2),
126.3 (CH, C-5), 121.8 (CH, C-7), 118.7 (CH, C-3), 115.7 (CH, C-1), 24.5 (CH3, 4-Me). Spectroscopic

data matched those reported previously.3

1-Formylazulene (78)
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Vilsmeier reagent solution (0.25 mL POCl; in 1 mL DMF) was made at 0 °C and 0.6 mL of this
solution was added to a solution of azulene 1 (121.7 mg, 0.95 mmol) in CH:Cl> (4 mL). The
reaction mixture rapidly changed colour from blue to orange. A solution of KOH (84 mg, 1.5 mmo],
1.5 eq.) in 10 mL H20 was added and the reaction mixture was stirred for 2 hours, over which

time the reaction mixture became purple.

A separation was performed using CH:Clz/H:0, to which further NaOH (aq.) was added until the
orange aqueous layer became colourless. The organic fraction was concentrated by rotary
evaporation and subjected to a second phase separation using pet. ether/sat. CuSO4 (aq.), and the

organic fraction was concentrated by rotary evaporation. Column chromatography in CH:Cl, was
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performed on the crude mixture to obtain the title compound 78 (138.6 mg, 93% yield) as a
purple oil. tH NMR (500 MHz, CDCls) 6 10.4 (s, 1H, H-9), 9.59 (d, J=9.5 Hz, 1H, H-8), 8.51 (d, /=10.0
Hz, 1H, H-4), 8.28 (d, J=4.5 Hz, 1H, H-2), 7.86 (t, J=10.0 Hz, 1H, H-6), 7.63 (t, /J=9.5 Hz, 1H, H-7), 7.54
(t, /=10.0 Hz, 1H, H-5), 7.34 (d, J=4.0 Hz, 1H, H-3). 13C NMR (125 MHz, CDCl3) § 186.7 (CH, C-9),
146.2 (C, 8a), 142.0 (CH, C-2), 140.3 (C, C-3a), 139.8 (CH, C-6), 139.0 (CH, C-4), 137.6 (CH, C-8),
129.6 (CH, C-7), 128.3 (CH, C-5), 126.0 (C, C-1), 119.1 (CH, C-3). Spectroscopic data matched those

reported previously.6

1-Methylazulene (101)
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1-Formylazulene 78 (30 mg, 0.19 mmol) was dissolved in a RBF with THF (5 mL) followed by

addition of 0.4 mL of a LiBH4 solution (2M in THF, 0.8 mmol, 42 eq.). The reaction mixture

changed colour from purple to blue. Two drops of BFs:.Et:0 were added (undistilled), and after 5

minutes, diethyl ether was added to dilute the reaction mixture, and the reaction was quenched

with saturated aq. NaHCOs.

A separation was performed with Et,0/sat. aq. NaHCO3 and the organic fraction was concentrated
by rotary evaporation, and purified by a gradient column starting with pet. ether and ending with
3:1 pet. ether/Et;0 to elute 1-methylazulene 101 (11.6 mg, 43% yield) as a vivid blue oil, and a
blue substance that appeared by 1H NMR spectroscopy to be various 1-azulylmethylene oligomers.
1H NMR (500 MHz, CDCl3) & 826 (d, J=9.5 Hz, 2H, H-4,8), 7.77 (d, J=3.5 Hz, 1H, H-2), 7.55 (t, J=3.5
Hz, 1H, H-6), 7.34 (d, J=4.0 Hz, 1H, H-3), 7.10 (t, J=9.5 Hz, 1H, H-7) 7.07 (t,J=9.5 Hz, 1H, H-5), 2.71
(s, 3H, 1-Me). Spectroscopic data matched those reported previously.”

1-(N-Pyrrolidinylmethyl)azulene (110) and 1-hydroxymethylazulene
(111)
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1-Formylazulene 78 (75 mg, 0.48 mmo], 1 eq.) was added to a RBF and dissolved in THF (7 mL). p-
TsOH.H20 (138 mg, 1.25 mmol, 2.6 eq.) was added and a slight colour change towards crimson
was observed. After 30 minutes, pyrrolidine (0.15 mL, 1.8 mmol, 3.8 eq.) was added, and after a
further 10 minutes, NaBH4 (580 mg, 15 mmol, 32 eq.) was added, at which point the reaction

mixture effervesced and changed colour to blue.

A phase separation was performed using CH:Cl./H>0 and the organic fraction was concentrated
by rotary evaporation and purified by column chromatography, eluting fraction A in CH:Cl; and
fraction B in 3:1 pet. ether/EtOAc. Fraction A was concentrated by rotary evaporation to give 110
(16.5 mg, 16% yield) as a blue oil, and fraction B was concentrated by rotary evaporation to give

111 (30.6 mg, 40% yield) as a blue oil.

110: :H NMR (500 MHz, CDCls) § 843 (d, /=9.5 Hz, 1H, H-8), 8.40 (d, /=9.5 Hz, 1H, H-4), 7.92 (d,
J=4.0 Hz, 1H, H-2), 7.70 (t, /=10.0 Hz, 1H, H-6), 7.41 (d, J=4.0 Hz, 1H, H-3), 7.33 (t, /=10.0 Hz, 1H, H-
7),7.29 (t,J=9.5 Hz, 1H, H-5), 4.63 (s, 2H, H-9), 3.16-3.11 (m, 2H, H-10a), 2.92-2.85 (m, 2H, H-10b),
2.20-2.14 (m, 2H, H-11a), 1.66-1.59 (m, 2H, H-11b). 13C NMR (125 MHz, CDCl3) 6 141.6 (C, C-8a),
140.9 (CH, C-2),139.4 (C, C-3a), 138.2 (CH, C-6),137.3 (CH, C-4), 134.1 (CH, C-8), 124.3 (CH, C-5),
123.7 (CH, C-7),119.2 (C, C-1), 117.2 (CH, C-3), 57.7 (CHz, C-10), 56.7 (CHz, C-9), 27.9 (CHz, C-11).
HRMS: m/z CisH1sN+ [M+H]+ Calculated 212.1434, found 212.1427. Amax: 577 nm.

111: 'H NMR (500 MHz, CDCls) § 8.51 (d, J=10 Hz, 1H, H-8), 8.34 (d, J=9.5 Hz, 1H, H-4), 7.93 (d,
J=3.5 Hz, 1H, H-2), 7.63( t, J=9.5 Hz, 1H, H-6), 7.34 (d, J=3.5 Hz, 1H, H-3), 7.23 (t, J=10.0 Hz, 1H, H-
7), 7.19 (t, J=9.5 Hz, 1H, H-5), 5.16 (s, 2H, H-9). 141.3 (C, C-8a), 137.9 (CH, C-6), 137.3 (CH, C-2),
137.2 (CH, C-4), 136.5 (C, C-3a), 133.9 (CH, C-8), 128.7 (C, C-1), 123.3 (CH, C-5), 123.0 (CH, C-7),
117.8 (CH, C-3), 58.5 (CH, C-9).

Methyl 1-azulenecarboxylate (8) and methyl oxo-1-azulenecarboxylate
(7)
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Azulene (49.2 mg, 0.38 mmol, 1 eq.) was added to a RBF fitted with condenser and dissolved with
MeCN (6 mL). A solution of oxalyl chloride was prepared (0.14 mL in 1 mL MeCN.) and an aliquot
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(0.25 mlL, 1.06 eq.) was added to the reaction mixture, which rapidly changed colour to orange.
The reaction was heated at reflux for 80 minutes, during which time the colour changed from
orange to crimson. MeOH (0.5 mL, 12.4 mmol, 32 eq.) was added and the reaction was left to cool

to r.t. for 30 minutes, after which pyridine (0.7 mL, 8.7 mmol, 23 eq.) wasadded.

A separation was immediately performed with CH:Cl>/H-0, and the organic fraction was passed
through a silica plug in CH:Cl. to remove baseline matter, to obtain 73.4 mg of a crude mixture of
25:1 methyl 1-azulenecarboxylate 8 and methyl oxo-1-azulenecarboxylate 7, equivalent to a 95%
yield of 8 and a 4% yield of 7.

8: 1H NMR (500 MHz, CDCl3) & 9.66 (d, /=10.0 Hz, 1H, H-8), 8.48 (d, J=9.5 Hz, 1H, H-4), 8.38 (d,
J=4.0 Hz, 1H, H-2), 7.82 (t, J=10.0 Hz, 1H, H-6), 7.57 (t, J=10.0 Hz, 1H, H-7), 7.47 (t, J=10.0 Hz, 1H, H-
5),7.31 (d, J=4.5 Hz, 1H, H-3), 3.97 (s, 3H, 0-Me). 13C NMR (125 MHz, CDCls) § 165.9 (C, C-9), 144.7
(C, C-8a), 140.7 (C, C-3a), 140.2 (CH, C-2), 139.0 (CH, C-6), 138.2 (CH, C-4), 137.7 (CH, C-8), 127.66
(CH, C-7), 126.7 (CH, C-5), 117.6 (CH, C-3), 116.7 (C, C-1), 51.2 (CHs, 0-Me). Proton NMR data

correspondsto data reported previously.8

7: 1H NMR (500 MHz, CDCls) § 9.89 (d, /=10.0 Hz, 1H, H-8), 854 (d, J=9.5 Hz, 1H, H-4), 8.47 (d,
J=4.5 Hz, 1H, H-2), 7.94 (t, J=10.5 Hz, 1H, H-6), 7.76 (t, J=9.5 Hz, 1H, H-7), 7.64 (t, J=10.0 Hz, 1H, H-
5), 7.32 (d, J=4.5 Hz, 1H, H-3), 3.99 (s, 3H, 0-Me). 13C NMR (125 MHz, CDCls) § 180.7 (C, C-9), 164.9
(C, C-10), 147.3 (C, C-8a), 142.91 (C, C-3a), 142.89 (CH, C-2), 140.2 (CH, C-6), 139.7 (CH, C-8),
139.0 (CH, C-4), 131.2 (CH, C-7), 129.6 (CH, C-5), 120.5 (C, C-1), 119.3 (CH, C-3), 52.6 (CHs, 0-Me).

Spectroscopic data matched those reported previously.?

Methyl oxo-(3-methylazulene-1-carboxylate)(119)
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1-Methylazulene (11.6 mg, 0.08 mmol, 1 eq.) was dissolved in 3 mL CH:Cl; in a RBF. A solution of
oxalyl chloride was prepared (1:9 v/v oxalyl chloride in CH:Clz) and an aliquot of this solution
(0.08 mL, 0.093 mmol, 1.1 eq) was added to the reaction mixture. The reaction changed colour

from blue to orange-red. After 80 minutes, MeOH, (0.4 mL, 9.8 mmol, 120 eq.) was added and a
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colour change was observed to brown. Pyridine (0.1 mL, 1.2 mmol, 15 eq.) was added after 1

minute.

A separation was performed with Et.0/10% aq. HCl, and the organic layer was concentrated by
rotary evaporation and purified by column chromatography in 3:2 pet. ether/Et;0 to afford
methyl oxo-(3-methylazulene-1-carboxylate) 119 (13.5 mg, 72.5% yield) as a brown solid, and
trace amounts of a pink material that was assumed to be methyl (3-methylazulene-1-carboxylate).
1H NMR (500 MHz, CDCl3) 6 9.79 (d, J=9.5 Hz, 1H, H-8), 8.40 (d, /=9.5 Hz, 1H, H-4), 8.27 (s, 1H, H-2),
7.87 (t,J=10.0 Hz, 1H, H-6), 7.66 (t, J=10.5 Hz, 1H, H-7), 7.58 (t, J=10.0 Hz, 1H, H-5), 3.99 (s, 3H, O-
Me), 2.60 (s, 3H, 1-Me). 13C NMR (125 MHz, CDCl3) 6 180.2 (C, C-9), 165.7 (C, C-10), 144.3 (C, C-3a),
143.4 (C, C-8a), 143.1 (CH, C-2), 140.0 (CH, C-6), 139.0 (CH, C-8), 135.9 (CH, C-4), 130.75 (CH, C-7),
128.5 (CH, C-5),127.4 (C,C-3),118.3(C, C-1),52.5 (CHs, 0-Me), 12.5 (CH3, 3-Me).

Methyl 1-(4,6,8-trimethylazulenecarboxylate) (120) and methyl oxo-1-
(4,6,8-trimethylazulenecarboxylate) (121)
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4,6,8-Trimethylazulene (27.4 mg,0.16 mmol, 1 eq.) was dissolved in CH:Clz(3 mL)in a RBF. A
solution of oxalyl chloride was prepared (1:9 v/v in CHzCl;) and an aliquot of this solution (0.16
mlL, 0.18 mmo], 1.16 eq.) was added, and a colour change was observed from purple to orange.
After 80 minutes, MeOH (0.4 mL, 9.8 mmol, 61 eq.) was added and a slight colour change towards

red was observed. Pyridine (0.1 mL, 1.2 mmol, 7.7 eq.) was added after one minute.

A separation was performed using Et:0/10% aq. HCl, and column chromatography was
performed on the organic layer, eluting with 3:2 pet. ether/Et;0 to afford 120 (25.1 mg, 24% yield)
as amagenta oiland 121 (25.4 mg, 62% yield) as a peach-coloured solid.

120: 'H NMR (500 MHz, CDCls) & 7.96 (d, J=4.5 Hz, 1H, H-2), 7.27 (s, 1H, H-7), 7.23 (s, 1H, H-5),
7.21 (d,J=4.0 Hz, 1H, H-3), 3.93 (s, 3H, 0-Me), 2.97 (s, 3H, 8-Me), 2.89 (s, 3H, 4-Me), 2.66 (s, 3H, 6-
Me). 13C NMR (125 MHz, CDCls) & 168.3 (C, C-9), 148.4 (C, C-8), 147.5 (C, C-6), 146.9 (C, C-4), 139.8
(C, C-3a), 137.0 (CH, C-2), 134.6 (C, C-8a), 131.6 (CH, C-7), 130.1 (CH, C-5), 120.1 (C, C-1), 114.6
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(CH, C-3), 51.8 (CHs, 0-Me), 28.46 (CHs, 8-Me), 28.44 (CHs, 4-Me), 25.8 (CHs, 6-Me). IR (ATR): Vinax
2952, 2922, 2852, 1731, 1618, 1583, 1500, 1388, 1330, 1244, 1201, 1079 cm-.

121:1H NMR (500 MHz, CDCls) & 8.05 (d, J=4.5 Hz, 1H, H-2), 7.44 (s, 1H, H-7), 7.39 (s, 1H, H-5),
7.18 (d, J=4.5 Hz, 1H, H-3), 3.99 (s, 3H, 0-Me), 3.00 (s, 3H, 8-Me), 2.90 (s, 3H, 6-Me), 2.68 (s, 3H, 4-
Me). 13C NMR (125 MHz, CDCls) § 180.4 (C, C-9), 165.5 (C, C-10), 151.2 (C, C-8), 148.7 (C, C-6),
147.7 (C, C-4), 143.8 (C, C-3a), 140.3 (CH, C-2), 137.6 (C, C-8a), 134.4 (CH, C-7), 132.8 (CH, C-5),
124.4 (C, C-1), 115.9 (CH, C-3), 52.6 (CHs, 0-Me), 29.6 (CHs, 8-Me), 28.5 (CHs, 4-Me), 26.1 (CHs, 6-
Me). HRMS: m/z Ci¢H1705+ [M+H]* Calculated 257.1172, found 257.1164. IR (ATR): Vi 2951,
2923,2852, 1731, 1618, 1499, 1388, 1243, 1201, 1078, 731 cm-L. Amax: 487 nm.

(1R,255R)-Menthyl azulene-1-carboxylate (122), azulene-1-carboxylic

acid (75) and azulene-1-carboxylicanhydride (123)
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Azulene 1 (154 mg, 1.2 mmol, 1.18 eq.) was dissolved in MeCN (10 mL) in a RBF fitted with
condenser. An oxalyl chloride solution was prepared (0.4 mL in 1 mL MeCN) and an aliquot (0.35
mL, 1.16 mmol, 1.14 eq.) was added to the reaction mixture, which changed from blue to orange.
The reaction mixture was heated at reflux for 30 minutes, then a (-)-menthol solution (158.8 mg
in 2 mL MeCN, 1.02 mmol, 1 eq.) was added. The reaction mixture was removed from the oil bath,
and after 45 seconds NEt; (0.3 mL, 2.2 mmol, 2.1 eq.) was added, producing a white vapour upon

addition.

A separation was performed with CH:Cl2/Hz0, with both phases being coloured. The aqueous
layer was indigo and was assumed to contain the triethylammonium azulene 1-carboxylate salt.
The purple organic layer was concentrated by rotary evaporation and purified by column
chromatography, eluting fraction A in 1:1 pet. ether/CH:Cl; and fractions B and C in Et;0. Fraction
A was concentrated by rotary evaporation to afford 122 (285.9 mg, 90.6% yield) as a purple oil.
Fraction B was concentrated by rotary evaporation to afford 123 (20.3 mg, 5% yield w.r.t. oxalyl
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chloride) as a crimson solid and fraction C was concentrated by rotary evaporation to afford 75

(7.1mg, 3.5%yield w.r.t. oxalyl chloride) asa maroonsolid.

122:1H NMR (500 MHz, CDCl3) 6 9.69 (d, J=10.0 Hz, 1H, H-8), 8.46 (d, J=9.5 Hz, 1H, H-4), 8.39 (d,
J=4.5 Hz, 1H, H-2), 7.80 (t, j=10.0 Hz, 1H, H-6), 7.55 (t, J=10.5 Hz, 1H, H-7), 7.44 (t, J=9.5 Hz, 1H, H-
5), 7.30 (d, J=4.5 Hz, 1H, H-3), 5.01 (td, J=10.5, 45 Hz, 1H, H-10), 2.22 (dm, J=12.0 Hz, 1H, H-15a),
2.08 (septd, J=7.0, 2.5 Hz, 1H, H-16), 1.78-173 (m, 2H, H-13a, H-12a), 1.65-1.60 (m, 1H, H-11),
1.60-1.58 (m, 1H, H-14), 1.22-1.14 (m, 1H, H-12b), 1.15 (m, 1H, H-15b), 0.96 (m, 1H, H-13b), 0.95
(d,J=5.0 Hz, 3H, 16-Me), 0.94 (d, J=4.5 Hz, 3H, 14-Me), 0.84 (d, J=7.0 Hz, 3H, 16-Me). 13C NMR (125
MHz, CDCls) § 165.0 (C, C-9), 144.7 (C, C-8a), 140.7 (C, C-3a), 1402 (CH, C-2), 138.9 (CH, C-6),
138.0 (CH, C-4), 137.8 (CH, C-8), 127.5 (CH, C-7), 126.5 (CH, C-5), 117.44 (C, C-1), 117.42 (CH, C-3),
73.4 (CH, C-10), 47.4 (CH, C-11), 41.4 (CH, C-15), 34.4 (CH,, C-13), 31.6 (CH, C-14), 26.6 (CH, C-
16), 23.7 (CHs, C-12), 22.1 (CHs 16-Me), 20.8 (CHs, 14-Me), 16.6 (CHs, 16-Me). HRMS: m/z
C21H2705+ [M+H]* Calculated 311.2006, found 311.2008. IR (ATR): vma 2951, 2924, 2867, 1681,
1418,1211, 1143, 991, 769 cm-..

123:1H NMR (500 MHz, CDCls) 6 9.79 (d, /=10.0 Hz, 2H, H-8), 8.54 (d, J=9.5 Hz, 2H, H-4), 8.50 (d,
J=4.5 Hz, 2H, H-2), 7.90 (t, J=9.5 Hz, 2H, H-6), 7.69 (t, /=10.0 Hz, 2H, H-7), 7.58 (t, J=9.5 Hz, 2H, H-5),
7.35 (d, J=4.0 Hz, 2H, H-3). 13C NMR (125 MHz, CDCl3) 6 161.1 (C, C-9), 146.2 (C, C-8a), 142.6 (C, C-
3a), 141 (CH, C-2), 139.7 (CH, C-6), 138.7 (CH, C-4), 138.4 (CH, C-8), 129.0 (CH, C-7), 128.0 (CH, C-
5), 118.1 (CH, C-3), 1156 (C, C-1). HRMS: m/z C2:H1403Na+ [M+Na]+ Calculated 349.0835, found
349.0839. 1R (ATR): vinx 3052, 2954, 2922, 2853, 1727, 1674, 1397, 1201, 1026, 936, 742, 563 cmr
L Amac 522 nm.

75: 1H NMR (500 MHz, CDCl3) § 9.72 (d, J=10 Hz, 1H, H-8), 8.51 (obscured d, 1H, H-4), 8.50
(obscured d, 1H, H-2), 7.86 (t,J=10.0 Hz, 1H, H-6), 7.62 (t, J=10.0 Hz, 1H, H-7), 7.51 (t,j=9.5 Hz, 1H,
H-5), 7.34 (d, J=4.0 Hz, 1H, H-3). 13C NMR (125 MHz, CDCls) & 170.6 (C, C-9), 145.5 (C, C-8a). 141.5
(C, C-3a), 141.2 (CH, C-2), 139.2 (CH, C-6), 138.4 (CH, C-4), 138.0 (CH, C-8), 128.2 (CH, C-7), 127.4
(CH, C-5), 118.0 (CH, C-3), 1160 (CH, C-1). HRMS: m/z Ci1HoO* [M+H]* Calculated 173.0597,

found 173.0599. Spectramatch those reported in literature.”

Deprotection of menthyl azulene-1-carboxylate

Menthyl azulene-1-carboxylate 122 (41 mg, 0.13 mmol, 1 eq.) was dissolved in 10 mL wet EtOH in
a RBF fitted with condenser under open air. KOH (346 mg, 6.1 mmol, 46 eq.) was added and
reaction was heated to reflux and stirred overnight. Colour had changed from purple to violet. The

reactionwasremoved from the oil bath and allowed to cool.
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A separation was performed using CH2Cl2/H20, with the violet colour inhabiting the aqueous layer.
Saturated ag. NH4Cl was added and the aqueous layer was washed two times with CH.Cl;, and
concentrated by rotary evaporation to obtain a crude mass of 22.7 mg, which was shown by tH

NMR integration to be 86% menthol. This translates to a 94% yield of menthol as determined by

tHNMR spectroscopy.

This crude mixture was then subjected to column chromatography (gradient elution running from
pure pet. ether to CH:Clz) to obtain menthol (8.7 mg, 42% yield) as white needles, along with

traces of starting material and other by-products.

Regeneration of azulene from azulene-1-carboxylicacid

Azulene-1-carboxylic acid (59.5 mg, 0.34 mmol) was added to a RBF fitted with distillation head.
Methanol (10 mL) and 10% aq. HCI (4.5 mL) were added to the reaction vessel under open air and
the reaction vessel was heated to boiling. A solution of azulene in methanol was collected while
the reaction mixture slowly changed to green. The blue distillate was concentrated via rotary
evaporation to remove methanol, and a separation was performed using CH:Cl>/H:0 to remove
water. The organic fraction was then concentrated by rotary evaporation and the resulting

material wasfiltered to a silica plug in pet. ether to obtainazulene (35.1 mg, 79% yield).

1-Nitroazulene (135)

Azulene (36.8 mg, 0.29 mmol, 1 eq.) was added to a RBF and dissolved in CHzCl; (6 mL). 3.5 mL A
copper nitrate solution was prepared (432 mg Cu(NO3)2.3Hz0 in 10 mL Acz0) and an aliquot (3.5
mL, 0.62 mmol, 2.2 eq.) was added to the reaction mixture, which after a few seconds had changed

colourto a dirty brown-green.

After 5 minutes, the reaction was quenched with saturated aq. NaHCO3, and a phase separation
was performed using NaHCO3 (aq.) and CH:Cl.. The organic fraction was concentrated by rotary
evaporation and column chromatography was performed on the resulting material in a gradient
of pet. ether to CHzCl, to afford 1-nitroazulene 135 (18.2 mg, 37% yield) as an orange-red solid.
1H NMR (500 MHz, CDCI3) 6 9.79 (d, J=10.5 Hz, H, H-8), 8.56 (d, /=10.0 Hz, 1H, H-4), 8.48 (d, J=4.5
Hz, 1H, H-2), 8.00 (t, J=9.5 Hz, 1H, H-6), 7.80 (t, J=10.0 Hz, 1H, H-7), 7.67 (t, J=10.0 Hz, 1H, H-5),
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7.24 (d, J=4.5 Hz, 1H, H-3).13C NMR (125 MHz, CDCl3) 6 143.9 (C, C-3a), 141.0 (CH, C-6), 140.6 (CH,
C-4),138.2 (CH, C-8), 134.8 (CH, C-2), 134.0 (C, C-8a), 131.1 (CH, C-7), 129.6 (CH, C-5), 116.87 (CH,
C-3). C-1 not observed. HRMS: m/z C10HsNO2+ [M+H]+ calculated 174.0550, found 174.0547. IR
(ATR): vmax 2917,1540, 1476, 1321, 1259, 1217, 1044, 758.

1,3-Dinitroazulene (6)
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Azulene (66.6 mg, 0.52 mmol, 1 eq.) was added to a RBF with copper nitrate trihydrate (556 mg,
2.3 mmol, 4.4 eq.) and acetic anhydride (6 mL, 64 mmol, 120 eq.). A colour change to green was
observed after 5 minutes, followed by evolution of a brown gas after a further 5 minutes. At this

point, the reaction was quenched with water.

A separation was performed with CH:Cl2/aq. NaHCOs3, and the organic fraction was concentrated
by rotary evaporation. The crude product was purified by column chromatography (gradient
elution of pet. ether to CH:Cl:) to afford 1,3-dinitroazulene 6 (30.6 mg, 27% yield) as vivid orange
needles. 1H NMR (500 MHz, CDCls) § 10.05 (d, /=10.0 Hz, 2H, H-4,8), 9.14 (s, 1H, H-2), 8.35 (t,
J=10.0 Hz, 1H, H-6), 8.17 (t, J=10.0 Hz, 2H, H-5,7). 13C NMR (125 MHz, CDCl3) § 144.6 (CH, C-6),
141.0 (CH, C-4,8), 135.2 (CH, C-5,7), 134.8 (C, C-3a,8a), 132.5 (CH, C-2). C-1,3 not observed. HRMS:
m/z C10H7N204+ [M+H]* Calculated 219.0400, found 219.0409. Anac: 475 nm.
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(1R,25,5R)-Menthyl (3-nitroazulene-1-carboxylate) (136)
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Menthyl azulene-1-carboxylate 122 (53.5 mg, 0.17 mmol, 1 eq.) was added to a RBF with copper
nitrate trihydrate (154 mg, 0.63 mmol, 3.7 eq.). The reaction vessel was cooled to 0 °C and acetic
anhydride (5 mL) was added. The reaction was stirred for an hour during which time the reaction

vessel warmed up to room temperature and a colour change had occurred from purple to brown.

A separation was performed in sat. ag. NaHCO3/CH:Cl; and the organic layer was concentrated by
rotary evaporation and purified by column chromatography (gradient elution of pet. ether to
CH:Cl;) to afford 136 (31.6 mg, 52% yield) as an orange oil. tH NMR (500 MHz, CDCls) 6 10.03 (d,
J=10.0 Hz, 1H, H-8), 9.91 (d, /=10.0 Hz, 1H, H-4), 8.97 (s, 1H, H-2), 8.17 (t, /=10.0 Hz, 1H, H-6), 7.99
(t,J=10.0 Hz, 1H, H-5), 7.96 (t, J=10.0 Hz, 1H, H-7), 5.01 (td, j=11.0, 4.4 Hz, 1H, H-10), 2.16 (dm,
J=12.0 Hz, 1H, H-15a), 2.02 (septd, J=7.0, 3.0 Hz, 1H, H-16), 1.80-1.73 (m, 2H, H-12a, H-13a), 1.64-
1.56 (m, 2H, H-11, H-14), 1.20-1.13 (m, 2H, H-12b, H-15b), 0.99 (obscured m, 1H, H-13b), 0.96 (d,
J=6.5 Hz, 3H, 16-Me), 0.95 (d, /=7.0 Hz, 3H, 14-Me), 0.83 (d, /=7.0 Hz, 3H, 16-Me). 13C NMR (125
MHz, CDCl3) 6 163.8 (C, C-9), 142.8 (C, C-3a), 142.6 (CH, C-6), 141.6 (CH, C-8), 139.1 (CH, C-4),
137.9 (CH, C-2), 136.6 (C, C-8a), 133.4 (CH, C-5), 133.0 (CH, C-7), 115.6 (C, C-1), 74.5 (CH, C-10),
47.2 (CH, C-11), 41.1 (CH, C-15), 34.3 (CHz, C-13), 31.6 (CH, C-14), 26.3 (CH, C-16), 23.6 (CH, C-
12), 22.1 (CHs, 17-Me), 20.8 (CH3, 14-Me), 16.5 (CHs, 16-Me). C-3 was not observed. HRMS: m/z
C21H26NO4+ [M+H]* Calculated 356.1856, found 356.1865. IR (ATR): vmax 3126, 2957, 2911, 2871,
1688, 1500, 1419, 1280, 1211, 1178, 1018, 757 cm-1. Amax: 478 nm.
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(1R255R)-Menthyl 3-(1,4-dimethyl, 7-isopropylazulenecarboxylate)
(148)

Guaiazulene (320 mg, 1.6 mmol, 1.08 eq.) was added to a RBF in CH:Cl: (20 mL) and oxalyl
chloride (0.13 mL, 1.5 mmol, 1.02 eq.) was added, causing a colour change from blue to orange-
brown. After 35 minutes, the reaction mixture had become purple. Added a solution of (-)-
menthol (232.5 mg in 5 mL CH:Cl;, 1.47 mmol, 1 eq.), was added, followed by NEts (0.6 mL, 4.3

mmol, 2.9 eq.) and the reaction changed colour to green.

A separation was performed with CHzClz/H-0 and the organic fraction was concentrated by rotary
evaporation and the remaining material was further purified by column chromatography in
CH:Cl; to give 148 (259.2 mg, 42% yield) as an indigo oil. tH NMR (500 MHz, CDCls) 6 8.24 (d,
J=2.0 Hz, 1H, H-8), 7.90 (s, 1H, H-2), 7.52 (dd, J=11.0, 2.0 Hz, 1H, H-6), 7.25 (d, /=10.5 Hz, 1H, H-5),
496 (td, J=11.0, 4.5 Hz, 1H, H-10), 3.11 (sep, J=7.5 Hz, 1H, 7-Pr CH), 2.97 (s, 3H, 4-Me), 2.60 (s, 3H,
1-Me), 2.21 (dm, J=11.0 Hz, 1H, H-15a), 2.11 (septd, /=7.0, 3.0 Hz, 1H, H-16), 1.74 (m, 2H, H-12a, H-
13a), 1.58 (m, 1H, H-14), 1.56 (m, 1H, H-11), 1.37 (d, J=7.0 Hz, 6H, 7-Pr CH3), 1.17 (m, 1H, H-15b),
1.14 (m, 1H, H-12b), 0.98 (m, 1H, H-13b), 0.96 (d, /=7.0 Hz, 3H, 16-Me), 0.94 (d, /=7.0 Hz, 3H, 14-
Me), 0.85 (d, /=7.0 Hz, 3H, 17-Me). 3C NMR (125 MHz, CDCl3) § 166.8 (C, C-9), 147.2 (C, C-4), 143.3
(C,C-7),140.2 (C, C-3a), 139.7 (CH, C-2), 135.76 (C, C-8a), 135.73 (CH, C-6), 134.3 (CH, C-8), 130.3
(CH, C-5),123.9(C, C-3),117.7 (C,C-1), 73.9 (CH, C-10), 47.5 (CH, C-11), 41.1 (CH., C-15), 37.9 (CH,
7-iPr), 34.6 (CH., C-13), 31.5 (CH, C-14), 27.7 (CHs, 4-Me), 26.3 (CH, C-16), 24.5 (CHs, 7-iPr CH),
23.4 (CHy, C-12), 22.2 (CH3, 17-Me), 21.0 (CHs, 14-Me), 16.2 (CHs, 16-Me), 12.9 (CHs, 7-iPr CHa).
HRMS: m/z C26H3702* [M+H]* Calculated 381.2788, found 381.2805.
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(1R,25,5R)-Menthyl 4-(2-Hydroxyethyl)-7-isopropyl-1-methylazulene-3-
carboxylate (150) and 1H-7-isopropyl-9-methylazuleno[3,4-cd]34-
dihydrooxepin-1-one (151) and (1R,25,5R)-menthyl  4-((1-
hydroxymethyl)2-hydroxyethyl)-7-isopropyl-1-methylazulene-3-
carboxylate (152) and 1H-7-isopropyl-9-methylazuleno[34-cd}4-
hydroxymethyl-3,4-dihydrooxepin-1-one (153)
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148 (40.8 mg, 0.1 mmol, 1 eq.) was added to an RBF fitted with condenser and dissolved in MeCN
(12 mL). Paraformaldehyde (118 mg, 3.9 mmol, 37 eq.) was added to the reaction mixture,
followed by DBU (0.05 mL, 0.3 mmol, 3 eq.). The reaction was heated at 65 °C for 1 hour then
cooled down to 37 °C after paraformaldehyde was observed condensing on the glassware. The
reaction was left at this temperature overnight, and then the reaction was heated to reflux and left

for another night.

The reaction was cooled down to r.t. and a separation was performed with CH:Cl>/H:0, the
organic fraction was washed with 10% aq. HCl, and was concentrated by rotary evaporation. The
resulting residue was purified by column chromatography (gradient elution from pet. ether to

CH:Cl: to Et20 to 10% MeOH in CH:Cl2), to provide recovered starting material and four products,
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150 (9.9 mg, 22.5% yield) as an indigo oil, 151 (2.6 mg, 9.5% yield) as a violet oil, 152 (49 mg, 10%
yield) as an indigo oil and 153 (1 mg, 3% yield) as a violet oil.

150:1H NMR (500 MHz, CDCl3) 8 8.24 (s, 1H, H-8), 8.02 (s, 1H, H-2), 7.60 (d, J=11.0 Hz, 1H, H-6),
7.36 (d, J=11.0 Hz, 1H, H-5), 4.97 (td, J=11.0, 4.5 Hz, 1H, H-10), 4.18 (q, /J=6.5 Hz, 2H, H-18), 3.53 (t,
J=6.0 Hz, 2H, H-17), 3.12 (sept, J/=7.0 Hz, 1H, 7-Pr CH), 2.59 (s, 3H, 1-Me), 2.18 (m, j=11.5 Hz, 1H,
H-15a), 2.09 (septd, J=7.0, 2.5 Hz, 1H, H-16), 1.78-1.72 (m, 2H, H-123, H-13a), 1.63-1.55 (m, 2H, H-
11, H-14), 1.37 (d, J=7.0 Hz, 6H, 7-Pr CH3), 1.23-1.12 (m, 1H, H-15b), 1.15 (m, 1H, H-12b), 0.98
(obscured m, 1H, H-13a), 0.97 (d, J=6.0 Hz, 3H, 16-Me), 0.95 (d, /J=6.5 Hz, 3H, 14-Me), 0.85 (d, J=7.0
Hz, 3H, 16-Me). 13C NMR (125 MHz, CDCl3) 6 167.8 (C, C-9), 149.1 (C, C-4), 143.9 (C, C-7), 141.5
(CH, C-2), 140.6 (C, C-3a), 138.0 (C, C-8a), 136.5 (CH, C-6), 134.5 (CH, C-8), 130.0 (CH, C-5), 124.5
(C C-1), 115.8 (C, C-3), 74.3 (CH, C-10), 63.7 (CHz, C-18), 47.5 (CH, C-11), 41.7 (CHz, C-17), 41.1
(CHz, C-15), 37.9 (CH, 7-Pr CH), 34.4 (CHz, C-13), 31.5 (CH, C-14), 26.3 (CH, C-16), 24.5 (CH3, 7-iPr
CHs), 23.4 (CHz, C-12), 22.1 (CH3, 16-Me), 21.0 (CHs, 14-Me), 16.3 (CHs, 16-Me), 12.9 (CHs, 1-Me).
HRMS: m/z C;7H3903+ [M+H]+ Calculated 411.2894, found 411.2893. IR (ATR): vmx 3419, 2954,
2926, 2868, 1691, 1664, 1523, 1455, 1406, 1369, 1194,1021, 753 cm-L. Ama: 564 nm.

151:'H NMR (500 MHz, CDCls) & 8.32 (s, 2H, H-2,8), 7.60 (dd, /=11.0, 2 Hz, 1H, H-6), 7.24 (d,
J=10.5 Hz, 1H, H-5), 4.63 (t, J=4.5 Hz, 2H, H-10), 3.61 (broad m, 2H, H-11), 3.17 (sept, J=7.0 Hz, 1H,
7-Pr CH), 2.62 (s, 3H, 1-Me), 1.40 (d, /=7.0 Hz, 6H, 7-Pr CHs). 13C NMR (125 MHz, CDCl3) § 168.3 (C,
C-9),147.8 (C, C-4), 145.8 (C, C-7), 144.1 (CH, C-2), 141.7 (C, C-3a), 136.2 (CH, C-6), 135.5 (CH, C-8),
135.49 (C, C-8a), 128.9 (CH, C-5), 1269 (C, C-1), 114.4 (C, C-3), 66.0 (CH2, C-10), 41.4 (CH, C-11),
38.4 (CH, 7-Pr CH), 24.7 (CHs, 7-Pr CHs), 12.7 (CHs, 1-Me). HRMS: m/z Ci7H1902+ [M+H]~,
Calculated 255.1385, found 255.1386.

152:1H NMR (500 MHz, CDCl3) § 8.26 (s, 1H, H-8), 8.04 (s, 1H, H-2), 7.66 (d, J/=11.5 Hz, 1H, H-6),
7.38 (d, J=12.0 Hz, 1H, H-5), 4.98 (td, /=11.0, 4.5 Hz, 1H, H-10), 4.35 (quin, /=7.0 Hz, 1H, H-17), 4.08
(dd, J=11.0, 6.5 Hz, 2H, H-18a), 3.95 (m, J=7.0 Hz, 2H, H-18b), 3.13 (sept, /=7.0 Hz, 1H, 7-Pr CH),
2.60 (s, 3H, 1-Me), 2.17 (m, J=11.0 Hz, 1H, H-15a), 2.08 (septd, /=7.0, 2.0 Hz, 1H, H-16), 1.76 (m, 2H,
H-12a, H-13a), 1.58 (t, J=9.0 Hz, 2H, H-14, H-11), 1.38 (d, /=7.0 Hz, 1H, 7-Pr CH3), 1.22 (q, J=11.0
Hz, 1H, H-15b), 1.15 (m, 1H, H-12b), 0.97 (obscured m, 1H, H-13b), 0.97 (d, J=6.0 Hz, 3H, 16-Me),
0.96 (d, J=6.5 Hz, 3H, 14-Me), 0.85 (d, /=7.0 Hz, 3H, 16-Me). 13C NMR (125 MHz, CDCl3) § 167.7 (C,
C-9),149.7 (C, C-4), 144.8 (C, C-7), 141.62 (C, C-3a), 141.59 (CH, C-2), 139.4 (C, C-8a), 136.9 (CH, C-
6), 134.6 (CH, C-8), 124.9 (CH, C-5), 124.3 (C, C-1), 115.6(C, C-3), 74.4 (CH, C-10), 65.9 (CH, C-18),
51.2 (CH, C-17), 47.5 (CH, C-11), 41.2 (CH, C-15), 37.9 (CH, 7-Pr), 34.4 (CH, C-13), 31.5 (CH, C-
14), 26.4 (CH, C-16), 24.5 (CHs, 7-iPr CH3), 23.4 (CH, C-12), 22.1 (CHs, 16-Me), 21.0 (CHs, 14-Me),
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16.3 (CHs, 16-Me), 13.0 (CHs, 1-Me). HRMS: m/z C2sH4104* [M+H]+, Calculated 441.2999, found
441.2996. IR (ATR): vmax 3340, 2954, 2921, 2863, 1664, 1557, 1409, 1201, 1032 cm1. Amax: 567 nm.

153:1H NMR (500 MHz, CDCls) & 8.33 (s, 2H, H-8, H-2), 7.65 (d, J=11.0 Hz, 1H, H-6), 7.33 (d,/J=10.5
Hz, 1H, H-5), 4.77 (apparent s, 2H, H-12), 4.22 (td, J=9.5, 4.5 Hz, 1H, H-10a), 3.99 (dt, J=11.0, 5.5 Hz,
1H, H-10b), 3.63 (m, 1H, H-11), 3.17 (sept, J=7.0 Hz, 1H, 7-Pr CH), 2.62 (s, 3H, 1-Me), 1.40 (d, J=6.5
Hz, 6H, 7-iPr CHs). 13C NMR (150 MHz, CDClI3) 6 168.2 (C, C-9), 148.0 (C, C-4), 146.6 (C, C-7), 144.6
(CH, C-8), 142.0 (C, C-3a), 136.3 (CH, C-6), 135.6 (CH, C-2), 135.2 (C, C-8a), 130.1 (CH, C-5), 127.4
(C C-1),113.3 (C, C-3), 66.2 (CH, C-12), 62.8 (CHz, C-10), 52.8 (CH, C-11), 38.4 (CH, 7-Pr CH), 24.6
(CHs, 7-Pr CH3), 12.9 (CHs, 1-Me). HRMS: m/z CigH2103+ [M+H]* Calculated 285.1485, found
285.1488.

(1R25,5R)-Menthyl 4,6,8-trimethylazulene-1-carboxylate (157) and
(1R,25,5R)-Menthyl 4,6,8-trimethylazulene-1,3-dicarboxylate (158)
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4,6,8-Trimethylazulene (85.8 mg, 0.50 mmol, 1 eq.) was added to a RBF fitted with condenser and
dissolved in MeCN (9 mL). Oxalyl chloride (0.1 mL, 1.2 mmol, 2.3 eq.) was added to the reaction
mixture, which changed colour from purple to orange. The reaction was heated at reflux, and after
about 7 minutes, the reaction mixture appeared an intense red-pink. A solution of (-)-menthol
(223.4 mgin 2mL MeCN, 1.42 mmol, 2.8 eq.) was added at this point (a longer delay results in the
reaction mixture turning brick red and forming oligomeric material) and the reaction changed
colour to crimson. Pyridine (0.2 mL, 2.5 mmol, 5 eq.) was added and the reaction was allowed to

cooltor.t.

A phase separation was performed in CH:Cl:/H20 and the organic fraction was concentrated by

rotary evaporation. The resulting residue was purified by column chromatography (gradient
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elution from pet. ether to CHzCl; to Etz0), to obtain 157 (114 mg, 62% yield) as a magenta oil, and
158 (101.3 mg, 36% yield) as a pink-red crystalline film.

157: 'H NMR (500 MHz, CDCl3) 6 7.91 (d, J=4.5 Hz, 1H, H-2), 7.24 (s, 1H, H-7), 7.20 (s, 1H, H-5),
7.19 (obscured d, 1H- H-3), 4.95 (td, /=10.5, 4.5 Hz, 1H, H-10), 2.98 (s, 3H, 8-Me), 2.88 (s, 3H, 4-
Me), 2.65 (s, 3H, 6-Me), 2.22 (m, J=12.0 Hz, 1H, H-15a), 2.12 (septd, /=7.0, 2.5 Hz, 1H, H-16), 1.74
(m, 2H, H-12a, H-13a), 1.57 (m, 2H, H-14, H-11), 1.16 (m, 2H, H-12b, H-15b), 0.96 (d, /=7.0 Hz, 3H,
16-Me), 0.93 (d, J=7.5 Hz, 3H, 14-Me), 0.85 (d, /=7.0 Hz, 3H, 16-Me). 13C NMR (125 MHz, CDCl3) &
167.51 (C, C-9), 148.3 (C, C-8),147.3 (C, C-6), 146.7 (C, C-4), 139.7 (C, C-3a), 136.5(CH, C-2), 134.2
(C, C-8a),131.4(CH, C-7), 129.5 (CH, C-5), 121.6 (C, C-1), 114.4 (CH, C-3), 74.1 (CH, C-10), 47.3 (CH,
C-11), 41.0 (CH, C-15), 34.4 (CHz, C-13), 31.5 (CH, C-14), 28.5 (CHs, 8-Me, 6-Me), 26.3 (CH, C-16),
25.9 (CHs, 4-Me), 23.4 (CHz, C-12), 22.1 (CH3, 16-Me), 20.9 (CHs, 14-Me), 16.2 (CHs, 16-Me). HRMS:
m/z C24H3302+ [M+H]+ Calculated 353.2475, found 353.2476. IR (ATR): vmax 2949, 2923, 2863,
1687,1580, 1389, 1370, 1216, 1143, 1102, 987 cm-!, Amax: 517 nm.

158: 1H NMR (500 MHz, CDCls) § 8.14 (s, 1H, H-2), 7.32 (s, 2H, H-5,7), 4.94 (td, J=11.0, 4.5 Hz, 2H,
H-10), 2.94 (s, 6H, 4-Me, 8-Me), 2.63 (s, 3H, 6-Me), 2.22 (m, J=11.5 Hz, 2H, H-15a), 2.11 (septd,
J=7.0, 2.5 Hz, 2H, H-16), 1.74 (m, 4H, H-12a, H-13a), 1.58 (m, 4H, H-14, H-11), 1.17 (m, 4H, H-12a,
H-15a), 0.97 (d, J=7.0 Hz, 6H, 16-Me), 0.95 (d, J=7.5 Hz, 6H, 14-Me), 0.85 (d, J=7.0 Hz, 6H, 16-Me).
13C NMR (125 MHz, CDCls) § 166.7 (C, C-9), 148.8 (C, C-4,8), 148.3 (C, C-6), 139.8 (CH, C-2), 137.2
(CH, C-5,7), 133.1 (C, C-3a,8a), 119.8 (C, C-1,3), 74.5 (CH, C-10), 47.3 (CH, C-11), 40.1 (CH,, C-15),
34.4 (CHa, C-13), 31.4 (CH, C-14), 28.8 (CHs, C-4), 28.0 (CHs, C-6), 26.4 (CH, C-16), 23.3 (CH,, C-12),
22.2 (CHs, 16-Me), 21.0 (CHs, 14-Me), 16.2 (CHs, 16-Me). HRMS: m/z CssHs104+ [M+H]- Calculated
535.3782, found 535.3778. IR (ATR): vimax 2953, 2920, 2867, 1698, 1584, 1440, 1400, 137, 114,
1106, 1011, 989 cmt. Amax: 504 nm.

(1R,2S,5R)-Menthyl 3-nitro-4,6,8-trimethylazulene-1-carboxylate (160)
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157 (34.7 mg, 0.098 mmol, 1 eq.) and acetic anhydride (6 mL, 63.5 mmol) were added to a RBF
maintained at 10 °C. Copper nitrate trihydrate (259.5 mg, 1.07 mmol, 10.9 eq.) was added and the

reaction wasleft for 30 minutes, during which ablue-green colouration developed.

A separation was performed using CH:Clz/sat. ag. NaHCOs3, and the organic layer was purified by
column chromatography in 1:1 pet. ether/CH:Cl: to give the title compound (20.5 mg, 52% yield)

as a peach-coloured solid.

1H NMR (500 MHz, CDCl3) 6 8.31 (s 1H, H-2), 7.51 (s, 1H, H-5 or H-7), 7.50 (s, 1H, H-5 or H-7), 4.95
(td, J=11.0, 4.0 Hz, 1H, H-10), 2.98 (s, 3H, 4-Me or 6-Me or 8-Me), 2.85 (s, 3H, 4-Me or 6-Me or 8-
Me), 2.72 (s, 3H, 4-Me or 6-Me or 8-Me), 2.16 (m, H-15a), 2.05 (obscured septd, /=7.0, 3.0 Hz, 1H,
H-16), 1.78-1.72 (m, 2H, H-12a, H-13a) 1.61-1.53 (obscured m, 2H, H-14, H-11), 1.18-1.11 (m, 2H,
H-12b, H-15b), 0.96 (d, j=6.5 Hz, 3H, 16-Me), 0.95 (d, /=7.0 Hz, 3H, 14-Me), 0.93 (obscured m, 1H,
H-13b), 0.84 (d, /=7.0 Hz, 3H, 16-Me). 13C NMR (125 MHz, CDCls) 6 165.8 (C, C-9),151.3 (C, C-4 or
C-6 or C-8), 150.5 (C, C-4 or C-6 or C-8), 149.4 (C, C-4 or C-6 or C-8), 135.8 (CH, C-5 or C-7), 135.7
(C, C-3a or C-8a), 135.3 (CH, C-5 or C-7), 135.1 (CH, C-2), 131.2 (C, C-3a or C-8a), 118.5 (C, C-1),
75.1 (CH, C-10), 47.2 (CH, C-11), 40.9 (CH, C-15), 34.3 (CH, C-13), 31.5 (CH, C-14), 28.9 (CHj3, 4-
Me or 6-Me or 8-Me), 28.2 (CH3, 4-Me or 6-Me or 8-Me), 28.0 (CHs, 4-Me or 6-Me or 8-Me), 26.4
(CH, C-16), 23.3 (CHz, C-12), 22.1 (CH3, 16-Me), 20.9 (CHs, 14-Me), 16.1 (CH3, 16-Me). C-3 was not
observed. HRMS: m/z C24H3:NO4+ [M+H]+ Calculated 398.2326, found 398.2338. Amax: Shoulder 473

nm.

Azulene diiron pentacarbonyl (143)
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Azulene (47.8 mg, 0.37 mmol, 1 eq.) and diiron nonacarbonyl (168 mg, 0.46 mmol, 1.2 eq.) were
added to a RBF fitted with a condenser. Hexane (8 mL) was added and the reaction was heated at

reflux for three hours.

A separation was performed with CH2Cl;/H:0, and the organic layer was purified by column
chromatography in pet. ether followed by 1:1 pet. ether/CH:Cl; to give azulene (32.8 mg, 69%)
and 143 (15.2mg, 10% yield) as an orange red substance.

1H NMR (500 MHz, CDCls) & 5.47 (t, J=9.0 Hz, 1H, H-5), 5.28 (m, 1H, H-4), 5.25 (m, 1H, H-7), 5.10 (s,
1H, H-1), 5.05 (s, 1H, H-3), 4.78 (d, j=5.0 Hz, 1H, H-8), 3.69 (s, 1H, H-2), 348 (t, J=7.5 Hz, 1H, H-6).
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13C NMR (125 MHz, CDCl3) 6 216.3 (C, C=0), 130.5 (CH, C-5), 118.5 (CH, C-4), 85.7 (CH, C-1), 84.5
(C C-3aorC-8a),81.5(CH, C-3),80.4 (CH, C-7), 78.1 (C, C-8a or C-3a) 77.3 (CH, C-2), 58.0 (CH, C-6),
57.8 (CH, C-8). 1H NMR data corresponds with those reported previously.1°

4,6,8-Trimethylazulene diiron pentacarbonyl (144)
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4,6,8-Trimethylazulene (17.4 mg, 0.1 mmol, 1 eq.) and diiron nonacarbonyl (161.9 mg, 0.445
mmol, 4.5 eq.) were added to a RBF fitted with condenser, followed by 5 mL toluene. The reaction

mixture was heated at reflux for 3 hours, after which no trace of starting material could be seen.

Column chromatography was performed on the crude material with a mixture of pet. ether and
CH:Cl, to afford 144 (46.2 mg, 99% yield) as an orange solid. tH NMR (500 MHz, CDClz) 6 5.18 (s,
1H, H-1), 5.07 (s, 1H, H-3), 3.87 (s, 1H, H-2), 2.88 (s, 1H, H-50or 7), 2.62 (s, 1H, H-7 or 5), 2.10 (s, 3H,
6-Me), 1.76 (s, 3H, 4-Me or 8-Me), 1.62 (s, 3H, 8-Me or 4-Me). 1H NMR data corresponds with those

reported previously.10

(1R,25,5R)-Menthyl azulene-1-carboxylate diiron pentacarbonyl (145)
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123 (47.3 mg, 0.15 mmol, 1 eq.) and diiron nonacarbonyl (120.9 mg, 0.33 mmol, 2.2 eq.) were
added to a RBF fitted with condenser. Toluene (6 mL) was added and reaction was heated at
reflux for 6 hours. After this period, the reaction was allowed to cool, and column
chromatography was performed on the crude mixture using 1:1 pet. ether/CH:Cl; to obtain 145

(17.5mg, 19% yield) as orange-red solid diastereomers.

1H NMR (500 MHz, CDCl3) & 5.88 and 5.83 (d, J= 6.0 Hz, H-4 or H-8), 5.62 and 5.60 (s, H-5 or H-7),
5.55 (t,/=9.0 Hz, H-2 or H-3), 5.40 (broad t, H-5 or H-7), 5.23 and 5.22 (s, H-2 or H-3), 5.16 (s, H-4
or H-8), 4.65 (d, /=9.0 Hz, H-10), 3.46 (broad t, H-6), 2.27 (m), 1.97 (m), 1.84 (m), 1.66 (m), 1.25
(m), 0.88 (m). 13C NMR (125 MHz, CDCls) & 214.7 (C, C=0), 165.7 and 165.3 (C, C-9), 132.02,
132.01, 118.43, 118.4, 86.7, 86.68, 85.5, 85.3, 83.4, 83.2, 81.14, 81.12, 75.3, 75.1, 60.3, 60.0, 57.3,

167



57.2,46.90, 46.88, 40.7, 40.2, 34.1, 31.92, 31.87, 31.4, 31.3, 29.7, 26.5, 25.4, 23.5, 22.8, 22.7, 22.1,
21.9,20.8,20.7,16.5,15.4, 14.1.

Reaction kinetics of menthyl azulene-1-carboxylate (122) and menthyl
3-nitroazulene-1-carboxylate (136) deprotection

122 (8.5 mg, 0.027 mmol, 1 eq.) and 136 (10.8 mg, 0.0303 mmol, 1.1 eq.) were each dissolved in
MeOH (0.5 mL) and the solutions combined. A basic solution was prepared (200.8 mg KOH, 10 mL
MeOH, 1 mL D20 and one drop of SiMes) and 0.5 mL was added to this mixture, which was
subjected periodically to tH NMR analysis. A baseline correction was made on the aromatic region
of the NMR spectrum, allowing the integrals of the azulene peaks to be obtained despite the
overwhelming oxymethyl and HOD peaks present elsewhere in the spectrum. 'H NMR spectra

were obtained approximately once per day over the course of a month.

6-(2-Hydroxyethyl)azulene (90) and 6-(2-hydroxyethyl)-1-
hydroxymethylazulene (166)
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An LDA solution was prepared by mixing THF (6 mL) and diisopropylamine, (0.18 mL, 1.27 mmo],
1,15 eq.), followed by n-BuLi (0.71 mL of a 1.77 M in cyclohexane solution, 1.25 mmol, 1.13 eq.) at
-30 °C (dry ice/ethylene glycol bath), and to this reaction mixture, a chilled (-30 °C) solution of
6-methylazulene (156.9 mg, 1.104 mmol, 1 eq.) in THF (3 mL) was added via cannula. The
reaction mixture rapidly changed colour from indigo to golden brown. A vial containing
paraformaldehyde (129.5 mg, 4.3 mmol, 3.9 eq.) was heated to the point of sublimation and
formaldehyde gas was transferred from this vessel into the reaction mixture via cannula, which
caused the reaction mixture to change colour back to blue. Water (3 mL) was added and the

reaction was stirred for one minute before workup.

A separation was performed using CH2Cl2/H20 and the organic layer was washed with saturated
aqueous brine and concentrated by rotary evaporation. Column chromatography was performed
on the residue using silica gel prepared with 2% NEtz in pet. ether, obtaining returned starting

material (22.2 mg, 14 %) eluting in 1:1 pet. ether/CH:Clz, 90 (138.6 mg, 73% yield) as an indigo

168



solid eluting in 2:3 EtOAc/CH:Cl;, and 166 (26.3 mg, 12 % yield) as a teal-blue solid eluting in
Et,0/MeOH.

90: 'H NMR (500 MHz, CDCls) § 8.29 (d, J=9.5 Hz, 2H, H-4,8), 7.87 (t, J=3.5 Hz, 1H, H-2), 7.39 (d,
J=3.5 Hz, 2H, H-1,3), 7.11 (d, J=9.5 Hz, 2H, H-5,7), 3.96 (t, j=7.0 Hz, 2H, H-10), 3.05 (t, j=6.5 Hz, 2H,
H-9). 13C NMR (125 MHz, CDCls) § 148.9 (C, C-6), 140.0 (C, C-3a,8a), 136.3 (CH, C-2), 135.9 (CH, C-
4,8), 124.3 (CH, C-5,7), 118.2 (CH, C-1,3), 64.2 (CHz, C-10), 45.3 (CHz, C-9). HRMS: m/z C1,H130+
[M+H]* Calculated 173.0961, found 173.0964. IR (ATR): Vs 3218, 2944, 2895, 1577, 1392, 1039,
822,751, 744 cm. m.p. 82.3-83.8 °C.

166: 1H NMR (500 MHz, CDCl3) § 8.43 (d, j=9.5 Hz, 1H, H-8), 8.26 (d, J=10.0 Hz, 1H, H-4), 7.87 (4,
J=3.5 Hz, 1H, H-2), 7.31 (d, J=3.5 Hz, 1H, H-3), 7.17 (d, J=9.5 Hz, 1H, H-7), 7.13 (d, J=10.0 Hz, 1H, H-
5), 5.15 (s, 2H, H-11), 3.98 (t, J=6.5 Hz, 2H, H-10), 3.09 (t, J=6.5 Hz, 2H, H-9). 13C NMR (125 MHz,
CDCls) 6 149.7 (C, C-6), 140.2 (C, C-3a or C-8a), 136.6 (CH, C-2), 136.5 (CH, C-4), 135.5 (C, C-3a or
C-8a), 133.2 (CH, C-8), 1.29.0 (C, C-1), 124.8 (CH, C-5), 124.4 (CH, C-7), 117.1 (CH, C-3), 64.2 (CH;,
C-10), 58.5 (CH, C-11), 45.2 (CH,, C-9). HRMS: m/z C13H150,* [M+H] Calculated 203.1067, found
203.1059. IR (ATR): vimax 3297, 3017, 2926, 2868, 1704, 1577, 1441, 1396, 1034, 977, 833, 750 cnr

1-

1,2-Bis(azulen-6-yl)ethane (165)

This teal solid was produced in small quantities (1-3% yield) from LDA deprotonation of 6-

methylazulene.

1H NMR (500 MHz, CDCl3) & 8.25 (d, J=9.0 Hz, 4H, H-4,8), 7.85 (t, J=3.5 Hz, 2H, H-2),7.36 (d, J=3.5
Hz, 4H, H-1,3), 7.07 (d, J=10.0 Hz, 4H, H-5,7), 3.22 (s, 4H, H-9). Ama: 564 nm. Spectra matched

those reported previously.1t

2,4-Bis(azulen-6-yl) butan-1-0l (168)
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This compound is an indigo oil that was formed in small quantities (approx. 1-6% yield) in
reactions that produce 6-(2-hydroxyethyl)azulene (90). tH NMR (500 MHz, CDCl3) 6 8.36 (d,
J=10.5 Hz, 2H, H-4,8), 8.23 (d, J=10.5 Hz, 2H, H-4',8"), 7.92 (t, J=3.5 Hz, 1H, H-2), 7.84 (t, J=4.0 Hz,
1H, H-2"), 7.43 (d, J=4.0 Hz, 2H, H-1,3), 7.35 (d, J=3.5 Hz, 2H, H-1',3"), 7.12 (d, J=10.0 Hz, 2H, H-5,7),
6.98 (d, /=10.5 Hz, 2H, H-5',7"), 3.86 (s, 2H, H-10), 3.02 (m, 1H, H-9), 2.73 (m, 2H, H-12), 2.24 (m,
1H, H-11a), 2.13 (m, 1H, H-11b). 13C NMR (125 MHz, CDCls) § 152.5 (C, C-6"), 151.9 (C, C-6), 139.2
(C, C-3a,8a), 138.8 (C, C-3a’,8a'), 136.8 (CH, C-2), 136.1 (CH, C-4,8), 136.0 (CH, C-4',8"), 135.9 (CH,
C-2"),123.8 (CH, C-5',7",123.1 (CH, C-5,7), 118.4 (CH, C-1,3),118.0 (CH, C-1',3"), 67.7 (CH, C-10),
53.2 (CH, C-9), 39.8 (CH;, C-12), 35.2 (CHz, C-11). HRMS: m/z Cz4H230+ [M+H]+ Calculated
327.1743, found 327.1745.

2-(Azulen-6-yl)ethyl (E)-cinnamate (Azul-cinnamate) (178)
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Cinnamic acid (160.7 mg, 1.08 mmol, 1 eq.), DMAP (22.5 mg, 0.18 mmol, 0.16 eq.), DCC (255 mg,
1.23 mmol, 1.14 eq.) and 6-(2-hydroxyethyl)azulene (207.1 mg, 1.20 mmol, 1.1 eq.) were added to
a RBF and dissolved in CH:Cl; (10 mL).

After 3 hours, a phase separation was performed with H.0/CH:Cl; and the organic fraction was
concentrated by rotary evaporation. Column chromatography using CH:Cl, was performed on the
resulting product, eluting 178 (304.6 mg, 93% yield) as an indigo powder. A small amount of
6-(2-hydroxyethyl)azulene starting material was obtained, but was heavily contaminated with
dicyclohexylurea. tH NMR (500 MHz, CDCl3) 6 8.30 (d, /=10.5 Hz, 2H, H-4,8), 7.87 (t, J=4.0 Hz, 1H,
H-2), 7.68 (d, J=16.0 Hz, 1H, H-13), 7.52 (m, 2H, H-15), 7.40-7.38 (complex m, 5H, H-1, H-3, H-16,
H-17),7.15 (d, J=10.5 Hz, 2H, H-5,7), 6.42 (d, J=16.0 Hz, 1H, H-12), 4.54 (t, J=7.0 Hz, 2H, H-10), 3.21
(t,J=7.0 Hz, 2H, H-9). 3C NMR (125 MHz, CDCls) 6 166.8 (C, C-11), 148.0 (C, C-6), 145.1 (CH, C-13),
139.1 (C, C-3a,8a), 136.4 (CH, C-2), 135.9 (CH, C-4,8), 134.3 (C, C-14), 130.4 (CH, C-17), 128.9 (CH,
C-16), 128.1 (CH, C-15), 124.2 (CH, C-5,7), 1183 (CH, C-1,3), 117.8 (CH, C-12), 65.3 (CHz, C-10),
41.2 (CHz, C-9). HRMS: m/z C21H1902+ [M+H]+ Calculated 303.1380, found 303.1388. IR (ATR): Vinax
3079, 2944, 1710, 1633, 1562, 1307, 1168, 979, 837, 761, 740 cm-1. m.p. 144.6-146.0 °C. Amax: 567

nm.
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Solid phase method:

Cinnamic acid (13.2 mg, 0.09 mmol, 1 eq.), 6-(2-hydroxyethyl)azulene (19.6 mg, 0.11 mmol, 1.3
eq.), DCC (27.7 mg, 0.13 mmol, 1.5 eq.) and DMAP (5.7 mg, 0.04 mmol, 0.5 eq) were added
together in a mortar. The solid mixture was ground for approximately 9 minutes over three 3
minute sessions. Approximately one minute after grinding commenced, the mixture turns into a

thick paste. This paste returned to a solid after a few further minutes of grinding.

This mixture was dissolved in CH:Clz, and purified by column directly, with the product 178
eluting in CHzCl; in 78% yield

2-(Azulen-6-yl)ethyl benzoate (Azul-benzoate) (182)
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Benzoic acid (39.6 mg, 0.32 mmol, 1.01 eq.), 90 (55.2 mg, 0.32 mmol, 1 eq.), DCC (76.7 mg, 0.37
mmol, 1.16 eq.) and DMAP (10.1 mg, 0.082 mmol, 0.26 eq.) were added together and dissolved in
CH:Cl; (6 mL).

After overnight reaction, a separation was performed with CH:Clz/H:0 and the organic fraction
was concentrated by rotary evaporation. Column chromatography was performed on the crude
material using CH:Cl: to obtain 182 (66.8 mg, 75% yield) as an indigo semi-crystalline solid. *H
NMR (500 MHz, CDCls) & 830 (d, /=10.0 Hz, 2H, H-4,8), 8.01 (d, /=7.0 Hz, 2H, H-13), 7.87 (t, J=3.5
Hz, 1H, H-2), 7.56 (t, J=7.0 Hz, 1H, H-15), 7.43 (t, J=7.5 Hz, 2H, H-14), 7.38 (d, J=4.0 Hz, 2H, H-1,3),
7.18 (d, J=10.0 Hz, 2H, H-5,7), 4.65 (t, J=7.0 Hz, 2H, H-10), 3.27 (t, /=7.0 Hz, 2H, H-9). 13C NMR (125
MHz, CDCl;) § 166.5 (C, C-11), 148.0 (C, C-6), 139.1 (C, C-3a,8a), 136.4 (CH, C-2), 135.8 (CH, C-4,8),
133.1 (CH, C-15),130.1 (C, C-12),129.5 (CH, C-13), 128.4 (CH, C-14), 124.2 (CH, C-5,7), 118.3 (CH,
C-1,3), 65.7 (CHz, C-10), 41.3 (CHz, C-9). HRMS: m/z C19H1702* [M+H]+ Calculated 277.1223, found
277.1224. IR (ATR): vmx 3067, 2952, 1711, 1580, 1261, 1105, 835, 743, 701 cm-, m.p. 119.6-
120.0 °C. Amax: 566 nm.

2-(Azulen-6-yl)ethyl 2-furoate (Azul-2-furoate) (185)
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2-Furoic acid (66.9 mg, 0.59 mmol, 1 eq.), 90 (106 mg, 0.61 mmol, 1.03 eq.), EDCI (147.7 mg,
0.0.95 mmol, 1.6 eq.) and DMAP (25.3 mg, 0.2 mmol, 0.35 eq.) were added to a RBF and dissolved

in CHzClz (4 mL).

After 4 hours, a separation was performed in CH:Cl;/H.0 and the organic fraction was
concentrated by rotary evaporation. The crude mixture was subjected to column chromatography
using CH:Cl: to obtain 185 (132.5 mg, 83% yield) as an indigo solid. tH NMR (500 MHz, CDCl3) &
8.29 (d, /=10.0 Hz, 2H, H-4,8), 7.87 (t, J=4.5 Hz, 1H, H-2), 7.58 (s, 1H, H-15), 7.38 (d, J=4.0 Hz, 2H,
H-1,3), 7.15 (m, 3H, H-5,7, H-13), 6.50 (td, /=1.5, 0.5 Hz, 1H, H-14), 4.62 (t, ]=7.0 Hz, 2H, H-10), 3.24
(t,J=7.0 Hz, 2H, H-9). 3C NMR (125 MHz, CDCls) 6 158.5 (C, C-11), 147.6 (C, C-6), 146.5 (CH, C-15),
144.5 (C, C-12),139.1 (C, C-3a,8a), 136.5 (CH, C-2), 135.8 (CH, C-4,8), 124.2 (CH, C-5,7), 118.3 (CH,
C-1,3), 118.2 (CH, C-13), 111.9 (CH, C-14), 65.6 (CHz, C-10), 41.2 (CHz, C-9). HRMS: m/z C17H1503*
[M+H]+ Calculated 267.1016, found 267.1016. IR (ATR): vmax 3131, 3117, 2984, 2946, 1703, 1571,
1472,1398, 1302, 1279, 1111, 792, 750 cm-L. m.p. 92.8-93.7 °C. Amax: 569 nm.

2-(Azulen-6-yl)ethyl 1-naphthoate (Azul-1-naphthoate) (188)
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1-Naphthoic acid (95.7 mg, 0.55 mmo], 1 eq.), 90 (120.1 mg, 0.70 mmol, 1.25 eq.), EDCI (187.8 mg,
1.2 mmol, 2.2 eq.) and DMAP (11.6 mg, 0.094 mmol, 0.17 eq.) were added together in a RBF and

dissolved in CH:Clz (4 mL).

After 4 hours, a separation was performed using CH:Cl:/H:0 and the organic fraction was
concentrated by rotary evaporation and purified by column chromatography in CHzCl; to afford
188 (167.1 mg, 82% yield) as an indigo solid. tH NMR (500 MHz, CDCls) & 8.78 (d, J=8.5 Hz, 1H, H-
19), 8.31 (d, J=10.5 Hz, 2H, H-4,8), 8.12 (dd, J=7.5, 1.5 Hz, 1H, H-13), 8.01 (d, /=8.0 Hz, 1H, H-15),
7.88 (t,J=3.5 Hz, 1H, H-2), 7.87 (d, J=6.5 Hz, 1H, H-16), 7.51 (m, 2H, H-17, H-18), 7.47 (m, 1H, H-
14),7.40 (d, J=3.5 Hz, 2H, H-1,3), 7.22 (d, J=10.5 Hz, 2H, H-5,7). 4.75 (t, J=7.0 Hz, 2H, H-10), 3.33 (t,
J=7.0 Hz, 2H, H-9).13C NMR (125 MHz, CDCl3) § 167.5 (C, C-11), 148.2 (C, C-6), 139.2 (C, C-3a,8a),
136.5 (CH, C-2), 1359 (CH, C-4,8), 133.8 (C, C-15a), 133.4 (CH, C-15), 131.3 (C, C-19a), 130.2 (CH,
C-13), 128.5 (CH, C-16), 127.7 (CH, C-18), 127.1 (C, C-12), 126.2 (CH, C-17), 125.8 (CH, C-19),
124.5 (CH, C-14), 124.3 (CH, C-5,7), 118.4 (CH, C-1,3), 65.9 (CH, C-10), 41.3 (CHz, C-9). HRMS: m/z
C23H1902* [M+H]+ Calculated 327.1380, found 327.1388. IR (ATR): vmax 3052, 2949, 2890, 1701,
1575, 1393, 1234, 1194, 1130, 1013, 778, 760 cm-1. m.p. 87.4-88.3 °C. Amax: 568 nm.
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2-(Azulen-6-yl)ethyl cyclohexanecarboxylate
(Azul-cyclohexanecarboxylate) (183)
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Cyclohexanecarboxylic acid (41.3 mg, 0.32 mmol, 1 eq., heated to its m.p. (32 °C) and added as
liquid.), 90 (56.7 mg, 0.33 mmol, 1.02 eq.), DCC (73.2 mg, 0.35 mmo], 1.1 eq.) and DMAP (12.1 mg,
0.1 mmol, 0.3 eq.) were added together in a RBF and dissolved in CHzCl; (6 mL). The reaction was

left overnight.

A separation was performed in CHzCl>/H-0 and the organic fraction was concentrated by rotary
evaporation. The crude mixture was subjected to column chromatography using CH:Cl, to afford
183 (70.1 mg, 77% yield) as an indigo solid with dendritic crystals. tH NMR (500 MHz, CDCls) 6
8.28 (d, /=10.5 Hz, 2H, H-4,8), 7.87 (t, J=3.5 Hz, 1H, H-2), 7.38 (d, /=3.5 Hz, 2H, H-1,3), 7.11 (d,
J=10.0 Hz, 2H, H-5,7), 4.39 (t, J=7.0 Hz, 2H, H-10), 3.12 (t, J=7.0 Hz, 2H, H-9), 2.28 (tt, J=11.5, 3.5 Hz,
1H, H-12), 1.87 (dd, J=13.5, 2.5 Hz, 4H, H-13a), 1.74 (m, 4H, H-14a), 1.63 (m, 2H, H-15a), 1.42 (qd,
J=12.0, 3.5 Hz, 1H, H-13b), 1.25 (m, 3H, H-14b, 15b). 3C NMR (125 MHz, CDCls) § 175.9 (C, C-11),
148.2 (C, C-6), 139.0 (C, C-3a,8a), 136.4 (CH, C-2), 135.8 (CH, C-4,8), 124.2 (CH, C-5,7), 118.1 (CH,
C-1,3), 64.9 (CHy, C-10), 43.2 (CH, C-12), 41.1 (CH, C-9), 28.9 (CH3, C-13), 25.7 (CH,, C-15), 25.4
(CHz, C-14). HRMS: m/z C19H2302* [M+H]*+ Calculated 283.1693, found 283.1700. IR (ATR): Vimax
3079, 2930, 2849, 1723, 1578, 1395, 1167, 1130, 839, 743 cm-L. m.p. 85.4-85.9 °C. Amax: 571 nm.

2-(Azulen-6-yl)ethyl cyclobutanecarboxylate (Azul-
cyclobutanecarboxylate) (184)
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Cyclobutanecarboxylic acid (31.4 mg, 0.31 mmol, 1 eq.), 90 (56.1 mg, 0.32 mmol, 1.04 eq.), DCC
(85.9 mg, 0.42 mmol, 1.32 eq.) and DMAP (14.8 mg, 0.12 mmol, 0.38 eq.) were added to an RBF
and dissolved in CHz2Cl; (6 mL).

After 5 hours, a separation was performed in CH:Cl;/H:0 and the organic fraction was
concentrated by rotary evaporation and subjected to column chromatography in CH:Cl; to afford

184 (69.3 mg, 87% yield) as an indigo viscous oil. tH NMR (500 MHz, CDCl3) § 8.28 (d, /=10.0 Hz,
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2H, H-4,8), 7.87 (t, J=3.5 Hz, 1H, H-2), 7.38 (d, J=4.0 Hz, 2H, H-1,3), 7.10 (d, J=10.0 Hz, 2H, H-5,7),
440 (t, J=6.5 Hz, 2H, H-10), 3.13 (t, J=6.5 Hz, 2H, H-9), 3.11 (obscured m, 1H, H-12), 2.25 (quin,
J=9.0 Hz, 2H, H-13a), 2.18 (m, 2H, H-13b), 1.95 (m, J=9.5 Hz, 1H, H-14a), 1.87 (m, 1H, H-14b). 13C
NMR (125 MHz, CDCls) § 175.5 (C, C-11), 147.8 (C, C-6), 139.05 (C, C-3a,8a), 136.4 (CH, C-2), 134.8
(CH, C-4,8), 124.2 (CH, C-5,7), 118.2 (CH, C-1,3), 65.0 (CHz, C-10), 41.2 (CHa, C-9), 38.0 (CH, C-12),
25.3 (CH, C-13), 18.4 (CHz, C-14). IR (ATR): viax 3065, 2931, 2116, 1723, 1580, 1398, 1344, 1248,
1173, 971, 837, 744 cm. HRMS: m/z C17H1902+ [M+H]+ Calculated 255.1380, found 255.1376. m.p.
85.7-86.3 °C. Amax: 569 nm.

2-(Azulen-6-yl)ethyl azulene-1-carboxylate (Azul-azulenecarboxylate)
(186)
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Azulene-1-carboxylic acid 75 (43.2 mg, 0.25 mmol, 1.007 eq.), 90 (42.9 mg, 0.25 mmol, 1 eq.), DCC
(76.2 mg, 0.37 mmol, 1.5 eq.) and DMAP (9.3 mg, 0.08 mmol, 0.3 eq.) were added to a RBF and
dissolved in CH:Cl; (6 mL). After a few hours a further 41 mg DMAP (1.3 eq.) was added and the

reaction was heated at reflux overnight.

A separation was performed in CHzCl>/H-0 and the organic fraction was concentrated by rotary
evaporation. The crude mixture was subjected to column chromatography using CH:Cl, to afford
186 (63.5 mg, 78% yield) as a purple solid. tH NMR (500 MHz, CDCl3z) § 9.56 (d, /=10.0 Hz, 1H, H-
19), 8.45 (d, /=10.0 Hz, 1H, H-15), 8.35 (d, J=4.0 Hz, 1H, H-13), 8.32 (d, /=10.0 Hz, 2H, H-4,8), 7.87
(t,J=4.0 Hz, 1H, H-2), 7.70 (t, J=10.0 Hz, 1H, H-17), 7.47 (t, J=10.0 Hz, 1H, H-18), 7.44 (t, J=10.0 Hz,
1H, H-16), 7.39 (d, J=3.5 Hz, 2H, H-1,3), 7.29 (d, J=4.0 Hz, 1H, H-14), 7.24 (d, J=10.0 Hz, 2H, H-5,7),
4.71 (t, J=6.5 Hz, 2H, H-10), 3.32 (t, J=7.0 Hz, 2H, H-9). 13C NMR (125 MHz, CDCl3) 6 165.2 (C, C-11),
148.7 (C, C-6), 144.8 (C, C-14a), 140.8 (C, C-19a), 140.2 (CH, C-13), 139.1 (C, C-3a,8a), 139.0 (CH,
C-17), 138.2 (CH, C-15), 137.8 (CH, C-19), 136.3 (CH, C-2), 135.9 (CH, C-4,8), 127.7 (CH, C-18),
126.8 (CH, C-16), 124.4 (CH, C-5,7), 118.2 (CH, C-1,3),117.7 (CH, C-14), 116.6 (C, C-12), 64.7 (CH,
C-10), 41.6 (CHz, C-9). HRMS: m/z C23H1902* [M+H]* Calculated 327.1380, found 327.1387. IR
(ATR): vmax 3068, 2956, 2928, 2850, 1660, 1574, 1392, 1224, 1136, 1006, 120, 754 cm-1. m.p.
116.5-117.4 °C. Amax: 514, 530 nm.
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2-(Azulen-6-yl)ethyl 3,5-dinitrobenzoate (Azul-3,5-dinitrobenzoate) (187)

O,N
Ya—13 o 5—4 3
/ \ Y/ N
15 \12—11/ 9—6// \\2
—_— \ / \ ~/
>—/ 0-10 =g 1
O,N

3,5-Dinitrobenzoic acid (71.8 mg, 0.33 mmol, 1.06 eq.), 90 (54.9 mg, 0.32 mmol, 1 eq.), DCC (79
mg, 0.38 mmol, 1.2 eq.) and DMAP (10.4 mg, 0.09 mmol, 0.27 eq.) were added together and

dissolved in CH2Cl; (5 mL).

After 3 hours, a separation was performed with CH:Cl:/H.0 and the organic fraction was
concentrated by rotary evaporation. The crude mixture was subjected to column chromatography
using CH:Cl: to afford 187 (108.2 mg, 93% yield) as a brown-green solid that appears indigo in
solution. tH NMR (500 MHz, CDCl3) & 9.20 (t, J=2.0 Hz, 1H, H-15), 9.11 (d, J=2.0 Hz, 2H, H-13), 8.32
(d,J=10.0 Hz, 2H, H-4,8), 7.88 (t, J=3.5 Hz, 1H, H-2), 7.39 (d, J=4.0 Hz, 2H, H-1,3), 7.17 (d, J=10.0 Hz,
2H, H-5,7), 4.75 (t, J=7.0 Hz, 2H, H-10), 3.32 (t, /=7.0 Hz, 2H, H-9). 13C NMR (125 MHz, CDCl3) §
162.2 (C, C-11), 148.6 (C, C-12), 146.8 (C, C-6), 139.1 (C, C-3a,8a), 136.9 (CH, C-2), 135.9 (CH, C-
4,8),129.4 (CH, C-13), 124.0 (CH, C-5,7), 122.4 (CH, C-15), 118.7 (CH, C-1,3), 67.4 (CH., C-10), 41.0
(CHz, C-9). C-14 not observed. HRMS: m/z Ci9H14N20g+ [M+H]+ Calculated 367.0925, found
367.0943. IR (ATR): vma 310, 2954, 2929, 2871, 1724, 1536, 1338, 1274, 1163, 981, 846,
715 cm-t.m.p. 217.1-218.1 °C. Colour change to deep blue observed upon melting. Ama: 570 nm.

N-fluorenylmethyloxycarbonyl glycine 2-(azulen-6-yl)ethyl ester
(FMOC-Gly-OAzul) (189)
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FMOC-Gly-OH (159 mg, 0.5 mmol, 1 eq.), 90 (98.7 mg, 0.57 mmol, 1.07 eq.), DCC (149.4 mg, 0.72
mmol, 1.35 eq.) and DMAP (25.8 mg, 0.21 mmol, 0.39 eq.) were added to a RBF and dissolved in
CH:Cl; (10 mL).
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After 3 hours, a separation was performed with CHCl,/H-0, and the organic fraction was purified
by column chromatography using 9:1 CH:Cl2/Et:0 to obtain 189 (224.9 mg, 93% yield) as an
indigo gummy oil. tH NMR (500 MHz, CDCl3) 6 8.29 (d, /=10.0 Hz, 2H, H-4,8), 7.89 (t, J=3.5 Hz, 1H,
H-2),7.79 (d, J=7.5 Hz, 2H, H-20), 7.62 (d, J=8.0 Hz, 2H, H-17), 7.47 (t, J]=8.0 Hz, 2H, H-19), 7.39 (d,
J=4.0 Hz, 2H, H-1,3), 7.34 (t, J=7.0 Hz, 2H, H-18), 7.07 (d, J=10.0 Hz, 2H, H-5,7), 5.30 (s, 1H, N-H),
4.48 (t,J=7.0 Hz, 2H, H-10), 4.43 (d, J=7.0 Hz, 2H, H-14), 4.25 (t, J=7.0 Hz, 1H, H-15), 3.98 (d, j=5.5
Hz, 2H, H-12), 3.14 (t, J=7.0 Hz, 2H, H-9). 3C NMR (125 MHz, CDCI3) 6§ 170.0 (C, C-11), 156.2 (C, C-
13), 147.3 (C, C-6), 143.8 (C, C-16), 141.3 (C, C-21), 139.1 (C, C-33,8a), 136.6 (CH, C-2), 135.9 (CH,
C-4,8), 127.7 (CH, C-19), 127.1 (CH, C-18), 125.0 (CH, C-17), 124.0 (CH, C-5,7), 120.0 (CH, C-20),
118.3 (CH, C-1,3), 67.2 (CH., C-14), 66.1 (CHz, C-10), 47.1 (CH, C-15), 42.7 (CH, C-12), 41.0 (CHz, C-
9). HRMS: m/z Cz9H26NO4+ [M+H]+ Calculated 452.1856, found 452.1875. IR (ATR): vma 3336,
3065, 3013, 2950, 1703, 1578, 1515, 1447, 1395, 1181, 1048, 1001, 737 cm-1. Amax: 568 nm.

2-(Azulen-6-yl)ethyl trichloroacetate (Azul-trichloroacetate) (210)
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90 (21.8 mg, 0.12 mmol, 1 eq.) was dissolved in CH:Cl; (5 mL) and trichloroacetyl chloride (0.07
mlL, 0.62 mmol, 5 eq.) wasadded, followed by pyridine (0.2 mL, 2.5 mmol, 20 eq.).

After 3 hours a colour change towards maroon was observed. A separation was performed with
CH:Cl>/H:0 and the organic fraction was concentrated by rotary evaporation. The crude mixture
was purified by column chromatography with 1:1 pet. ether/CH:Cl: to afford 210 (21.5 mg, 53%
yield) as an indigo oil. tH NMR (500 MHz, CDCls) & 8.28 (d, /=10.5 Hz, 2H, H-4,8), 7.88 (t, /=3.5 Hz,
1H, H-2), 7.39 (d, J=3.5 Hz, 2H, H-1,3), 7.12 (d, J=10.5 Hz, 2H, H-5,7), 4.66 (t, J=7.0 Hz, 2H, H-10),
3.25 (t,J=7.0 Hz, 2H, H-9). 13C NMR (125 M'Hz, CDCl3) § 161.9 (C, C-11), 146.2 (C, C-6), 139.2 (C, C-
3a,8a), 136.8 (CH, C-2), 135.9 (CH, C-4,8), 124.1 (CH, C-5,7), 1185 (CH, C-1,3), 89.7 (C, CCl3), 69.8
(CHz, C-10), 40.7 (CHz, C-9). HRMS: m/z C14H12Cl302+ [M+H]* Calculated 316.9897, found 316.9885.
Ama 568 nm.

2-(Azulen-6-yl)ethyl dichloroacetate (Azul-dichloroacetate) (211)
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90 (27.3 mg, 016 mmol, 1 eq.) was dissolved in CH:Cl; (5 mL), and dichloroacetyl chloride (0.05
mlL, 0.52 mmol, 3.3 eq.) wasadded, followed by pyridine (0.1 mL, 1.2 mmol, 7.8 eq.).

After 3 hours, a separation was performed in CH;Cl./H.0 and the crude mixture was purified by
column chromatography using 1:1 CH:Cl:/pet. ether to afford 211 (31.5 mg, 70%) as an indigo oil.
1H NMR (500 MHz, CDCls) 6 8.28 (d, /=10.5 Hz, 2H, H-4,8), 7.88 (t, J=3.5 Hz, 1H, H-2), 7.39 (d, J=3.5
Hz, 2H, H-1,3), 7.1 (d, J=10.0 Hz, 2H, H-5,7), 592 (s, 1H, H-12), 4.58 (t, J=7.0 Hz, 2H, H-10), 3.2 (t,
J=7.0 Hz, 2H, H-9). 13C NMR (125 MHz, CDCl3) § 164.4 (C, C-11), 146.6 (C, C-6), 139.1 (C, C-3a,8a),
136.7 (CH, C-2), 136.0 (CH, C-4,8), 124.1 (CH, C-5,7), 118.5 (CH, C-1,3), 68.0 (CH, C-10), 64.1 (CH,
C-12), 40.6 (CHz, C-9). HRMS: m/z C14H13Cl:02* [M+H]+ Calculated 283.0287 , found 283.0284. Amax:
566 nm.

General procedure for deprotection of Azul-estersand Azul-carbonates
Azul-ester or -carbonate (0.5 mmol) was dissolved in MeCN (3 mL) under open air, and DBU (0.2
mL) was added. After 3-5 hours, a colour change from indigo to blue was observed. HCI (2 mL, 10%
in H20) was added, and a phase separation was performed using CH:Cl, and H:0. The aqueous
layer was washed three times with CH:Cl; then twice with EtOAc. The organic phase was then
concentrated by rotary evaporation. The crude mixture was purified by column chromatography,
eluting 6-vinylazulene with pet. ether and the deprotected alcohol or carboxylic acid with a
mixture of pet. ether/ethyl acetate (typically 2:1 or lower). The deprotected alcohol or carboxylic
acid was returned in excellent yield. Occasionally a green tint remained in the product from
degraded azulene material. This was a very minor impurity and could be removed by filtering

through a silica plug.

6-Vinylazulene (94)
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A blue crystalline solid was obtained as a by-product of Azul deprotection, typically in yields
corresponding to the extent of deprotection. tH NMR (500 MHz, CDCls) 6 8.31 (d, /=10.5 Hz, 2H, H-
4,8), 7.85 (t,J=3.5 Hz, 1H, H-2), 7.36 (d, J=3.5 Hz, 2H, H-1,3), 7.31 (d, /=10.0 Hz, 2H, H-5,7), 6.92 (dd,
J=17.5, 10.8 Hz, 1H, H-9), 5.97 (d, J=17.5 Hz, 1H, H-10b), 5.47 (d, /=10.5 Hz, 1H, H-10a). 13C NMR
(125 MHz, CDCls) § 145.7 (C, C-6), 141.3 (CH, C-9), 139.5 (C, C-3a,8a), 136.9 (CH, C-2), 135.6 (CH,
C-4,8), 121.4 (CH, C-5,7), 1183 (CH, C-1,3), 117.6 (CHz, C-10). HRMS: m/z Ci:Hi1* [M+H]*
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Calculated 155.0855, found 155.0857. Amax: 608 nm. 1H NMR spectrum corresponds with that

reported previously.12

2-(1-Nitroazulen-6-yl)ethyl (E)-cinnamate (197)
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Copper nitrate trihydrate (199.1 mg) and acetic anhydride (5 mL) were added together and the
mixture was left to sit until the colour changed from blue to turquoise. An aliquot of this mixture
(3 mL, corresponding to 16 eq. nitrate) was added to a vessel containing 178 (18.6 mg, 0.06 mmol,
1 eq.) in toluene (5 mL) at 0 °C. The reaction was allowed to warm up to r.t. and after 70 minutes,

the reaction mixture had become green.

A separation was performed with CH:Cl;/sat. aq. Na;COs and the organic fraction was
concentrated by rotary evaporation. The dark orange residue was purified by column
chromatography in CHzCl; to give 197 (6.6 mg, 31% yield) as an orange solid. tH NMR (500 MHz,
CDCls) 6 9.70 (d, J=10.5 Hz, 1H, H-8), 8.48 (d, /=11.0 Hz, 1H, H-4), 8.42 (d, J=4.5 Hz, 1H, H-2), 7.76
(d, J/=10.5 Hz, 1H, H-7), 7.66 (d, J=16.0 Hz, 1H, H-13), 7.62 (d, J=10.0 Hz, 1H, H-5), 7.51 (m, 2H, H-
15), 7.40-7.38 (complex m, 3H, H-16, H-17), 7.19 (d, J=4.5 Hz, 1H, H-3), 6.39 (d, /=16.0 Hz, 1H, H-
12), 4.58 (t, /=7.0 Hz, 2H, H-10), 3.35 (d, J=6.5 Hz, 2H, H-9). 13C NMR (125 MHz, CDCls) § 166.7 (C,
C-11), 153.3 (C, C-6), 145.6 (CH, C-13), 142.8 (C, C-8a), 139.8 (CH, C-4), 137.3 (CH, C-8), 134.2 (CH,
C-2),134.1 (C,C-14),132.9 (C, C-3a),132.7 (CH, C-7), 131.0 (CH, C-5), 130.5 (CH, C-17), 129.0 (CH,
C-16), 128.1 (CH, C-15), 117.2 (CH, C-12), 117.0 (CH, C-3), 64.6 (CHz, C-10), 41.2 (CH, C-9). C-1
was not observed. HRMS: m/z C2:H1sNO4+ [M+H]+ Calculated 348.1230, found 348.1228. IR (ATR):
vmax 2952, 2921, 1708, 1637, 1577, 1483, 1392, 1276, 1168, 1152, 977, 852, 769 cm-1. Amax: 499

nm.

2-(1-(2-Methoxy-2-oxoacetyl)azulen-6-yl)ethyl (E)-cinnamate (205)
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178 (78.7 mg, 0.26 mmol, 1 eq.) was dissolved in CH:Cl: (3 mL). Oxalyl chloride (0.1 mL, 1.16 mol,
4.5 eq.) was added, followed 20 seconds later by methanol (0.3 mL, 7.4 mmol, 28 eq.) and after
another 40 secondsby pyridine (0.4 mL, 5 mmol, 19 eq.).

A separation was performed immediately, using CH:Cl2/H.O and the organic fraction was
concentrated by rotary evaporation and purified by column chromatography in 2:1 pet.
ether/ethyl acetate to give 205 (98.9 mg, 97.8% yield) as an orange-red solid. tH NMR (500 MHz,
CDCI3) 6 9.79 (d, J=10.5 Hz, 1H, H-8), 8.45 (d, /=10.0 Hz, 1H, H-4), 8.40 (d, /=4.0 Hz, 1H, H-2), 7.70
(d, /=10.0 Hz, 1H, H-7), 7.66 (d, J=16.0 Hz, 1H, H-13), 7.58 (d, J=10.5 Hz, 1H, H-5), 7.50 (m, 2H, H-
15),7.39-7.37 (m, 3H, H-16, H-17), 7.26 (d, J=4.0 Hz, 1H, H-3), 6.39 (d, J=16.0 Hz, 1H, H-12), 4.56 (t,
J=7.0 Hz, 2H, H-10), 3.99 (s, 3H, 0-Me), 3.31 (t, J=6.5 Hz, 2H, H-9). 13C NMR (125 MHz, CDCl3) 6
180.7 (C, C-18), 167.8 (C, C-19), 166.7 (C, C-11), 152.2 (C, C-6), 146.1 (C, C-3a), 145.5 (CH, C-13),
142.3 (CH, C-2), 141.8 (C, C-8a), 1389 (CH, C-8), 138.1 (CH, C-4), 134.1 (C, C-14), 132.5 (CH, C-7),
131.0 (CH, C-5),130.5 (CH, C-17), 1289 (CH, C-16), 128.2 (CH, C-15), 120.9 (C, C-1), 119.4 (CH, C-
3), 117.4 (CH, C-12), 64.7 (CH., C-10), 52.6 (CHs, O-Me), 41.1 (CHz, C-9). HRMS: m/z Cz24H210s*
[M+H]+ Calculated 389.1384, found 389.1386. IR (ATR): vmax 3002, 2950, 1732, 1710, 1623, 1409,
1305, 1174, 850, 769 cm-1. Ana: 505 nm.

N-fluorenylmethyloxycarbonyl glycine 2-(1-(2-methoxy-2-
oxoacetyl)azulen-6-yl)ethyl ester (222)
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189 (189.4 mg, 0.42 mmol, 1 eq.) was dissolved in CH:Cl; (4 mL) and oxalyl chloride (0.2 mL, 2.3
mmol, 5.5 eq.) was added at 0 ¢, followed 20 seconds later by MeOH (0.4 mL, 9.9 mmol, 23 eq.)
and another 30 secondslater by pyridine (0.5 mL, 6.2 mmol, 15 eq.).

A phase separation was performed using CH:zCl>/H:0, and the organic fraction was concentrated
by rotary evaporation. The crude material was purified by column chromatography in ethyl

acetate to afford 222 as an orange-red solid (208.5 mg, 92%). tH NMR (500 MHz, CDCls) § 9.77 (d,
J=10.0 Hz, 1H, H-8), 8.42 (d, J=10.5 Hz, 1H, H-4), 8.40 (d, j=4.5 Hz, 1H, H-2), 7.76 (d, J=7.5 Hz, 2H,
H-20), 7.63 (d, /=10.0 Hz, 1H, H-7), 7.58 (d, J=7.5 Hz, 2H, H-17), 7.51 (d, J=10.0 Hz, 1H, H-5), 7.40 (t,
J=7.5Hz, 2H H-19), 7.31 (t, J=7.5 Hz, 2H, H-18), 7.25 (d, J=4.5 Hz, 1H, H-3), 5.22 (t, /=5.5 Hz, 1H, N-

H), 4.51 (d, J=7.0 Hz, 2H, H-10), 4.40 (d, /=7.0 Hz, 2H, H-14), 4.22 (t, J=7.0 Hz, 1H, H-15), 3.99 (s, 3H,
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0-Me), 3.96 (d, J=5.5 Hz, 2H, H-12), 3.26 (t, J=7.0 Hz, H, H-9). 13C NMR (125 MHz, CDCl3) § 180.6 (C,
C-22), 169.8 (C, C-11), 164.6 (C, C-23), 156.2 (C, C-13), 151.3 (C, C-6), 146.0 (C, C-3a or 8a), 143.7
(C, C-16), 142.4 (CH, C-2), 141.8 (C, C-3a or 8a), 141.3 (C, C-21), 138.8 (CH, C-8), 138.1 (CH, C-4),
132.2 (CH, C-7), 130.9 (CH, C-5), 127.7 (CH, C-19), 127.1 (CH, C-18), 125.0 (CH, C-17), 120.9 (C, C-
1), 120.0 (CH, C-20), 119.6 (CH, C-3), 67.2 (CHz, C-14), 15.6 (CHz, C-10), 52.6 (CHs, 0-Me), 47.1 (CH,
C-15), 42.7 (CHs, C-12), 40.8 (CHz, C-9). HRMS: m/z Cs, Has NO7+ [M+H]+ Calculated 538.1860,
found 538.1876. IR (ATR): vmax 3355, 3040, 2951, 1720, 1621, 1395, 1255, 1182, 1048, 783 cm-.
m.p. 63.6-65.7 °C. Amax: 507 nm.

2-(Azulen-6-yl)ethyl 1H-imidazole-1-carboxylate (176)
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90 (164.3 mg, 0.95 mmol, 1 eq.) and CDI (259 mg, 66% pure by 1H NMR integration, equivalent to
1.1 eq. pure CDI) were dissolved in THF (5 mL) and left to react for 1.5 hours. The reaction
mixture was concentrated by rotary evaporation and purified by column chromatography with
ethyl acetate to afford the title compound 176 as an indigo crystalline solid (251 mg, 99% yield).
1H NMR (500 MHz, CDCls) 6 8.29 (d, J=10.5 Hz, 2H, H-4,8), 8.09 (s, 1H, H-12), 7.89 (t, J=3.5 Hz, 1H,
H-2), 7.40 (d, j=3.5 Hz, 2H, H-1,3), 7.37 (s, 1H, H-14), 7.11 (d, J=10.0 Hz, 2H, H-5,7), 7.06 (s, 1H, H-
13), 4.71 (t, J=7.0 Hz, 2H, H-10), 3.27 (t, J=4.0 Hz, 2H, H-9). 13C NMR (125 MHz, CDCl3) § 148.4 (C,
C-11), 146.4 (C, C-6), 139.1 (C, C-3a,8a), 137.03 (CH, C-12), 136.96 (CH, C-2), 135.9 (CH, C-4,8),
130.8 (CH, C-14), 123.8 (CH, C-5,7), 118.7 (CH, C-1,3), 117.0 (CH, C-13), 68.8 (CHz, C-10), 40.9 (CH.,
C-9). HRMS: m/z Ci6H1sN;02* [M+H]* Calculated 267.1128, found 267.1133. IR (ATR): Vimax 3129,
1752, 1581, 1470, 1396, 1288, 1241, 998, 826, 749,647 cm-1.m.p. 89.1-90.4 °C. Amax: 566 nm.

6-(2-Oxyethyl)azulene  cyclohexanemethyl carbonate (AzulOC-
cyclohexanemethanol) (191)
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Method A. 90 (74.9 mg, 0.43 mmol, 1 eq.) and CDI (130.9 mg, 75% pure by 1HNMR integration,
equivalent to 1.4 eq. pure CDI) were dissolved in toluene (4 mL), and KOH (11.4 mg, 0.2 mmo],
0.46 eq.) was added. The reaction mixture was heated at 70 °C for four hours. Cyclohexylmethanol

(0.07 mL, 0.56 mmol, 1.3 eq.) was added and the reaction wasleft overnight.
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A separation was performed using CH2Cl;/H.0 and the organic layer was purified by column

chromatography in CH:Clz, giving 191 (132.9 mg, 97% yield) as an indigo solid.

Method B. 176 (48.9 mg, 0.18 mmol, 1.01 eq.) and cyclohexylmethanol (20.6 mg, 0.18 mmol, 1 eq.)
were dissolved in toluene (3.5 mL) and KOH (1.9 mg, 0.03 mmol, 0.19 eq.) was added. The

reaction was heated at reflux for 4 hours.

A separation was performed using CH:Clz/H>0 and the organic fraction was concentrated by
rotary evaporation. The crude mixture was purified by column chromatography, eluting fractions
A and B in CH:Cl;, fraction C in 1:1 pet. ether/ethyl acetate and fraction D in ethyl acetate. These
fractions were concentrated by rotary evaporation, giving A as 6-vinylazulene (2 mg, 7% yield), B
as the title compound 191 (35.7 mg, 63.3% yield), C as 90 (2.4 mg, 7.7% yield), and D as the
starting material 176 (6.9 mg, 14% yield). 1H NMR (500 MHz, CDCls) 6 8.29 (d, J=10.0 Hz, 2H, H-
4,8),7.88 (t,J=3.5 Hz, 1H, H-2), 7.39 (d, J=4.0 Hz, 2H, H-1,3), 7.11 (d, J=10.9 Hz, 2H, H-5,7), 4.45 (t,
J=7.5 Hz, 2H, H-10), 3.95 (d, J=7.0 Hz, 2H, H-12), 3.18 (t, /=7.5 Hz, 2H, H-9), 1.74 (m, 4H, H-14a, H-
15a), 1.68 (m, 2H, H-13, H-16a), 1.25 (m, 3H, H-15b, H-16b), 0.97 (m, 2H, H-14b). 13C NMR (125
MHz, CDCls) § 155.4 (C, C-11), 147.2 (C, C-6), 139.2 (C, C-3a,8a), 136.5 (CH, C-2), 135.8 (CH, C-4,8),
124.3 (CH, C-5,7), 118.4 (CH, C-1,3), 73.3 (CHz, C-12), 68.3 (CHz, C-10), 41.1 (CH, C-9), 37.1 (CH, C-
13), 29.5 (CHz, C-14), 26.4 (CHz, C-16), 25.6 (CH, C-15). HRMS: m/z C20H2503+ [M+H]+ Calculated
313.1798, found 313.1809. IR (ATR): vmax 2933, 2858, 1736, 1582, 1471, 1400, 1252, 972, 952,
838, 745 cm-1. m.p. 82.2-83.8 °C. Amax: 570 nm.

2-(Azulen-6-yl)ethyl cyclohexylcarbamate (194)
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176 (249.2 mg, 0.93 mmol, 1 eq.) and cyclohexylamine (153.1 mg, 1.54 mmol, 1.6 eq.) were
dissolved in toluene (5 mL), and KOH (3.8 mg, 0.067 mmol, 0.072 eq.) was added to the reaction

mixture. The mixture was heated at reflux overnight.

A separation was performed with CHzCl./H-0 and the organic fraction was concentrated by rotary
evaporation. The crude mixture was subjected to column chromatography. Fraction A was eluted
with pet. ether, fraction B eluted with CH:Cl, fraction C eluted with 1:1 pet. ether/ethyl acetate
and fraction D eluted with ethyl acetate. The fractions were concentrated by rotary evaporation,

giving A as 6-vinylazulene (6.4 mg, 4.4% yield), B as the symmetrical carbonate 192 (10.8 mg, 3.1%
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yield), C as the title compound 194 (210.3 mg, 75.6% yield) as an indigo solid, and D as the
starting material 176 (22.6 mg, 9.1% yield). tH NMR (500 MHz, CDCls) § 8.27 (d, /=10.0 Hz, 2H, H-
4,8), 7.85 (t, J=4.0 Hz, 1H, H-2), 7.36 (d, J=3.5 Hz, 2H, H-1,3), 7.11 (d, J=10.0 Hz, H, H-5,7), 4.53
(broads, 1H, N-H), 4.36 (t, J=7.0 Hz, 2H, H-10), 3.49-3.44 (m, 1H, H-12), 3.11 (t, /=7.0 Hz, 2H, H-9),
1.91 (d,/=10.0 Hz, 2H, H-13a), 1.68 (m, 2H, H-14a), 1.58 (m, 1H, H-15a), 1.39-1.25 (m, 2H, H-14b),
1.17-1.07 (m, 3H, H-13b, H-15b). 13C NMR (125 MHz, CDCl3) § 155.5 (C, C-11), 148.4 (C, C-6), 139.1
(C, C-3a,8a), 136.3 (CH, C-2), 135.9 (CH, C-4,8), 124.2 (CH, C-5,7), 118.2 (CH, C-1,3), 65.4 (CH, C-
10), 49.8 (CH, C-12), 41.7 (CH, C-9), 33.4 (CHz, C-13), 25.6 (CH2, C-15), 24.9 (CHz, C-14). HRMS:
m/z C19H24NO2+ [M+H]+ Calculated 298.1802, found 298.1800. IR (ATR): vmax 3311, 2931, 1851,
1683, 1530, 1312, 1234, 1065, 1043, 831, 748, 670 cm-L. m.p. 140.9-141.5 °C. Amax: 568 nm.

Bis[6-(2-oxyethyl)azulene] carbonate (192)
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This indigo solid was formed in small quantities (yields typically between 0-10%) in most
reactions involving the use of 177. tH NMR (500 MHz, CDCIs) 6 8.25 (d, J=10.0 Hz, 4H, H-4,8), 7.87
(t, J=3.5 Hz, 2H, H-2), 7.37 (d, J=4.0 Hz, 4H, H-1,3), 7.07 (d, J=10.5 Hz, 4H, H-5,7), 4.42 (t, J=7.0 Hz,
4H, H-10), 3.14 (t, J=7.0 Hz, 4H, H-9). 13C NMR (125 MHz, CDCl3) § 154.9 (C, C-11), 147.1 (C, C-6),
139.1 (C, C-3a,8a), 136.6 (CH, C-2), 135.9 (CH, C-4,8), 124.1 (CH, C-57), 118.4 (CH, C-1,3), 68.5
(CHz, C-10), 41.1 (CHg, C-9). HRMS: m/z C25H2303* [M+H]+ Calculated 371.1642, found 371.1648.IR
(ATR): vmax 2955, 2916, 2849, 1726, 1578, 1493, 1389, 1257, 953, 837, 825, 753 cm-1. Amax: 572 nm.

6-(2-Oxyethylazulene cetyl carbonate (193)
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176 (46.4 mg, 0.17 mmol, 1.5 eq.) and cetyl alcohol (27.9 mg, 0.12 mmol, 1 eq.) were added to a
silanised RBF and dissolved in THF (1 mL). KHMDS solution (0.42 M in toluene, ~50 pL) was
added at a rate of one drop every 30 minutes for a total of five drops over 2.5 hours (0.021 mmol,
0.18 eq.) After 3 hours, the reaction mixture was concentrated by rotary evaporation and purified
by column chromatography, eluting fraction A with pet. ether, fraction B with 20:1 pet.
ether/ethyl acetate, fraction C with CH:Clz, and recovered starting material 176 (26%) with ethyl

acetate. Fraction A was concentrated to give 6-vinylazulene (1.3 mg, 5% yield w.r.t 176) Fraction
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B was concentrated to give the title compound 193 as an indigo powder (42.1 mg, 83% yield).

Fraction C was concentrated to give the symmetrical carbonate 192 (5.2 mg, 8% yield w.r.t. 176).

193: 1H NMR (500 MHz, CDCl3) 6 8.28 (d, /=10.0 Hz, 2H, H-4,8), 7.86 (t, J=4.0 Hz, 1H, H-2), 7.37 (d,
J=3.5Hz, 2H, H-1,3), 7.11 (d, /=10.0 Hz, 2H, H-5,7), 4.43 (t,J=7.0 Hz, H, H-10), 4.11 (t, /=7.0 Hz, 2H,
H-12),3.17 (t, J=7.0 Hz, 2H, H-9), 1.64 (quin, J=7.5 Hz, 2H, H-13), 1.35-1.25 (complex m, 26H, H-14
to H-26), 0.88 (t, /=8.0 Hz, 3H, H-27). 13C NMR (125 MHz, CDCl3) 6 155.1 (C, C-11), 147.3 (C, C-6)
139.1 (C, C-3a,8a), 136.5 (CH, C-2), 135.9 (CH, C-4,8), 124.2 (CH, C-57), 118.3 (CH, C-1,3), 68.4
(CHz, C-10), 68.3 (CH, C-12), 41.2 (CHz, C-9), 31.9 (CH, C-26), 29.7-29.2 (CHz, C-14 to C-25), 28.6
(CHz, C-13), 25.6 (CHy, alkyl), 22.7 (CH, alkyl), 14.1 (CH3, C-27). HRMS: m/z C29Hs03+ [M+H]*
Calculated 441.3363, found 441.3365. IR (ATR): vmax 2959, 2915, 2849, 1737, 1584, 1471, 1403,
1253, 948, 839, 746 cm-L. m.p. 74.1-75.3 °C. Amax: 568 nm.

Pyrimido[l,2-alazepinium, 2,3,4,6,7,8,9,10-octahydro-1-[2-(azulen-6-
yDethyl] (196)
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6-Vinylazulene (94) (111.1 mg, 0.72 mmol, 1 eq.) and KOH (110.2 mg, 1.9 mmol, 2.7 eq.) were
dissolved in a 1:1 mixture of THF:H:0 (6 mL), and DBU (0.2 mL, 1.3 mmol, 1.9 eq.) was added. The
reaction mixture was heated at reflux overnight, over which time the colour changed from blue to

indigo.

A phase separation was performed using CH:Cl2/H:0, and the organic fraction was washed with
sat. NaHCOs, followed by 10% aqueous HCI, followed again by sat. NaHCO3; before being
concentrated by rotary evaporation. The crude mixture was purified by column chromatography
(gradient elution from CH:Cl; to MeOH) to give 196 (56.7 mg, 24.2% yield), presumably as the
hydroxide salt, as an indigo oil. tH NMR (500 MHz, CDCls) 6 8.28 (d, J=10.0 Hz, 2H, H-4,8), 7.86 (t,
J=3.5Hz, 1H, H-2), 7.37 (d, J=3.5 Hz, 2H, H-1,3), 7.13 (d, J=9.0 Hz, H, H-5,7), 3.42 (t, J=8.0 Hz, 2H, H-
13), 3.29 (m, 2H, H-14), 3.03 (t, J=6.5 Hz, 2H, H-10), 2.98 (t, J=6.5 Hz, 2H, H-9), 2.65 (t, J=7.0 Hz, 2H,
H-11), 2.51 (m, J=5.5 Hz, 2H, H-18), 1.71 (m, 6H, H-12,16,17), 1.61 (m, 2H, H-15). 13C NMR (125
MHz, CDCl3) 8§ 176.1 (C, C-19), 150.6 (C, C-6), 138.9 (C, C-3a,8a), 135.98 (CH, C-2), 135.95 (CH, C-
4,8), 124.1 (CH, C-5,7), 118.0 (CH, C-1,3), 52.0 (CHz, C-10), 49.5 (CHz, C-14), 46.7 (CH., C-11), 45.8
(CHz, C-13), 42.5 (CHz, C-9), 37.1 (CH, C-18), 29.9 (CH, C-16), 28.5 (CHz, C-15), 28.1 (CHz, C-12),
23.5 (CHz, C-17).
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6-(2-Oxyethyl)azulene methyl ether (216)
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6-Vinylazulene (94) (13.1 mg, 0.085 mmo]l, 1 eq.) and KOH (104.1 mg, 1.85 mmol, 22 eq.) were
added together and dissolved in MeOH (3 mL). H202 (1 mL, 30% v /v solution in H.0) was added
and the reaction was heated at 45 °C and vigorous bubbling was observed. A further 96.7 mg KOH

was added after 3 hours and the reaction wasleft overnight.

A phase separation was performed using CH:Clz/H:0 and the organic fraction was concentrated
by rotary evaporation and purified by column chromatography in CH:Cl; to afford the title
compound 216 (4.2 mg, 27% yield) as an indigo oil. *H NMR (500 MHz, CDCl3) § 8.27 (d, J=11.0
Hz, 2H, H-4,8), 7.84 (t, J=4.0 Hz, 1H, H-2), 7.35 (d, J=3.5 Hz, 2H, H-1,3), 7.11 (d, J=9.5 Hz, 2H, H-5,7),
3.70 (t,J=7.5 Hz, 2H, H-10), 3.36 (s, 3H, H-11), 3.08 (t, /=8.0 Hz, 2H, H-9). 13C NMR (125 MHz, CDCl5)
8 149.4 (C, C-6),139.0(C, C-3a,8a), 136.1 (CH, C-2), 135.9(CH, C-4,8), 124.3 (CH, C-5,7),118.0 (CH,
C-1,3), 74.14 (CHz, C-10), 58.9 (CH3, C-11), 42.4 (CH, C-9). HRMS: m/z C13H1.0 [M+H]+ Calculated
187.1117, found 187.1115.

6-(2-Oxyethyl)azulene 3,4-dimethoxybenzyl ether (217)
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6-Vinylazulene (13.7 mg, 0.89 mmol, 1 eq.) and 3,4-dimethoxybenzyl alcohol (0.45 mL, 3.1 mmol,
34.8 eq.) were added to a RBF, followed by a single pellet of KOH (86.5 mg, 1.54 mmol, 17.3 eq.)
and dry dimethoxyethane (0.5 mL). The reaction vessel was purged with N and sealed, and after

4 hours of reaction at ~30 °C, a noticeable colour change fromblue to indigo had occurred.

CH:Cl; was added and the reaction mixture was purified by column chromatography, eluting 6-
vinylazulene (4.6 mg, 33% yield) with pet. ether, and eluted the title compound in CH:Clz, 217
(13.6 mg, 47% yield), as an indigo oil. tH NMR (500 MHz, CDCl3) § 8.26 (d, J=10.5 Hz, 2H, H-4,8),
7.84 (t, J=4.0 Hz, 1H, H-2), 7.35 (d, J=4.0 Hz, 2H, H-1,3), 7.12 (d, /=10.0 Hz, 2H, H-5,7), 6.81-6.77
(complex m, 3H, H-13, H-14, H-17), 4.47 (s, 2H, H-11), 3.86 (s, 3H, OMe), 3.78 (t, /=7.5 Hz, 2H, H-
10), 3.73 (s, 3H, OMe), 3.11 (t, J=7.0 Hz, 2H, H-9). 13C NMR (125 MHz, CDCl3) 6 149.6 (C, C-6), 149.0
(C, C-15 or C-16), 148.5 (C, C-15 or C-16), 139.0 (C, C-3a,8a), 136.0 (CH, C-2), 135.8 (CH, C-4,8),
130.7 (C, C-12), 124.4 (CH, C-5,7),120.1 (CH, C-13, 14 or C-17), 118.0 (CH, C-1,3), 110.78 (CH, C-13,
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14 or C-17),110.76 (CH, C-13, 14 or C-17), 73.0 (CH., C-11), 71.2 (CH, C-10), 55.9 (CHs, OMe), 55.7
(CHs, OMe), 42.6 (CHz, C-9). HRMS: m/z C21H2303* [M+H]+ Calculated 323.1642, found 323.1662.
m/z C1913C;H2303+ [M+H]+ Calculated 325.1709, found 325.1719.

N-2-(Azulen-6-yl)ethyl piperidine (195)
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An indigo solid, formed in Azul deprotections involving the use of piperidine, obtained in
quantities concordant with the extent of deprotection. tH NMR (500 MHz, CDCl3) & 8.26 (d, /=10.5
Hz, H, H-4,8), 7.83 (t, J=4.0 Hz, 1H, H-2), 7.35 (d, J=4.0 Hz, 2H, H-1,3), 7.09 (d, J=10.0 Hz, 2H, H-5,7),
3.00 (m, 2H, H-9), 2.67 (m, 2H, H-10), 2.50 (broad s, 4H, H-11), 1.64 (quin, j=6.0 Hz, 4H, H-12), 1.5-
1.45 (m, 2H, H-13). 13C NMR (125 MHz, CDCls) § 151.4 (C, C-6), 138.9 (C, C,33,8a), 136.0 (CH, C-
4,8), 135.9 (CH, C-2), 124.2 (CH, C-5,7), 118.0 (CH, C-1,3), 62.1 (CHz, C-10), 54.5 (CHz, C-11), 40.0
(CHz, C-9), 26.0 (CHz, C-12), 24.4 (CHz, C-13). HRMS: m/z C17H22N+ [M+H]+ Calculated 240.1747,
found 240.1751. Ama 562 nm.

Methoxymethyl cetyl ether (MOM cetyl ether) (223)
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Cetyl alcohol (804.7 mg, 3.32 mmol, 1 eq.), and DMAP (11.5 mg, 0.09 mmol, 0.02 eq.) were added
together in a RBF and dissolved in CH:Cl, (15 mL) and cooled to -30 °C in an ethylene glycol/dry
ice bath. Chloromethyl methyl ether (0.5 mL, 6.6 mmo], 2.0 eq.) was added, followed by DIPEA (1

mlL, 5.7 mmol, 1.7 eq.). The reaction was left to stir overnight.

A phase separation was performed using CH:Clz/sat. ag. NaHCOsz and the organic fraction was
concentrated by rotary evaporation. Column chromatography (14:1 pet. ether/ethyl acetate with
1% NEt3) was performed on the crude mixture to give 223 as a colourless oil. tH NMR (500 MHz,
CDCl3) & 4.62 (s, 2H, H-1), 3.52 (t, J=7.0 Hz, 2H, H-2), 3.36 (s, 3H, 0-Me), 1.59 (quin, j=6.5 Hz, 2H, H-
3), 1,38-1.23 (complex m, 26H, H-4 to H-16), 0.88 (t, /=7.0 Hz, 3H, H-17). HRMS: m/z C1sH390,*
[M+H]+ Calculated 287.2945, found 287.2944.
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Tert-butyldimethylsilyl cyclohexanemethyl ether (TBS-
cyclohexanemethanol) (221)
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Cyclohexanemethanol (409.6 mg, 3.6 mmol, 1 eq.), tert-butyldimethylsilyl chloride (1.14 g, 7.56

mmol, 2.1 eq.) and imidazole (603 mg, 8.86 mmol, 2.47 eq.) were added to a RBF and dissolved in
DMF (7 mL).

After overnight reaction, a phase separation was performed with pet. ether/sat. ag. NaHCO3, and
the organic layer was concentrated by rotary evaporation. The residue was purified by column
chromatography in CH:Cl; to give 221 (852 mg, quant.) as a colourless oil. tH NMR (500 MHz,
CDCls) & 3.38 (d, J=6.5 Hz, 2H, H-1), 1.73 (m, 5H) 1.42 (m, 1H, H-2) 1,26-1.12 (complex m, 3H),
0.91 (obscured m, 2H) 0.90 (s, 9H, Si-tBu), 0.04 (6H, Si-Me). Spectroscopic data matched those

reported previously.13

1-(2-Hydroxyethyl)azulene (243)
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Azulene (101.9 mg, 0.795 mmol, 1 eq.) was dissolved in CH:Cl; (5 mL) in a RBF. Oxalyl chloride
(0.07 mL, 0.8 mmol, 1.03 eq.) was added and the reaction changed colour to orange. The reaction
was cooled down to 0 °C over 9 minutes and 0.4 mL LiBH4 (2M in THF, 0.8 mmo], 1 eq.) was added

rapidly, causing the reaction mixture to bubble. The reaction mixture changed colour to blue-

green.

The reaction was quenched with 0.2 mL MeOH, and separated with Et;O/brine. The organic
fraction was concentrated by rotary evaporation, and column chromatography was performed on
the resulting material (gradient of pet. ether to Et;0) to afford 243 (34.4 mg, 25% yield) as a blue
oil. tH NMR (500 MHz, CDCls) 6 8.34 (d, /=9.5 Hz, 1H, H-8), 8.29 (d, /=9.0 Hz, 1H, H-4), 7.84 (d,
J=4.0 Hz, 1H, H-2), 7.58 (t, J=9.5 Hz, 1H, H-6), 7.38 (d, J=4.0 Hz, 1H, H-3), 7.15 (t,/=9.5 Hz, 1H, H-7),
7.12 (t,J=9.5 Hz, 1H, H-5), 3.98 (t, J=6.5 Hz, 2H, H-10), 3.37 (t, J=6.5 Hz, 2H, H-9). 13C NMR (125
MHz, CDCl3) 6 140.8 (C, C-3a), 137.7 (CH, C-6), 137.4 (CH, C-2), 136.8 (C, C-8a), 136.6 (CH, C-4),
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133.6 (CH, C-8), 126.4 (C, C-1), 122.4 (CH, C-5), 122.0 (CH, C-7), 117.1 (CH, C-3), 64.0 (CHz, C-10),
30.9 (CHy, C-9).

Azul-ester deprotection kinetics

A solution of the Azul-containing species in MeCN (0.001 mol L1 in 2.8 mL) was added to a quartz
cuvette and DBU (0.1 mL) was added, resulting in a DBU concentration of 0.23 mol L-%. DBU was in
230-fold excess, ensuring pseudo-first order kinetics. The cuvette was immediately placed into the
UV-Vis spectrophotometer and a full scan from 800 to 400 nm was taken regularly, typically every

two minutes, fora typical total of 100 scans.

O DBU (0 23 molL™")
"~ O
e} MeCN

A‘max: 560 - 570 nm max: 608 nm

Several wavelengths around the Amavalue of 6-vinylazulene (608 nm) were chosen for analysis,
typically between 600 and 620 nm. The Amax of the Azul-protected starting materials (around 570
nm) was not used, as there is very little change in absorbance at that wavelength over the course
of the deprotection. The trace from a single representative wavelength is shown for each

experiment.

The raw data for the absorbance were then normalised (from 0 to 1) and linear regression was
performed on the logarithm of the time series using Excel’s LINEST feature to provide an estimate
of the slope. The returned value is vulnerable to noise from the tail end of the time series (where
noise dominates the signal) so an exponential of best fit was generated and its parameters altered
manually until the square of the residual (the difference between the time series and the best fit)
was minimised. From the best fit, the pseudo-first order rate constant was obtained, from which
the actual rate constant is found by dividing the pseudo-first order rate constant by the
concentration of DBU. The rate constants for each wavelength were averaged to give the final
value for the rate constant and the uncertainty was calculated by dividing the range
(highest value - lowest value) by two. For each compound, the UV-Vis spectrum of the start and
end point are displayed with the studied wavelengths marked. The Kkinetics at a single
representative wavelength (raw data in blue, and exponential of best fit in orange) are displayed,

as well as the corresponding residual.
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Azul-cinnamate (178) deprotection kinetics

Change in the visible absorbance spectrum of
Azul-cinnamate 178 during deprotection
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182 (13.9mg) wasdissolved in 1 mL MeCN, diluted 1 in 10 followed by 1in 4.6, to give a 0.001

mol L-1 solution. One scan wasrun every 71 seconds for 180 scans total.

Measured wavelength Reactionrate/ Lmol-1s-1 Sum of Residuals?
600 nm 0.00108 0.05

604 nm 0.00111 0.045

608 nm 0.00112 0.035

610 nm 0.00111 0.05

615 nm 0.00110 0.045

Averaging these values for the reactionrate returns 0.0011 £0.0004 L mol-1s-1. The origin of the

hump around scans 34-56 is notknown.
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Azul-cyclohexanecarboxylate (183) deprotection kinetics

Change in the visible absorbance spectrum of
Azul-cyclohexanecarboxylate 183 during
deprotection
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183 (6.5 mg) was dissolved in 23 mL MeCN to give a 0.001 mol L-! solution. One scan was run

every two minutes for 100 scans total.

Measured wavelength Reactionrate/ Lmol-1s-1 Sum of Residuals?
600 nm 0.00114 0.0075
610 nm 0.00113 0.0085
615 nm 0.00110 0.0085

Averaging these values for the reactionrate returns 0.00112 * 0.0002 L mol-ts-1.
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Azul-azulene-1-carboxylate (186) deprotection kinetics

Change in the visible absorbance spectrum of
Azul-azulenecarboxylate 186 during

deprotection
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186 (7.4 mg) was dissolved in 22.6 mL MeCN to give a 0.001 molL-! solution. One scan was run
every five minutes for 100 scans total. Due to the presence of the azulenecarboxylate moiety,

different wavelengths from the usual were studied for the kinetics measurements.

Measured wavelength Reactionrate/ Lmol-1s-1 Sum of Residuals?
514 nm 0.00053 0.03

537 nm 0.00050 0.04

580 nm 0.00050 0.0075

Averaging these values for the reaction rate returns 0.00051 * 0.0002 L mol-!s1. The mismatch
between the kinetics data and the best fit at the start of the experiment (seen more clearly as the
hump in the residual) appears in the 514 and 537 nm time series only. The cause of this is

unknown.
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Azul-2-furoate (185) deprotection kinetics

Change in the visible absorbance spectrum of
Azul-furoate 185 during deprotection
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185 (2.1 mg) was dissolved in 7.9 mL MeCN to give a 0.001 mol L-1 solution. One scan was run

every two minutes for 99 scans total.

Measured wavelength Reactionrate/ Lmol-1s-1 Sum of Residuals?
603 nm 0.00223 0.02

605 nm 0.00200 0.045

610 nm 0.00212 0.02

612 nm 0.00213 0.025

Averaging these values for the reaction rate returns 0.0022 + 0.0006 L mol-1 s-1.
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Azul-1-naphthoate (188) deprotection kinetics

Change in the visible absorbance spectrum of
Azul-1-naphthoate 188 during deprotection
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Scan Scan

A 0.001 mol L-1 solution of 188 in MeCN was made up. One scan was run every two minutes for

100 scans total.

Measured wavelength Reactionrate/ Lmol-1s-1 Sum of Residuals?
603 nm 0.00140 0.01

605 nm 0.00143 0.008

610 nm 0.00148 0.01

612 nm 0.00144 0.01

Averaging these valuesforthe reactionrate returns 0.0014 + 0.0003 L. mol-1s-1.




Quantitative NMR - general procedure

Nitromethane (0.3 mL, 5.60 mmol) was added to a volumetric flask and filled to 10 mL with dry
CDCl; (dried over 4 A molecular sieves) to make up a dry standard solution of MeNO in CDClz (3%
or 0.560 mol L:1). Molecular sieves were added to the flask. A standard quantity (typically 50 pL)
was measured out using a microsyringe and introduced to the mixture to be quantified, followed

immediately by regular CDCl; and mixed thoroughly to ensure complete dissolution of the mixture

contents. This solution was then submitted for NMR analysis.

An uncalibrated 90 degree pulse-width was used, with a 15 second relaxation decay and 8 second
acquisition time. (The defaults are a 60 degree pulse width, a 0.01 second relaxation decay and a

4.096 second acquisition time)
The raw data were processed in the following order:

Raw integral value - Corrected for proton multiplicity = Divided by corrected integral of
nitromethane = Multiplied by no. moles of nitromethane (0.0279 mmol for a 50 L aliquot) =
Divided by no. moles of limiting reagent to give the % yield value. The quantities of conversion

were found by dividing the yield value of one compound with that of its progenitor.

The term ‘yield value’ is used, because these values often exceeded 100% - and as such did not

represent an actual estimate of the yield.

Azul - TBS competitive deprotection studies

A standardised mixture of cyclohexanemethyl tert-butyldimethylsilyl ether (1 eq.) and Azul-
cinnamate (1.4 eq.), called ‘TBS deprotection mix’, was made for use in the following experiments.
The extent of reaction was measured through comparison of 1H NMR integration of the starting
materials (Azul-cinnamate 178 and TBS-cyclohexanemethanol 221) and the products (6-
vinylazulene 94, cinnamic acid 177 and cyclohexanemethanol). The salient peaks typically used

for NMR integration were:

Azul-cinnamate 178: 8.29 (d, j=10.0 Hz, 2H, H-4,8), 6.41 (d, J=16.0 Hz, 1H, H-12), 4.52 (t, J=7.0 Hz,
2H, H-10), 3.20 (t,/=7.0 Hz, 2H, H-9).

TBS-cyclohexanemethanol 221:3.38(d, J=6.5 Hz, 2H, H-1)

6-Vinylazulene 94: 8.30 (d, /=10.0 Hz, 2H, H-4), 5.97 (d, J=17.5 Hz, 1H, H-10a), 5.46 (d, /=11.0 Hz,
1H, H-10Db)

Cinnamic acid177:6.47 (d,/=16.0 Hz, 1H, H-2)
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Cyclohexanemethanol: 3.44 (d, /J=6.5 Hz, 2H, H-1)
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Selective TBS deprotection
TBS deprotection mix (11.2 mg, equivalent to 0.029 mmol, 1.4 eq. Azul-cinnamate 178 and 0.021
mmol, 1 eq. 221) and PPTS (84.8 mg, 16 eq.) were dissolved in MeCN (3 mL) and heated at reflux

overnight under open air.

A separation was performed with CH2Cl:/H-0 and the organic phase was concentrated by rotary
evaporation (taking care not to subject the mixture to high vacuum to avoid loss of
cyclohexanemethanol) and this mixture was subjected to NMR analysis. 1H NMR shows the

presence of Azul-cinnamate (8.29, 4.52, 3.20 ppm) and cyclohexanemethanol (3.44 ppm), and the

absence of TBS-cyclohexanemethanol and cinnamic acid.

_‘;_%JM*___.LJL‘_/\W
85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
f1 (ppm)

1H NMR spectrum of crude mixture after selective TBS deprotection
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Selective Azul deprotection

Azul-cinnamate (10.1 mg, 0.033 mmo], 1 eq.) and TBS-cyclohexanemethanol (8.4 mg, 0.037 mmol,
1.07 eq.) were dissolved in THF (3 mL), and DBU (0.1 mL, 0.67 mmol, 18.5 eq.) was added. After
overnight reaction, a phase separation was performed using H20/Et,0 with the organic phase
being washed 4 times with H20. The organic phase was reduced via rotary evaporation under low
vacuum (Fraction A). This crude mixture was submitted for quantitative NMR analysis. The tH
NMR spectrum showed the presence of 6-vinylazulene (5.95, 5.45 ppm) and TBS-
cyclohexanemethanol (3.39 ppm) and the absence of cyclohexanemethanol and Azul-cinnamate.
The aqueous phase was treated with 3 mL HCI (10% aq.) and washed twice with CH.Cl; and the
organic fraction was concentrated by rotary evaporation and the crude mixture (Fraction B)

submitted for quantitative NMR analysis. The 1H NMR spectrum showed the presence of cinnamic

acid (6.46 ppm).

4

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0

1H NMR spectrum of Fraction A

.

E

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

1H NMR spectrum of Fraction B
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Global deprotection

Azul-cinnamate (8.3 mg, 0.027 mmol, 1 eq.) and TBS-cyclohexanemethanol (6.2 mg, 0.027 mmol, 1
eq.) were dissolved in THF (3 mL), and TBAF (0.4 mL of a 1 M solution in THF, 0.4 mmol, 15 eq.)

was added. A colour change was visible after 10 minutes. After 70 minutes, 1 mL of 10% aq. HCI

was added and a phase separation was performed with CH:Cl./H20. The organic fraction was

concentrated by rotary evaporation and the crude mixture submitted for quantitative NMR

analysis. The 1H NMR spectrum shows the presence of 6-vinylazulene (8.27, 5.94, 5.43 ppm) and

TBS-cyclohexanemethanol (3.44 ppm). Neither cinnamic acid nor Azul-cinnamate are observed in

the mixture. The doublet at 6.66 ppm is thought to belong to the tetrabutylammonium cinnamate

salt.
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1H NMR spectrum of crude mixture after global deprotection
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Azul - FMOC competitive deprotection studies

Extent of reaction was measured through comparison of tH NMR integration of the starting
material (FMOC-Gly-OAzul 189) and the products (6-vinylazulene, H-Gly-OAzul, dibenzofulvene
1-(fluoren-9-ylmethyl) piperidine). Glycine is almost completely insoluble in CDCl3, but two peaks
can be seen at 2.36 and 2.18 ppm, possibly corresponding to neutral and protonated glycine. The

salient peaks typically used for NMR integration were:

FMOC-Gly-OAzul: 4.25 (t,/=7.0 Hz, 1H, H-15),3.98 (d, J=5.5 Hz, 2H, H-12).
Dibenzofulvene: 6.09 (s, 2H, H-10).

6-Vinylazulene: 5.97 (d, J=17.5 Hz, 1H, H-10a), 5.46 (d,/=11.0 Hz, 1H, H-10b).
H-Gly-0Azul: 4.45 (t,J=7.0 Hz, 2H, H-10), 3.41 (s, 2H, H-12).

1-(fluoren-9-ylmethyl)piperidine: 4.06 (t,/=8.0 Hz, 1H, H-9)
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Selective FMOC deprotection

Fmoc-Gly-0Azul 189 (35.9 mg, 0.079 mmol, 1 eq.) was dissolved in MeCN (3 mL) and piperidine
(0.1 mL, 1 mmol, 13 eq.) was added to this mixture. After 30 minutes, the reaction was complete
by TLC. The reaction mixture was concentrated by rotary evaporation and the crude mixture

submitted for quantitative NMR analysis.

The 1H NMR spectrum shows the presence of dibenzylfulvene (6.09 ppm) and 1-(9H-fluoren
ylmethyl) piperidine (4.06 ppm) in a 1:5 ratio, aswell as the presence of H-Gly-OAzul. No evidence
of FMOC-Gly-0Azul 189 wasobserved.
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Selective Azul deprotection

FMOC-Gly-OAzul 189 was activated with oxalyl chloride to form 222 in the method described
previously. 222 (37.8 mg, 0.07 mmol, 1 eq.) was dissolved in MeCN (3 mL) at 0 °C. NEt; (0.1 mL,
0.7 mmol, 10 eq.) was added and left to stir for 3 hours at 0 °C. The reaction mixture was

concentrated by rotary evaporation at r.t. and the crude mixture was submitted for quantitative

NMR analysis.

The 1H NMR spectrum shows the presence of a singlet at 6.08 ppm corresponding to
dibenzylfulvene overlapped with a doublet at 6.07 belonging to the vinylazulene species.

Integration of these two peaks gives a 1:4 ratio. Complete loss of the methylenes at 4.50 and 3.25

ppm indicate complete Azul deprotection, so the 1:4 ratio indicates 25% FMOC deprotection.
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Global deprotection

FMOC-Gly-OAzul (23.1 mg, 0.05 mmol, 1 eq.) was dissolved in THF (3 mL) and DBU (0.1 mlL, 0.66
mmol, 13 eq.) was added. After 9 hours, the reaction mixture had changed colour from indigo to
blue. HCI (1 mL, 10% aqueous solution) was added and a phase separation was performed with
CH:Cl2/H:0, followed by rotary evaporation of the organic fraction. The crude mixture was

submitted for quantitative NMR analysis.

The 1H NMR spectrum shows the presence of dibenzylfulvene (6.08 ppm) and 6-vinylazulene
(5.97,5.45 ppm) in a 1:1 ratio. A peak at 2.34 possibly corresponding to glycine was also observed.

No trace of FMOC-Gly-OAzul or any other partial deprotection products was observed.

ﬂ
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1H NMR spectrum of crude mixture after global deprotection
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Azul - MOM competitive deprotection studies

A standardised mixture of Azul-cinnamate 178 (69.7 mg, 1 eq.) and MOM-protected cetyl alcohol
223 (71.2 mg, 1.07 eq.), named ‘MOM deprotection mix’ was made for use in the following
experiments. Extent of reaction was measured through comparison of 1H NMR integration of the
starting materials (Azul-cinnamate 178 and cetyl MOM ether 223) and the products (6-
vinylazulene 94, cinnamic acid and cetyl alcohol). The salient peaks typically used for NMR

integration were:

Azul-cinnamate 178: 8.29 (d, /=10.0 Hz, 2H, H-4), 6.41 (d, J=16.0 Hz, 1H, H-12), 4.52 (t, /=7.0 Hz,
2H, H-10),3.20 (t,/=7.0 Hz, 2H, H-9).

6-vinylazulene 94: 8.30 (d, j=10.0 Hz, 2H, H-4), 5.97 (d, J=17.5 Hz, 1H, H-10a), 5.46 (d, J=11.0 Hz,
1H, H-10b).

Cinnamic acid177:6.47 (d,J=16.0 Hz, 1H, H-2)
Cetyl MOM ether 223:4.62 (s, 2H, acetal), 3.52 (t,J=6.5 Hz, 2H, H-1), 3.36 (s, 3H, methoxy)

Cetylalcohol: 3.64 (q, /=6.5 Hz, 2H, H-1)
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Selective MOM deprotection

MOM-deprotection mix (43.1 mg, equivalent to 0.070 mmol Azul cinnamate 178 and 0.076 mmol
cetyl MOM ether 223) and PPTS (72.9 mg, 0.29 mmol, 4.1 eq.) were added to a RBF fitted with
condenser and dissolved in ethanol (3 mL) and MeCN (1 mL). The reaction was heated at reflux
overnight. A separation was performed using CH:Clz/sat. ag. NaHCO3 and the organic layer was

submitted for quantitative NMR.

1H NMR integration shows the presence of cetyl alcohol (3.64 ppm) and the absence of cetyl MOM
ether 223. Azul-cinnamate 178 (6.42, 4.53, 3.21 ppm) is present, and no evidence for other

azulene speciescan be seen.
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Selective Azul deprotection

MOM deprotection mix (15.6 mg, equivalent to 0.025 mmol Azul-cinnamate 178 and 0.027 mmol
cetyl MOM ether 223) was dissolved in THF (3 mL), and DBU (0.1 mL, 0.66 mmol) was added
under open air. The reaction was stirred for 19 hours. 10 drops of 10% HCI (aq.) were added to
the reaction mixture, and a separation was performed in CH2Cl./H20. The organic layer was

concentrated by rotary evaporation and submitted for quantitative NMR.

1H NMR revealed the presence of 6-vinylazulene 94 (8.30, 5.97, 5.46 ppm), cinnamic acid (6.47
ppm) and cetyl MOM ether (3.52 ppm) and the absence of cetyl alcohol and Azul-cinnamate.
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Azul compatibility with high-temperature Suzuki cross-coupling

©/ | Pd(PPhg)s, KoCO3 O
-

toluene reflux

Phenylboronic acid 224 (69.2 mg), palladium tetrakis[triphenylphosphine] (64.5 mg), and

potassium carbonate (130.8 mg) were added together and the powders mixed thoroughly with a
spatula. This mixture was partitioned into two portions - the control (135 mg) and the Azul-

benzoate-containing sample (128.5 mg).

To the control sample (containing a calculated 1.2 eq. phenylboronic acid, 0.11 eq. Pd(PPhs)4 and
2 eq. K2C03), toluene (3.2 mL) and 2-bromoanisole 225 (0.03 mL, 0.24 mmo], 1 eq.) were added,
and the reaction vessel was fitted with a reflux condenser and heated at reflux for 2 hours, during
which time the reaction mixture changed colour from yellow to red to brown. A phase separation
was performed with CHzCl2/H20 and the organic fraction was concentrated by rotary evaporation

and subjected to quantitative NMR.

To a RBF containing Azul-benzoate 182 (70.5 mg, 0.25 mmol, 1.06 eq.) and the powdered mixture
described above (containing a calculated 1.15 eq. phenylboronic acid, 0.11 eq. Pd(PPh3)s, and 1.9
eg. K2C03), toluene (3.2 mL) and 2-bromoanisole (0.03 mL, 1 eq.) were added, and the reaction
vessel was fitted with a reflux condenser and heated at reflux for 2 hours, during which time a
colour change from indigo to purple and back to indigo was observed. A phase separation was
performed with CH>Clz/H:0, and the organic fraction was concentrated by rotary evaporation and

subjected to quantitative NMR.

Integration of the relevant peaks in the tH NMR spectrum of the control reaction returned a 71%
yield value of 2-phenylanisole (3.84 ppm) and a 30% yield value for 2-bromoanisole (3.91 ppm),

which when normalised give a conversion of 70%.

Integration of the relevant peaks in the 1H NMR of the Azul-benzoate-spiked reaction returned a
68% yield value of 2-phenylanisole and an 81% yield value for 2-bromoanisole. When normalised,
this gives a conversion of 45% from 2-bromoanisole to 2-phenylanisole. A yield value of 134% of
Azul-benzoate (8.34, 4.65, 3.30 ppm) was obtained, along with 27% 6-vinylazulene (5.97, 5.45

ppm). When normalised, this indicatesa 17% conversion of Azul-benzoate to 6-vinylazulene.
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Quantitative tH NMR spectrum of control reaction

Quantitative tH NMR spectrum of reaction spiked with Azul-benzoate
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Azul compatibility withlow-temperature Suzuki cross-coupling
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Phenylboronic acid 224 (71.5 mg), palladium acetate (15.5 mg), p-iodonitrobenzene 227 (108.6
mg) and potassium carbonate (157.7 mg) were added together and mixed as powders with a
spatula. This mixture was partitioned into two portions, the control (185.4 mg) and the Azul-

benzoate-spiked sample (167.9 mg).

To the control sample (containing a calculated 1.34 eq. phenylboronic acid, 0.16 eq. palladium
acetate, 1 eq. p-iodonitrobenzene, and 2.6 eq. potassium carbonate), methanol (3 mL) was added
and the reaction was left to stir at r.t. under open air for three days. A separation was performed
using CH2Clz/H:0, and the organic layer was concentrated by rotary evaporation and submitted

for quantitative NMR.

To a RBF containing Azul-benzoate 182 (75.3 mg, 0.272 mmol, 1.3 eq.) and the powdered mixture
described above (containing a calculated 1.34 eq. phenylboronic acid, 0.16 eq. palladium acetate, 1
eg. p-iodonitrobenzene and 2.61 eq. potassium carbonate), methanol (3 mL) was added and the
reaction was left to stir at r.t. under open air for three days. A separation was performed using

CH:Cl2/H:0, and the organic layer was submitted for quantitative NMR.

Integration of the relevant peaks in the tH NMR of the control reaction returned a yield value of
123% of p-nitrobiphenyl (8.30, 7.75 ppm), with no detectable amount of p-iodonitrobenzene
(7.93 ppm).

Integration of the relevant peaks in the 1H NMR of the Azul-benzoate-spiked reaction returned a
yield value of 125% of p-nitrobiphenyl (7.75 ppm), with no detectable amount of p-
iodonitrobenzene (7.93 ppm). Ayield value of 98% for Azul-benzoate (8.05, 7.90, 7.20, 4.65, 3.25
ppm) was returned, with a yield value of 9% for 6-(2-hydroxyethyl)azulene (90), which when

normalised givesa 92% retention of Azul-benzoate.
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Azul compatibility with NaBH: reduction
0]

NaBH,4, MeOH
r.t. overnight
: (0] I
+ O
(6]

Benzophenone 229 (146.2 mg) and NaBH4 (85.7 mg) were added together and mixed as solids.

This mixture was partitioned into two portions, the control (112.3 mg) and the Azul-benzoate-

spiked sample (119.6 mg).

To the control sample (containing a calculated 1 eq. benzophenone and 2.8 eq. NaBH4), methanol
(2 mL) was added and the reaction was allowed to stir for 5 hours. A separation was performed

using CH:Clz/H:0, and the organic layer was submitted for quantitative NMR.

To a sample containing Azul-benzoate 182 (111.8 mg, 1.04 eq.) and the mixture described above
(containing a calculated 1 eq. benzophenone and 2.8 eq. NaBH.), methanol (2 mL) was added and
the reaction was allowed to stir for 5 hours. A separation was performed using CH:Cl2/H:0, and

the organic layer was submitted for quantitative NMR.

Integration of the relevant peaks in the tH NMR of the control reaction returned a yield value of

113% of diphenylmethanol (7.75, 7.60, 5.85 ppm), with no observable benzophenone (7.79 ppm).

Integration of the relevant peaks in the 1H NMR of the Azul-benzoate-spiked reaction returned a
yield value of 113% of diphenylmethanol (5.85 ppm) with no observable benzophenone. A yield
value of 116% of Azul-benzoate (8.32, 8.05, 4.68, 3.27 ppm) was obtained, with no other azulene-

based species visible.
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Quantitative tH NMR spectrum of controlreaction
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Azul compatibility with Masamune-Roush
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A solution of triethylphosphonoacetate 231 (0.2 mL), triethylamine (0.28 mL) in THF (4 mL) was

made up.

For the control reaction, 2 mL of the above solution (containing a calculated 1 eq.
triethylphosphonoacetate and 2 eq. NEt3) was added to a RBF containing LiBr (107.7 mg, 1.24
mmol, 2.5 eq) and left to stir for 30 minutes. Anisaldehyde 232 (0.24 mL, 0.98 mmol, 2 eq.) was
then added and the reaction was left to proceed overnight. A separation was performed using

CH:Clz/H:0, and the organic layer was submitted for quantitative NMR.

For the Azul-benzoate-spiked reaction, 2 mL of the above solution (containing a calculated 1 eq.
triethylphosphonoacetate and 2 eq. NEt3) was added to a RBF containing LiBr (102.4 mg, 1.18
mmol, 2.4 eq.) and Azul-benzoate (105.1 mg, 0.38 mmol, 0.32 eq.) and left to stir for 30 minutes.
Anisaldehyde (0.24 mL, 0.98 mmol, 2 eq.) was then added and the reaction was left to proceed
overnight. A separation was performed using CHzCl,/H-0, and the organic layer was submitted for

quantitative NMR.

Quantitative analysis of the 1H NMR spectra was not possible due to deprotonation of
nitromethane by remaining triethylamine. For the control reaction, the product p-ethylcoumarate
233 (7.60, 740, 6.85, 6.25, 3.85 ppm) was present in the 1H NMR spectrum, while the limiting
reagent triethylphosphonoacetate (2.97 ppm) was absent. For the Azul-spiked reaction, the same
was observed, in addition to the presence of Azul-benzoate (8.25, 8.00, 7.50, 7.15, 4.60, 3.20 ppm)
and absence of other azulene-based species. In both cases, p-anisaldehyde (9.80 ppm) was still

present in the reaction mixture.
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Quantitative tH NMR spectrum of controlreaction
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Azul compatibility with Swern oxidation

OH
1. (COCI),, DMSO, CH,Cly, THF

C15H31 -78°C 9
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O 2. NEta kC15H31
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DMSO (0.5 mL), (COCI); (0.2 mL) and CH:Cl; (5 mL) was added together at -78 °C and left for 30

minutes.

To the control reaction containing cetyl alcohol (53.6 mg, 0.22 mmo], 1 eq.) in THF (4 mL) at -78
°C, 2 mL of the above mixture (containing a calculated 4.2 eq. chlorodimethylsulfonium chloride)
was added. The solution became cloudy. After two hours, NEtz (0.3 mL, 2.15 mmol, 9.7 eq.) was
added and the reaction was maintained at -78 °C for a further 30 minutes before allowing it to
warm up to r.t. over an hour. 1 mL 10% HCI (aq.) was added to the reaction mixture, followed by
water and a separation was performed using CH:Clz/Hz0, and the organic layer was submitted for

quantitative NMR.

To the Azul-benzoate-spiked reaction, containing Azul-benzoate 182 (52 mg, 0.19 mmol, 0.94 eq.),
cetyl alcohol (48.5 mg, 0.2 mmol, 1 eq) in THF (4 mL) at -78 °C, 2 mL of the above mixture
(containing a calculated 4.6 eq. chlorodimethylsulfonium chloride) was added. The indigo reaction
mixture rapidly became magenta. Triethylamine (0.3 mL, 2.15 mmol, 10.8 eq.) was added after
130 minutes, and the reaction was kept at -78 °C for a further 30 minutes before being allowed to
warm up to r.t. over an hour. 1 mL 10% HCI (aq.) was added, followed by water and a separation
was performed using CH:Cl2/H:0, and the organic layer was submitted for quantitative NMR.
Most of the magenta material did not partition into the organic layer, despite several washes with

CHCl..

Integration of the relevant peaks in the 1H NMR of the control reaction returned a yield value of 60%

for hexadecanal (9.66 ppm) and 10% for cetylalcohol (3.65 ppm), an 86% conversion.

Integration of the relevant peaks in the tH NMR of the Azul-benzoate-spiked reaction returned a
yield value of 92% for hexadecanal (9.66 ppm) and a yield value of 30% for cetyl alcohol (3.65
ppm), a 75% conversion. The Azul species formed had a recorded yield value of 5%, though this is
not representative of the quantity present, due to most of the material remaining behind in the

aqueous layer during phase separation.
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Quantitative tH NMR spectrum of controlreaction
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Titration of n-BulLi, LDA and KHMDS

Method adapted from RobertE. Ireland etal.14

A standard solution of menthol was made up (typically 0.5 - 1 M in toluene or THF). A small
amount of 2,2’-bipyridyl (~2 mg) was dissolved in 3 mL THF and n-BuLi was added dropwise
until a deep red colour formed. The standard solution of menthol was then added dropwise until
the orange colour of the midpoint is attained. Known volumes of the bases in question were then
added to the reaction mixture, and the menthol solution would be added dropwise until the
midpoint was reached. This was repeated as needed until consistent measurements were

obtained.

Silanisation of glassware

A 50 mL RBF was subjected to a base-bath for 2 hours (300 mg KOH in 50 mL 1:1 H.O/PrOH)
before being washed with distilled H20 and dried. A solution of 1 mL Cl.SiMe; and 0.2 mL CISiMes
in 40 mL CH:Cl; was added and left to sit for 1 hour. The solution was then poured out and the
remaining residue removed by evaporation under vacuum. The RBF is then washed with distilled

H.0 and ovendried before use.

A note on degradation

Some azulene species are known to degrade in the presence of oxygen.2” Guaiazulene species in

particular were prone to degradation and were kept in sealed vials at -20 °C. 6-Vinylazulene (94)

was also prone to degradation and was kept in sealed vials at -20 °C and purified by column

chromatography (eluting with pet. ether) immediately before use. 6-(2-Hydroxyethyl)azulene (90)
was also observed to slowly degrade in open air. When stored in a RBF flushed with N; and

capped with a septum, 90 was much less prone to degradation and could be stored for months in

this fashion.

Azul-protected species appeared to be stable to air, provided they were not stored in acidic media.
Samples exposed to air for up to 2.5 years did not exhibit more than trace amounts of degradation.

Azulene species with electron-withdrawing substituents (including esters but particularly

ketoesters and nitro functionalities) appear to be stable to air indefinitely.
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Calculation of C=0

carboxylate esters

stretch frequencies

of azulene-1-

All calculations were performed using Gaussian 09 (EM64L-GO9RevD.01), with the B3LYP/6-

31g(d,p) density functional and basis set. Geometry optimisation followed by a frequency

calculation was used to find and confirm an energy minimum. Charge=0, multiplicity=1 was used

forall calculations.

Methyl azulene-1-carboxylate (8)
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Methyl 3-methylazulene-1-carboxylate (118)
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Methyl 3-hydroxymethylazulene-1-carboxylate (125)
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Dimethyl azulene-1,3-dicarboxylate (126)
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Methyl 3-formylazulene-1-carboxylate (127)
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Methyl 3-tricyanovinylazulene-1-carboxylate (128)
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N 2.51103 4.80413 1.09292
C 0.41736 5.544 -1.8861
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Methyl 3-nitroazulene-1-carboxylate (129)
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Methyl 3-chloroazulene-1-carboxylate (130)
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Methyl azulene-1-carboxylate 5,8-tetracyanoethylene bridging complex

(132)

I T ITNOONIITINZ0Z0Z0Z00O0IN0INOHOINCOIITITOOOOON

1 [ T 1 [ 1
POONPWNOOFRRLRRLROOR

OO NNPWERERERERLERPR

-3.
-2.
-2.
-4.
-2.
-4.
-1.
-2.
-1.
-3.
-3.

.18017
.18804
.63878
.24285
.19469
.62477
.29909
.60546
.62582
.32678
.37313
.44916
.05207
.15618
.18912
. 84927
.19534
.849

.69072
.58041
.29612
.42904
.21307
.95373
.62681
.15068

10222
54312
98551
15938
913
06782
9293
5745
84507
06508
29612

.55243
.95306
. 66044
.14703
.32583
.92585
.03013
.35446
.52742
.37663
.27321
. 7805
.0879
.15878
.44019
.29506
.87755
.60824
.37043
.02772
.53006
.54289
.91807
.78551
.12743
.37286
.93437
.45072
.52297
.95092
-2.
-2.
-3.
-4.
-5.
-4.
-4.

1715

47619
18155
44738
19059
71707
38163

-0.
Q.
-0.
Q.
-0.
-0.
-0.
Q.
-1.

.23715
.62958
. 14091
.40274
.46561
.15324
.53898
.9738

. 04062
.09078
. 3469

.1627

. 80756
.80834
.00616
.16195
.30341
.19415
.4464

.39564
.08449
.33306
.06184
.14939
.63856
.66731
.13916
.9287

77895
41394
09688
14314
33571
49788
74378
41399
28518

Methyl azulene-1-carboxylate 4,7-tetracyanoethylene bridging complex

(133)
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Methyl azulene-1-carboxylate diiron pentacarbonyl (134)
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Appendix 1. 'H and 13C NMR spectra of
selected compounds
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4,6,8-trimethylazulene (9)
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6-Methylazulene (10)
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1-(N-Pyrrolidinylmethyl)azulene (110)
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Menthyl azulene-1-carboxylate (122)
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Menthyl 3-nitroazulene-1-carboxylate (136)
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Menthyl guaiazulene-3-carboxylate (148)
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1H-7-isopropyl-9-methylazulenol[3,4-cd]3,4-dihydrooxepin-1-one (151)
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Menthyl 4,6,8-trimethylazulene-1-carboxylate (157)
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Azulene diiron pentacarbonyl (143)
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Menthyl azulene-1-carboxylate diiron pentacarbonyl (145)
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6-(2-hydroxyethyl)azulene (90)
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2-(Azulen-6-yl)ethyl (E)-cinnamate (Azul-cinnamate) (178)
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2-(Azulen-6-yl)ethyl benzoate (Azul-benzoate) (182)
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2-(Azulen-6-yl)ethyl 2-furoate (Azul-2-furoate) (185)
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2-(Azulen-6-yl)ethyl 1-naphthoate (Azul-1-naphthoate) (188)
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2-(Azulen-6-yl)ethyl cyclohexanecarboxylate

(Azul-cyclohexanecarboxylate) (183)
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2-(Azulen-6-yl)ethyl cyclobutanecarboxylate
(Azul-cyclobutanecarboxylate) (184)
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2-(Azulen-6-yl)ethyl azulene-1-carboxylate (Azul-azulenecarboxylate)
(186)
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2-(Azulen-6-yl)ethyl 3,5-dinitrobenzoate (Azul-3,5-dinitrobenzoate) (187)
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N-fluorenylmethyloxycarbonyl glycine 2-(azulen-6-yl)ethyl ester
(FMOC-Gly-OAzul) (189)

ifl b 1.95—1
048
0.851

>
P .

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0
f1 (ppm)

3.5 .0 2.5 2.0

169.86
6.
77.27

76.77
—~67.18
~~-66.14
—47.08
—42.73
—40.97

190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20
f1 (ppm)

240



6-Vinylazulene (94)
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2-(1-Nitroazulen-6-yl)ethyl (E)-cinnamate (197)
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2-(1-(2-methoxy-2-oxoacetyl)azulen-6-yl)ethyl (E)-cinnamate (205)
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N-fluorenylmethyloxycarbonyl
oxoacetyl)azulen-6-yl)ethyl ester (222)
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2-(Azulen-6-yl)ethyl 1H-imidazole-1-carboxylate (176)
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6-(2-Oxyethylazulene cyclohexanemethyl carbonate (AzulOC-
cyclohexanemethanol) (191)
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2-(Azulen-6-yl)ethyl cyclohexylcarbamate (194)
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6-(2-Oxyethyl)azulene cetyl carbonate (193)
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Appendix 2. 'H NMR raw data for
kinetics study of 3-nitroazulene
menthyl ester 136 saponification
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