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Abstract

Research & development of alternative routes for fragrance ingredients currently produced by
International Flavours & Fragrances Inc. (IFF) in Benicarlo, Spain is reported herein. Past and
current industrial syntheses of these ingredients are initially summarised as well as their
primary role in the industry. The research disclosed has focused on designing and developing
sustainable and safe methods for their industrial preparation and, where possible, evaluation

to/of continuous flow approaches.

The first target was the musky, earthy natural ingredient known as Veramoss. For this
molecule, three alternative synthetic pathways were explored starting with cheap and widely
available raw materials such as butanone, dimethyl malonate, methyl acetoacetate, methyl
crotonate, and acetaldehyde. Despite being unable to achieve the final compound, the study
enabled the development of a continuous-flow Knoevenagel reaction employing polymer-
supported dimethylamine catalyst to obtain dimethyl ethylidene malonate in moderate yields
(38%) as well as an interesting one-pot methodology for the preparation of 4-chlorohex-4-en-
3-one from dimethyl oxalate and butanone in good vyields (76%). These developed
methodologies could become interesting starting points for future works. Along with route
scouting, the main goal of the project was to propose an improved “green” alternative to the
currently employed toxic elemental chlorine. To this aim, four main alternative chlorination
processes were investigated, one of which proved to be the candidate of choice:
trichloroisocyanuric acid (TCCA). An optimisation based on utilizing TCCA was carried out
by employing one-factor-at-the-time (OFAT) and design of experiment (DoE) approaches. The
optimised one-pot procedure was scaled up to multi-grams quantities allowing the isolation of
Veramoss whose quality was validated for commercial purposes. Furthermore, the study also
proposed a de novo procedure for the purification of discoloured Veramoss obtained from
mischarge and side reactions during chlorination. The methodology based upon selective
phenol-amine H-bonded complex formation allowed the recovery of purified white material in
60% overall yield, reducing waste and the need to dispose of discoloured batches.

The second target molecule was the newly established IFF compound Ambertonic™, a synthetic
tricyclic musk odorant featuring a pyrimidine scaffold. The investigation focused on finding

valuable alternative routes starting from a readily available intermediate: Cashmeran. Five



viable methods were explored, however, only one allowed the ultimate cyclisation to occur.
The effective strategy was then optimised for the preparation of the material. Hence, a two
steps one-pot synthesis was developed to yield Ambertonic™ in good yield (53%). The
methodology consists in the formylation of the dihydro-cashmeran material with subsequent
pyrimidine formation inspire by a publication by Bredereck et al. The optimisation of both
stages were initially found to be challenging presenting low vyields, solid precipitation, and
formation of impurities. Scouting different reaction conditions and parameters, the issues were
tackled and eventually solved. Additionally, the first SCXRD structure and racemic resolution
of the trans-isomer was carried out allowing us to gain a deeper understanding of the absolute

configuration of the active odorant species.

The final target investigated was dehydroherbac, a key intermediate for the preparation of the
fresh, green odorant known as Galbascone. Three synthetic routes were envisioned starting
from different raw materials such as acrylonitrile, 4,4-dimethylcyclohexanone, 5-methyl-
hexan-2-one, and 3-carene. Two of the proposed strategies aimed at preparing an enaminone
intermediate which undergoes de-amination through selective enamine reduction and
elimination. The latter procedure ultimately proved to be impracticable on the desired scaffold.
Regardless of the outcomes, a continuous-flow photo-catalysed method for the preparation of
a cyano-ketone was optimised to yield 630 mg h™* of material in 63% isolated yield as a proof-
of-concept study. Employing 3-carene as a precursor was also considered through catalytic
hydrogenolysis and CH activation of a tertiary carbon. Such a strategy allowed access to three
possible oxidative hydroxylation methods as described in the literature utilising dioxiranes, and
peracids. Due to the lack of time, the investigation was not completed, however it has
established a solid foundation for future work. The project also involved the optimisation of a
previously designed route to Galbascone via a Henry-Nef reaction. Kinetic studies performed
on the amine-catalysed Henry reaction enabled establishment of a better understanding of the

latter and reduced the amount of nitroethane employed for the reaction.

In summary, potential preparative routes to the three fragrance ingredients were developed and
optimised. The process utilised known chemistry which employs safe and cheap raw materials.
Both the developed methodologies for Veramoss and Galbascone have also been considered

for scale up at IFF in Benicarlo, achieving interesting manufacturing results.
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1. Introduction

1.1. Chemistry in the Flavour and Fragrance Industry

Fragrances, with their glamour, have always been celebrated as powerful psychosomatic
stimulants enhancing subconscious emotions and revealing hidden desires. The quest for novel
scents has led to the development of many different methods for acquiring fragrances.
Distillation, perfected by Persians and exported to Europe in the 9™ century, is one of the
preferred techniques, along with extraction, which facilitates isolation of a mixture of fragrance
compounds comprising the scented part of the natural material. The coexistence of these
developed techniques permitted the eventual industrialization of the so-obtained essential oils
10 centuries later. Despite their success, the often-limited chemical stability of the key
components enabled collection of only a limited selection of oils, thus narrowing down the
available choice of scent for perfumers. Furthermore, apart from some specific oils (e.g.
lavender and eucalyptus oils), whose bulk prices (55 to 65 £/Kg)*? are widely accessible due
to their ease of cultivation and extraction, others such as Jasmine oils are much more expensive
(its price ranges around £2,900/Kg)®* restricting their usage to niche applications.
Consequently, the utility of Synthetic Chemistry was leveraged as a means of reducing the
economic burden of such aromatic chemicals and uncovering novel molecules to enrich the

perfumers’ palette.

With the appearance of many naturally occurring materials as coumarin (1, 1866), vanillin (2,
1876),° and B-ionone (3, 1893),” and novel synthetic odorants, for instance musk xylol (4,
1891),2 methyl ionone (6, 1893),° and ethyl vanillin (5, 1894),'° the 19" century was a
revolution of fragrance chemistry for usage in several areas; from the rapidly expanding
perfumery businesses to the newly developing household cleaning market (Figure 1). Between
1759 and 1998, around 2,500 active fragrance ingredients were made available for perfumers.
It is worth noting, in the early days of this new chemistry, the discovery of novel synthetic
ingredients was either serendipitous (see discovery of musk xylene and cyclamen aldehyde)®**
or rationalised by preparing a range of analogues based on known odorants.*2*? In the past 20
years, the number of available ingredients has risen to almost 4,000 (International Fragrance
Association (IFRA) published a list of active F&F chemicals),'**® as a consequence of
scientific and technological advances in theory and computational chemistry and in odorant

chemoreception (2004 Nobel prize),'®8 allowing to establish new more effective methods of
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discovering potent and novel odorants (Ligand-olfactory receptor design, Conformational
analysis, and SAR).1*2! Along with these new strategies, toxicological and bio-accumulative
tests have been implemented in the early stage of development to allow the design of safer and

more environmental-friendly synthetic odorants.?2-24

Naturals
CHO
X
L S
0" "0 MeO
OH
1 2 3
coumarin vanillin B-ionone
sweet, stinging, coconut note sweet, vanilla, creamy, floral, woody, sweet, fruity,
chocolate berry, tropical, beeswax
NO; CHO
SR
O:N NO; EtO
OH
4 5 6
musk xylol ethyl vanillin methylionone
fatty, dry, sweet, soapy, musk  sweet, creamy, vanilla sweet, powderym, floral, fruity,
’ caram el}i c ] violet, beeswax, orris, woody

Figure 1. Examples of early synthetic and natural fragrance ingredients prepared/isolated by
the evolving Fragrance industry.

With the increase of odorants, a better classification was required to install order and allow
comparison between different fragrance materials. In 1983, Michael Edwards reported a full
spectrum of fragrance in his book “fragrance wheel”,? and this is currently used as the standard
system for categorisation of fragrances (Figure 2). The Wheel subdivides a scent into one of
four families: Floral, Oriental, Fresh, and Woody. The system, built upon the experience of a
single perfumer, was found to be highly consistent with other approaches.?® The principal notes
are sub-divided into related sub-classes which more thoroughly describes them. Figure 3
represents examples of fragrances whose notes would be associated with the corresponding

family.
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Oriental
Notes

Oviental

Fresh ™
Notes

Figure 2. The Michael Edwards fragrance Wheel.?®

—CO,Me

17 [\;
B OH (-)-methyl jasmonate

Jjasmin flower, oily, green,

petal, soft greasy 7 0
(-)-ambrox MeO H
ambregris, old paper,
16 sweet, labdanum, dry HO
(+)-a-bisadolol 2 .
vanillin

mild floral, peppery,
balsamic, clean

OH
W
15
linalool
waxy, citrus,
orange, floral, rose

sweet, vanilla, creamy, chocolate

(@]
W,
8

Furanoeudesma-1,3-diene
sweet, warm, leathery-balsamic

=

14
(+)-(R)-limonene
citrus, orange, fresh sweet

HO
9

(-)-(Z)-R-santolol
woody, cedarwood

HO

10
1 (-)-patchoulol
(+)-nootketone 12 veramoss (IFF) patchouli, earthy,
grapefruit, peel, citrus, (+)-cedrol mossy, oakmoss, woody, camphor powdery
gardenia, woody cedarwood woody, phenolic, earthy

dry, sweet, soft
Figure 3. Examples of molecules representing the oriental (2,7-8), woody (9-12), fresh (13-
15), and floral (16-17) notes.?®
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Nowadays, Flavour & Fragrance (F&F) manufacturers provide a wide range of aromas which
are blended and utilised in final formulations of many everyday products (Figure 4). Fragrance
ingredients are involved in preparations of fine fragrances, cosmetics, toiletries, soaps,
detergents and air fresheners, whereas flavours affect the beverages industry, dairy,
confectionary, bakery and savoury/convenience foods. Synthetic fragrances predominate
against the natural products (ca. 560 synthetics vs ca. 50 naturals produced at IFF’s
(International Flavours & Fragrances) manufacturing plant in Benicarld, Spain), nonetheless

the latter remain an important contributing class of F&F ingredients.

Fine Fragrance

Home & Floor

Care

Pharmaceuticals

Cosmetics &

Parsonal Care

Figure 4. Representative shares of the global market for F&F in 2018.%7

In 2021, the F&F industry had estimated sales of more than $25 billion with a decline of over
9% from the previous year due to the Covid-19 Global pandemic. However, the market value
is expected to rebound and to grow by over 5% yearly with an annual value of more than $36
billion by 2028.%" It is apparent, the F&F industry is smaller than other chemistry-based
industries such as pharma and agrochemical (2020 global sales; Pharma ~ $1,200 bn,
Agrochemicals ~ $209 bn, F&F ~ $25 bn).?82 This is mainly due to the fact that flavour &
fragrance companies principally act as intermediates between raw material suppliers and high
value consumers goods manufacturers. Table 1 represents some of the most important synthetic
fragrances along with their approximate annual tonnage and prices. Some listed chemicals are

commonly used as intermediates for the manufacturing of other ingredients; for instance,
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myrcene is used to prepare linalool, geraniol, nerol, and 4-(4-hydroxy-4-
methylpentyl)cyclohex-3-ene-1-carbaldehyde (Lyral, IFF). As can be seen, F&F products
prices can be comparable to feedstock’s, yet with volumes akin to pharmaceutical ingredients.
As a result, costs are highly-dependant on the methods of production and great competition

transpires between companies, whose R&D strategies are mainly aimed at cost-reduction.

Table 1. Some of the most important synthetic fragrance materials.*°-?

Name Tonnes per year £/Kg? Odour type
Myrcene 30,000° 1 Balsamic
Pine oil/Terpineol 30,000 1 Pine
Menthol 12,000 10 Mint/coolant
Linalool 10,000 4 Floral/wood
Citral 5,000 5 Lemon®
Dihydromyrcene 5,000° 1 -
Geraniol 5,000 4 Rose
(Methyl)ionones 5,000 15 Violet
Dihydromyrcenol 4,000 4 Citrus/floral
Limonene 3,500 1 Orange®®
Citronellol 3,000 7 Rose
Isobornyl acetate 2,000 1 Pine
Linalyl acetate 2,000 4 Fruity/floral
Tetrahydrolinalool 2,000 4 Floral
Carvone 1,500 10 Spearmint
Hydroxycitronellal 1,000 8 Muguet
Lyral (IFF) 1,000 12-23f Floral
Terpenylcyclohexanols 1,000 4-38' Sandalwood
Zenolide & analogues 1,300-4,300 60-250" Musk
Civetone & analogues 50-500 8-80f Musk
Cedrene derivatives 500 20 Cedarwood
Amberlyn® Ambrox® Ambroxan® 50 500- Ambergris
Bangalol & analogues 30 30 Sandalwood

aThese prices and volumes are estimated;? A substantial proportion of the total consumption is used for manufactured of other
ingredients;® Citral has little use in the direct fragrance market. The tonnage is used for manufacturing ionones and
methylionones;d The material used is actually orange terpenes, which is about 80% limonene but the odour comes from minor
components;® This figure relates to the use of orange oil in perfumery. About 1,500 tonnes per annum (tpa) are used in the
manufacture of carvone. The total production exceeds 50,000 tpa;’Prices are approximate value acquired from Alibaba.com
(accessed November 13, 2021).
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Although it could be implied that the F&F industry mostly utilises old and well-established
chemistry, a wave of changes has affected the sector. In the last few years, F&F companies
have been investing in the development of new synthetic strategies aiming at reducing the
environmental impact from manufacturing. In fact, F&F companies have developed different
programs to highlight these efforts, such as “EcoScent Compass™” (Firmenich),®® “Towards
a Circular Future” (IFF),** “Green Motion” (Mane),® “Responsible Care” (Symrise),*® and
“FiveCarbon Path” (Givaudian).>’ For such instances, the adoption of biotechnological
processes have allowed them to establish synthesis of complex ingredients from renewable
feedstocks. In fact, development of enzymatic processes have been reported for the preparation

of Clearwood™ (Patchoulol, 12),%33% Ambrox (7),%° and other musky analogues of 7.41:42

Flow chemistry (flow manufacturing) is regarded as a potential innovative and cost-reducing
technology for process production. Over the last few decades, different pharmaceutical
companies such as Novartis, Vertex, GSK, and Johnson & Johnson have been investing tens
of millions dollars in this area.***¢ Although less emphasised, other chemical manufacturing
as well as F&F industries have also been actively evaluating and developing their own
approaches based upon the general principles of continuous flow manufacturing.?® Flow
chemistry could certainly provide an interesting addition for targeting cost and waste reduction
in F&F manufacturing.

1.2. Flow Chemistry

Being sustainable is becoming a crucial part of human life. As a result, industries have been
putting into place innovation projects (Industry 4.0, Smart manufacturing, Internet of things)
aimed at reducing their environmental impact through the application of automation and
enabling technologies.*”~*° In particular, chemical industry has been gradually innovating over
the last 20 years following the principles of “Green Chemistry” (Table 2) and “Green
engineering” (Table 3).5%5! These principles, defined in 2000 and 2003 by respectively Warner
and Anastas, offer guidance for the design of environmental-friendly chemistry processes, and
they can be summarised in terms of process efficiency, waste reduction, and safety

improvements.
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One of the enabling technologies which goes hand-in-hand with these principles and facilitates

easy automation is Flow Chemistry (Table 2 & Table 3), or more generally integrated

continuous manufacturing (ICM). Continuous operation systems have been implementing for

many years in the manufacturing of bulk chemicals,® nonetheless the variety of chemical

reactions involved for fine chemicals manufacturing and their small production volume had

always favoured the more flexible and versatile multi-purpose batch approach. With the

advances in microreactor technology and the increasing availability of lab-scale flow

equipment, applications of flow chemistry have become gradually more appealing from both

academic and industrial perspectives, and the benefits of employing this technology are now

well-documented in the literature.

53-57

Table 2. The 12 principles of green chemistry.

Principle

Flow

© 00 N o o B W N B

[
N P O

Prevent Waste

Atom Economy

Less Hazardous Chemical Syntheses

Design Benign Chemicals

Benign Solvents and Auxiliaries

Design for Energy Efficiency

Use of Renewable Feed Stocks

Reduce Derivatives

Catalysis (vs. Stoichiometric)

Design for Degradation

Real-Time Analysis for Pollution Prevention
Inherently Benign Chemistry for Accident Prevention

Table 3. The 12 principles of green engineering.

Principle

Flow Adherence

© 00 N O O M W N B

B e e
N B O

Inherent Rather Than Circumstantial
Prevention Instead of Treatment
Design for Separation
Maximize Efficiency
Output-Pulled Versus Input-Pushed
Conserve Complexity
Durability Rather Than Immortality
Meet Need, Minimize Excess
Minimize Material Diversity
Integrate Material and Energy Flows
Design for Commercial "Afterlife"
Renewable Rather Than Depleting

4
4
4
4
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Essentially, flow chemistry is built upon the premise of unifying two or more streams of
reagents to react in a confined space, which can be a chip or a coil (inlet), and then collecting
the products at the reactor exit (outlet). The small architectures of the reactor channels result
in higher surface-to-volume ratios than classic batch vessels (30,000 — 40 m?m= vs 100 — 1
m2m-3) enabling improved heat and mass transfer rates which provides a better control over
highly exothermic reactions and thermally-unstable intermediates.®®>® Additionally, flow
streams in micropipes (lateral dimensions < 1 mm) will intrinsically have shorter diffusion
pathways than large batch reactors (lateral dimensions = 1 m) allowing a far more efficient
mixing regime than batch set-ups, and therefore linear scalability of the systems from lab scale
to production plant.%>-%4 In the event of laminar flow profiles (Re < 2,000), mixing issues can
be solved by employing active (stirrers,®® acoustic waves,%® pulsations®’) or passive (static
mixers®®) mixing techniques.®®*’® Furthermore, the small dimensions of the flow reactors
facilitate to employ higher pressures by applying back pressure regulators. Coupled with high
temperatures, easily obtainable through microwave irradiations,’* heating ovens,’? oil baths,”
or electric current,’* flow chemistry enables one to explore reaction conditions which are
largely outside the operation range of most stirrer tanks (up to 600 °C vs 200 °C). Such
conditions can be exploited to exert the Arrhenius rate law and efficiently enhance the
reactivity of slow reactions reducing risks.” Flow chemistry has also become an excellent tool
for applying heterogeneous catalysis, thanks to the high surface area and easily
recovery/reusability of the catalyst which increase the catalyst productivity and reduces
waste.’5"8 For hazardous gas-solid catalysed reactions such as hydrogenations, flow conditions
allows safe handling of pyrophoric catalysts with highly flammable materials.” Alternative
energy sources such as electrochemistry, microwave irradiation, and photochemistry have been
gathering an increasing amount of interest in the last decade and this could be mainly attributed
to the application of flow apparatus which allows a possible industrial scale-up.8%-82 Moreover,
in multi-step synthesis, this concept of inlet and outlet enables the integration of in-line
purification systems,®° reducing discontinuous time-consuming work-ups, for “telescoping”
a number of steps in a sequence creating a continuous inlet-to-outlet connected process which

reduces the footprint in large scale manufacturing plant (Figure 5).63649

Besides offering the economic advantages for around the clock unmanned operation,

developing fully automated production and manufacturing systems can provide numerous
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additional advantages in terms of safety and process reliability. Flow chemistry can facilitate
the step to automated systems as process parameters can be easily controlled through a digital
software. In addition, in combination with in-line monitoring tools (ReactiR, NMR, UV, MS,
Raman) this allows real-time assessments of process changeovers and product quality.®%
Apart from a production point of view, automated systems could also potentially reduce the
time of process development and optimisation in laboratories speeding up the scale-up

sequence.’

work-up/purification,

reagents
starting product
materials
Discreet Batch Processes
VS.
j inlets
starting N
maense O—1— ) B ]
j product

Continous Flow Process

Figure 5. Batch vs Flow synthesis approaches.

These are the main reasons that justify the adoption of flow chemistry and Table 4 bullet-points
the above cited arguments. Alongside its advantages, it should also be acknowledged that
several drawbacks have been identified in utilising flow chemistry, and it is therefore in these
cases more convenient to adopt a batch set-up (e.g., cascade Continuous stirred tank reactors,
CSTRs). Nonetheless, current research is mainly directed towards solving these issues and thus

improving the scope of flow chemistry.83-8699 Continuous processing of slurries, for
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examples, is now routinely performed despite this having been previously identified as a flow

process critical issue to avoid.% 102

Table 4. Flow chemistry advantages and disadvantages.

Advantages Disadvantages

Enabling automation systems to be

implemented Quenching/work-up issues

High heat and mass transfer rates Dilution (?;fects of additional downstream
ow streams
Potential for in-line purification and
telescoping
Compatibility with “forbidden
chemistries”

Solvent limitations for multi-step procedures

Inability to compensate for reaction kinetics

Efficient mixing Start-up and shut-down procedures

Linear scalability and high

throughput Issues with heterogeneity

Health and safety implications Higher training and implementation
requirements

Facile access to high temperatures
and pressures

Reduced footprint space
requirements

The efficiency of flow chemistry as well as its possibility to continuously monitor critical
process parameters (CPPs) has in fact been noticed by most fine chemical industries which
have been directing investment towards implementing flow chemistry and automation. Taking
into consideration the pharmaceutical industry, regulatory agencies such as Food and Drugs
Administration (FDA), European medicines agency (EMA), and Japan’s Pharmaceuticals and
Medical Devices Agency (PMDA) have been exhorting greater implementation of process
analytical technologies (PATs) and simultaneous diagnostic data monitoring and analysis
(identification of process issues and automation) enabled by ICM (Integrated Continuous
Manufacturing) and in fact are actively supporting their development.1%3-1% For these reasons,
pharmaceutical companies have been devoting large amounts of resources into automation and
ICM facilities.*3441%6-108 The first example of FDA-approved continuous manufacturing came
in 2016 with Janssen (J&J) establishing an ICM facility in Porto Rico for the preparation of
Darunavir, an antiretroviral used to treat and prevent HIV.1%° This “hybrid” system (part ICM
and part batch) was reported to reduce waste by 33% and cut manufacturing and testing cycle
times by over 80%. “Hybrid” ICM facilities have also been implemented by GSK for
Dolutegravir, Vertex for Elexacaftor, Eli Lilly for Abemaciclib, and Pfizer for Glasdegib.'° A
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further step forward was implemented by the Novartis-MIT centre, which proposed in 2013 an
end-to-end ICM plant for the preparation of Aliskiren hemifumarate.!'! This system was
projected to continuously manufacture final dosage forms (tablets) of the drug from the direct
commercially available raw materials (3 synthetic stages). This work was reported to cut the
operational units required by 33% (14 vs 21) and by 84% the process cycle time (47 h vs 300
h) allowing the preparation of 2.7 million tablets per year. However, the system was never used
in full production instead it represents a proof-of-concept and learning experience. As such
other end-to-end ICM routes have been developing in the last few years confirming this

trend 112,113

Although these are promising results for the chemical industry, much has still to be done and
many companies still have to embrace the acquisition of cultural knowledge and equipment for
this new technology. Particularly, in the F&F area products and intermediates are typically
liquids and therefore inherently well suited to processing in flow set-ups. In addition, contrary
to other purification methods, distillation in continuous manner can be considered a well-
established unit operation in industry. Although it is taking longer for the adoption to occur?®
in the F&F industry it is only a matter of time before ICM facilities will also be adopted in this
area due to the advantages these offer.

1.3. Molecules of Synthetic Interest

The aim of this thesis is to explore the use of flow chemistry where applicable and devise new
routes to a range of Fragrance and Flavours molecules of general interest to the sponsor,

International Flavors & Fragrances Inc. (IFF).114

1.3.1. Veramoss

The compound methyl 2,4-dihydroxy-3,6-dimethylbenzoate (11; CAS: 4707-47-5), trade
named Veramoss (IFF), Evernyl (Givaudian) or methyl atrarate (more generically) has as many
names as it does uses. Compound 11 was first isolated from Oakmoss extract in 1924 and was

reported to form “prismatic needles with a melting point of 142 °C”.}% Its odour, which
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constitutes the main character of oakmoss extract, is described as mossy, woody and earthy
(Figure 6).

OH OH OH
/@ECHO jii\fcozwle Cl;C[CHo
OH | HO OH
18 11 19

mossy, woody and earthy

Figure 6. Structures of Veramoss (11) and two of the allergens atranol (18) and chloroatranol
(19).

Initially, Oakmoss essential oil, obtained from the lichen Evernia prunastri (L.) Arch, was an
essential ingredient in perfumes such as chypre and fougére.*617 However, the 43" IFRA
amendment of 2009 restricted its usages because of the presence of some skin sensitizers such
as atranol (18) and chloroatranol (19), Figure 6.8 To avoid the latter metabolites, the extract
was replaced by synthetic Veramoss material, which reproduces oakmoss characteristics with
high fidelity. It became available to the perfumists in the late 1960s and immediately became
a central constituent of notes in common scents like “Chanel N°19” (Chanel, 1971) and “Polo”
(Ralph Lauren, 1978).11°

_XCO,Me 0 0

20 MeONa CO,Me Mel CO,Me
o) + e —_—
M __come MeOH  Ho KOH  ho
21-Me 22-Me 23
OH OH
CO,Me Pd CO,Me Bra
-

HO CaCO3 HO AcOH

1 Br
24

Scheme 1: Sonn’s method for the synthesis of Evernyl (11) from methyl crotonate (20) and
methyl acetoacetate (21-Me), yields not provided.

25



Evernyl was first synthetized in 1929 by Sonn et al. from methyl crotonate (20) and methyl
acetoacetate (21-Me).?° The Michael addition and subsequent Claisen condensation yielded
the methyl B-dihydroresorcylate (22-Me) which was methylated with methyl iodide and
oxidized with molecular bromine.? Finally, the intermediate methyl 5-bromo-3,6-dimethyl -
resorcylate (24) was debrominated to gain the target compound 11 (Scheme 1).'?* As outlined
in Scheme 2, there are two possible condensations that can be used to prepare the key cyclic
species 23: one is the above o,B-unsaturated carboxylate 20 with the p-ketoester 27 (Route
B),!% and the other is the condensation between malonate 26 and the o,B-unsaturated ketone
25 (Route A).*?? The latter compound 25, can be prepared from propy! chloride and propionyl

easily at industrial scale.'?3

O

NN 0 MeO,C.__

2, A \/ﬁ‘j;coﬂv'e B 20
_ = - o +
MeO,C.__CO,Me HO
26 23 A_co,me

27

Scheme 2: General ways to obtain 7 via condensation of either 25 with 26 (A) or 20 with 27

(B).

To obtain Veramoss (11), the methyl B-dihydroresorcylate (23) still has to be oxidised
(aromatized). However, this transformation has become one of the most challenging steps of
its synthesis. In 1970, a chlorine-mediated oxidation was employed, but still required the same
number of synthetic steps compared to the original 1929 preparative method.'* In an attempt
to replace the toxic chlorine gas the usage of N-haloamides was demonstrated in 1976.'%° One
year earlier, a new version of Sonn’s synthesis was described using bromine in acetic acid and
Raney nickel for the reduction instead of the more expensive palladium, however, a toxic metal
catalyst and an additional step were still required.?® Symrise patented a two-step method which
oxidizes 23 with sulfuric acid and acetic anhydride to gain the diacetylated compound 28.1%’
The latter was then hydrolysed, either under acid or basic conditions, to yield methyl atrarate
(11) (Scheme 3). A Cu-catalysed aerobic oxidation was also reported in 1984 by BASF,
although the main product obtained was actually the mono methyl ether 29, Veramoss was

isolated only in small amounts (max. 15% yield).?
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Hydrolysis j@fOQMe Ac,0

(55-63%) | AcO
28

OH OH
D&OZMe O, / CuBr, CO,Me jé(:OZMe
+
HCI in MeOH MeO HO
29 1

(15%)

Scheme 3. Synthetic pathways to Veramoss (11) starting from precursor 23.

Other synthetic routes have also been considered for instance through the intermediary of

ketenes, but this only enabled a 1:1 mixture of 11 and the derivative methyl -resorcylate 34

to be obtained (Scheme 4).1%°

0

0

0
P pai A cogte o,
Et;N cao 2! CO,Me
30 + le) [ 32 + 0 0o B — +
I wTee /‘:/( THF o Ho
“ 11 34

- 11:34 54:46
(88% yield over two steps)

31 33

Scheme 4. Synthesis of Veramoss (11) via the B-lactones32 and 33.

An approach taking inspiration from nature utilised a 1,3-dicarbonyl compound for the

preparation of 11.33013 The synthetic pathway started with a carbonylation of the methyl
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acetoacetone (35) dianion, which was formed in situ, and subsequently acetylated with N,N-
dimethylacetamide (DMACc). The DMACc as acetylating agent was found to be the best out of a
series of 11 different agents that were explored. The non-isolated intermediate was then
cyclized at pH 9.2, yielding Veramoss (11) although in only 18% (Scheme 5).

0

1. NaH - |t L 36 OH
o o 1.Na
2. LIHMDS o 0 MeO” “OMe CO,Me
2.LiHMDS P
)H/“\ /H/K 2. p-BuLi
35 3. DMA HO™ >,
4. pH 9.2 buffer

(18% yield over two steps)

Scheme 5. Biosynthesis inspired preparation of polyketide metabolites such as 11.

Apart from these syntheses performed at relatively small scale, the industrial scale preparation
of Veramoss is mostly based on the oxidation of the methyl B-dihydroresorcylate (23). As
described above, miscellaneous conditions have been investigated, although the oxidations
with elemental chlorine and bromine remains the most effective and consistent even if they do
not represent the most atom economic or safest process to run at scale. Thus, a more efficient
and environmental-friendly approach is highly sought after. A principle aim of this
investigation was therefore to identify alternative methods for the synthesis of Veramoss (11)
and if possible to develop a continuous flow process from either the raw materials or the

intermediate 23.

1.3.2. Ambertonic

Ambertonic™ (37) is a current commercial branded product developed by IFF, first patented
in 2012, as a property molecule with characteristic amber, woody and musky notes.'? The
mixture has been found to be composed by the main two isomers depicted in Figure 7 where

the trans configured ring product is the main component (trans-37).
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trans-37 cis-37

amber, woody, musky
Figure 7. Structure of Ambertonic™ (37), a synthetic fragrance sold by IFF.

The only reported synthetic preparation of 37 starts from an IFF commercially available
compound namely, Cashmeran™ (38). The route involves first hydrogenation and then
reaction with formamidine acetate (40) in butanol to yield Ambertonic™ (Route A in Scheme
6). The pyrimidine ring is therefore formed following a known method described by Baran et
al. in 2006 and in this way the compound 37 is obtained in 68% yield.*** An alternative
preparation described in a more recent publication by Bathula et al. was also attempted, gaining
the final material 37 with similar yields (Route B in Scheme 6).13* In this example, the
pyrimidine ring formation employs zinc acetate as a catalyst and trimethyl orthoformate

(TMOF) and ammonium acetate as replacement to the formamidine acetate 40.

o 0 HoNT SN, ACO
Hy 40 (5eq.) Route A
---------- -
n-BuOH
118 °C, 4 h
38 39 (68%)
6:4 trans:cis

NH4OAc (3 eq.)
TMOF (4 eq.)
Zn(OAc), (cat.) Route B

130 °C
(67%)
7:3 trans:cis

Scheme 6. Synthetic route to Ambertonic™ starting from Cashmeran™ (2).

The weakness of the latter preparations (Route A&B), other than the moderate yields (67 —
68%), is the quantity of reagents required (equivalent excesses). This makes the current
synthetic processes poorly efficient and difficult to apply at an industrial scale. A principle aim
of this investigation was therefore to identify alternative methods for the synthesis of

Ambertonic™ and develop a continuous flow process where possible. Furthermore, the
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industrial collaborator was also interested in characterising the main isomer of the mixture by

revealing possible absolute configurations.

1.3.3. Galbascone

First discovered in 1973 by Firmenich, and later commercialised as Galbascone (IFF) or
Dynascone (Firmenich), 1-(5,5-dimethylcyclohex-1-en-1-yl)pent-4-en-1-one (42),
immediately found great interest with perfumers for its characteristic galbanum, pineapple,
hyacinth odour profile, and it became the most frequently used odorant of Firmenich in the
period between 1970 and 1980. In 1967, after the full characterisation of a-damascenone (41),
the natural key component of Bulgarian rose oil, 6 more analogues of 41 were prepared and

these group of molecules constitute the Rose ketone family (Scheme 7).1%

o}
=

(¢}
Q 48, isodamascone
= floral, plum, rose
47, trans-8-damascone
woody, minty, sweet,

fruity, brown herbal

42, dynascone
galbanum, pineapple,
hyacinth, metallic

43, B-damascone =
fruity, floral, berry, plum,
black currant, honey, rose, tabacco o)
= 45, y-damascone
fruity, floral, rose, green,
apple, plum, tobacco

44, a—damascone
floral, rose, apple, fruity, black currant

Scheme 7. Representation of the rose ketones family based upon the parent structure of

damascenone 41.

During an attempt to prepare the rose analogue a-damascone (44) starting from pseudo-
damascone (49), an attractive galbanum off-note was found accompanying the composition of

the final mixture (Scheme 8). The note was eventually isolated and characterised via gas
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chromatography-sniffing method as Dynascone 42. Dynascone’s formation was attributed to a

cyclisation of the triene intermediate 52 formed through initial loss of water.1%

/ /
1. Ac,0 0 H,S0, 0
> 2. CuOAc/NaOAc > %iij\/\ iPr,0 =
- —
Saucy-Marbet -20 °C
OR
50 51

OH reaction

49 44, a—-damascone

42, dynascone

Scheme 8. Proposed reaction sequence for the formation of dynascone 42 from pseudo-

damascone 49.

The “Firmenich’s ultimate captive” odorant,'3’ as it was described by Morris and co-workers
at Firmenich, had outstanding tenacity and diffusive properties as well as exceptional stability
which allowed it to gain a dominant role in the fragrance industry. Subsequent odour-structure
relationship studies revealed that by replacing a methylene group with an oxygen atom the
structure still retains its odour characteristics (54, Scheme 9). As such, a new family of
glyoxylates such as allylamylglycolate (55), and cyclogalbanate (58) were evolved to have
similar galbanum characteristics and high odour strength; however, these new molecules
possessed much lower stability than Galbascone. The dimethylcyclohexenyl group equivalent
to the characteristic part of the ionone family (3 and 56), may be attributed to the floral note of
the molecule, however, the rose analogue a-damascone has more similarities with this family
then Galbascone. The allylic groups may be attributing the fruity note of the molecule as it can
be noticed a-ionone (56) also acquires this characteristic scent in a-allylionone (57). Recently,
analogues of dynascone where the quaternary carbon atom was replaced with a silicon atom
(59) has also been investigated and found to have a much higher odour strength with a different

odour spectra, thus revealing the key role of the cyclohexene.'®
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58, cyclogalbanate
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violet, sweet, floral, raspberry

Scheme 9. Odour-structure relationship with the analogues of Dynascone 42.

Many syntheses of Galbascone (42) have already been described in the literature,136:137.139-142
In 1979, Fimernich patented four possible synthetic pathways deriving from diverse raw
materials such as 3-carene, dehydrolinalool, isobutyraldehyde, and methyl vinyl ketone.!3®
Starting from o/p-dehydrolinalool (60), the compound was dehydrated employing boric acid
and then alkylated with allyl chloride in potassium hydroxide, copper chloride, and potassium
carbonate (Scheme 10). The intermediate 63 then undergoes an acid-catalysed cyclisation as
described above (Scheme 8). A final distillation purification yields a 3:2 mixture of the desired
molecules 42 and the product from double bond isomerisation 65. Ultimately, this 4-step route

gains Dynascone (42) in 24% overall yield.
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P
62 (1.3 eq.)
CuCl (7 mol%)

Y % K2CO3 (7 mol%)
ﬁiﬁ B(OH); (0.7 eq) iju\ KOH (13 eq)
OH 70°C->160°C X  /PrOH:MeOH (1:1)

60 61 rt., ON 63
(47-66%) (80%)

X

HCO,H (8 eq.)
95°C,1.5h

H002 (8 eq.)
bM U)W 90 °C,2.5h

2:365:42 42, dynascone 2:3 64:53
(70%) (66%)
Scheme 10. First industrial route to dynascone (42) from dehydrolinalool (60) as patented by

the frangrance company Firmenich.

In an alternative approach the semi-hydrogenation of dimedone (66) efficiently forms the
intermediate 3,3-dimethylcyclohexanone (68), which can be alkylated with acetylene and then
allylated to form the tertiary alcohol intermediate 70 (Scheme 11). This alcohol then undergoes
dehydrogenation and hydration of the alkyne group to furnish a 1:1 mixture of isomers 42 and
65. Since the compounds have very similar properties, an isolation of the pure desired material
becomes difficult. Many of the synthetic preparations reported also suffer from this issue and
therefore the development of a stereoselective route to Galbascone is still an on-going

challenge.
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1. TsNHNH, (1 eq.) H/
H,SO4 (10 mol%) H,

o o o o 69 (1.1eq.) HO =
i;/r MeOH g Pd/C g NaH (1.2 eq.)
2. K,CO,

H,O

66 ; 67 68 70
100 °C (52%) (80%) (50%)
A~
62 (1.3 eq.)
CuCl (3 mol%)
K5CO3 (8 mol%)
KOH (1.3 eq.)
=
1.B(OH); (1 eq.) HO _~
120 °C Z
2. HCO,H (8 eq.)
reflux, 2 h
1:1 65:42 42, dynascone 71
(42%) (90%)

Scheme 11. Route to Dynascone (42) from dimedone (66) as patented by the company

Firmenich.

The current industrial manufacturing route for Galbascone (42) as employed by IFF mirrors
the one Firmenich first described, however the alkylation with allyl chloride (62) occurs only
at the last step after the cyclisation (Scheme 12). The Rupe rearrangement on dehydrolinalool
(60) is reported to form mainly the undesired product B-dehydroherbac (73) along with several
pyran structures,’*® however, this is not the case when the reaction is performed on the
dehydrated analogues 61 and 72 (Scheme 12). Thus, a copper sulfate dehydration of
dehydrolinalool (60) is carried out before the acid-catalysed Rupe rearrangement to gain an
enriched mixture (40%) of the a-dehydroherbac (74). The process takes over 12 hours and has
a low efficiency (overall 19% yield, isomer purity: 50%), however the low price of the raw
starting material allows economic viability keeping the final material’s production price down.
This route is carried out on a multi-tonne scale per batch (>9,000 kg of raw material) at the IFF

site in Benicarl6 (Spain).
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Scheme 12. Outlined industrial route to Galbascone (42) as developed and employed by IFF

on a multi-tonnes scale.

In 2018, a collaboration between the Baxendale research group and IFF Benicarl6 established
a new and highly efficient methodology for the synthesis of the a-dehydroherbac (74)
exploiting an Henry-Nef two-steps reaction (Scheme 13).}*' The sequence starts from 3,3-
dimethylcyclohexanone (68) progressing through; (A) nitro condensation Henry reaction to the

nitro compound 77, and (B) hydrolysis of the latter through sequential base and acid treatment.
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Et,N
25" NH,
75 (30 mol%) NO, NO,

o) EtNO, (10 eq.)
+
AcOEt
reflux, 22 h

68 Dean-Stark

76 1:5376:77 77
(80%)

B 1. NaOH (1.25 eq.)
EtOH
25 °C, 30 min
2. H2804 (2 eq)
0°C->rt,2h

~Cl
0 0 ~ 0

SNl e at

73 1:5.373:74 74 42, dynascone
(65%)

Scheme 13. Preparation of B-dehydroherbac via Henry-Nef reaction as patented by IFF.

The first step, A, of the synthesis was a base-catalysed nitro aldol reaction between the ketone
68 and nitroethane. The reaction process was initially exploited by Zard and co-workers in
1982 for the preparation of new 20-oxo-corticosteroids derivatives.}** In this example, N,N-
dimethylethylendiamine (75) was employed as the catalyst and the nitro derivatives were
isolated. Four years later, Tamura et al. efficiently employed a similar methodology starting
from miscellaneous ketones and nitroalkanes and the authors isolated 23 homoallylic nitro
compounds in low-to-high yields (24 — 80%).2*® The authors claimed the reaction was highly
susceptible to steric hindrance and that high equivalents of the nitroalkane help to increase the
rate of the reaction and the overall yields.

Due to the asymmetry of the starting material, two possible homoallylic nitro isomers can be
formed from ketone 68 (i.e., 76 & 77) under the current reaction conditions, the selectivity
toward the desired material 77 was achieved by controlling the alkyl substituents on the tertiary
nitrogen of the ethylendiamine catalyst. Despite the relatively high efficiency (80%) and
selectivity (1:5.3, 76:77), the procedure still requires long reaction times which was noted to

be affecting the isomer content in the final material. In fact, an enriched mixture of the nitro
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compound 77 with 76 was shown to lead to decomposition over time under the applied reaction

conditions.

The aim of this investigation was to expand the reaction understanding of the previously
developed route with a more detailed investigation of the different parameters (concentration,
solvent, catalyst) and reaction time as well as scouting alternative synthetic routes to evaluate
new raw materials. In addition, it was also thought valuable to evaluate different continuous
setup that employs heterogenous catalyst, which would simplify the catalyst recovery and

reusage.

1.4, Summary aims and objectives — Bullet points

The aims for this thesis are various and extensive. For these reasons, to allow a clear reading

of the thesis, a summary of the key points are hereby described.
Veramoss

e Design new route to Veramoss and derivatives
e Develop greener conditions of the current industrial procedure

e Evaluate potential applications of continuous flow process
Ambertonic

e Evaluate the difference in olfactory properties between the two enantiomers of the
major trans isomer material

e Design new routes for the preparation of Ambertonic™ starting either from Cashmeran
(38) or other raw materials

e Optimise the designed routes for a possible industrial application

e Evaluate a potential application of a continuous flow process
Galbascone

e Design new selective routes to Galbascone starting from cheap raw materials

e Optimise previous designed procedures

37



e Develop continuous flow systems for the synthesis of the Galbascone key intermediate
(74)

2. Results and discussion

2.1. Veramoss

2.1.1. Alternative strategy starting from ethyl 1,6-dihydro-orsellinate

The first strategy was to explore the usage of 1,6-dihydro-orsellinate (22-Me) as intermediate
for the synthesis of Veramoss (11). This intermediate can be easily obtained from cheap and
widely available raw materials such as methyl acetoacetate (21-Me) and methyl crotonate (20).
As depicted in Scheme 14, this route involves first the generation of the methyl 1,6-dihydro-
orsellinate (22-Me) and a successive introduction of an exo-olefin. The intermediate 78 has the
required methyl and the same oxidation state as Veramoss (11), enabling in theory the
aromatization to take place by internal proton transfer and hence avoiding the requirements for

any additional oxidation process.

(e}
M _come Q Q oH
Condensation CO,Me Condensation CO,Me |  Proton CO,Me
21-Me —_— —_— #»
X CO,Me ransfer
VY2 o) (0] HO

20 22-Me 78 1

Scheme 14. Proposed synthetic pathway to Veramoss (11).

Bearing this hypothesis in mind, the synthesis started from the preparation at gram-scale of the
intermediate 22-Et, which was obtained in excellent yield partially isolated as the neutral form
and also as its sodium enolate salt (Scheme 15).24¢ Due to the laboratory availability of the ethyl
acetoacetate (21-Et), compound 22-Et was synthesised instead of its methyl analogue, which
was not expected to affect the subsequent chemistry. The position of the enol double bond in
compound 22-Et has not been confirmed since no proper single crystals were obtained during

the investigation.
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3 .‘i

I
O o) ONa = «
M _co,et EtONa (1.1 eq.) CO,Et CO,Et |
21-Et coMe EtOH[1:6 M of 20] ¥ ‘ :
X AL0Me rt,7h HO o) {
20 22-Et Na-22
Iso. yield ~ 45% 50%

Scheme 15. Preparation at 1 mol-scale of the intermediate 22-Et and picture of the equipment

used along with the precipitate formation.

Having access to quantities of compound 22-Et, a Mannich reaction was deemed to be the most
suitable route to the desired olefination. An example of the later reaction on a similar scaffold
with successive palladium-catalysed reduction was found in literature, which gave good
yields.**” As it was in our interest to synthesis the exo-olefin 78, a Mannich reaction was
performed without any reduction step and using paraformaldehyde instead of a solution of the
monomer.1#3-151 The reaction was performed in two different ways, either using stoichiometric
or catalytic amounts of hydrochloride and acetate amine salts (Scheme 16). Unfortunately, none
of the desired product was detected even after several hours in the crude mixture as analysed

by liquid chromatography — mass spectrometry (LC-MS, ESI).

O\IH'ACOH or Me,NH'HCI (1.1 eq.)
0O o H 0O o
HO[ ~0[ "2 eq.)
OEt R,N OFEt
EtOH [0.2 M of 22-Et]
0 0

r.t. to reflux
22-Et 79

RoN= MesN or piperidinyl
Not detected

Scheme 16. Attempted reaction conditions investigated to synthesise 79 with a Mannich

reaction.

It was then considered to attempt the formaldehyde addition to Na-22 since the formation of a
less basic base such as sodium hydroxide could provide the necessary driving force for the

reaction (black area, Scheme 17). However, it is noteworthy that the electrophilic compound
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78 could react with the remaining starting material to form the dimer 81 (grey area, Scheme

17) as also reported during a similar study by Wang et al.*>?

ONa OH ONa

J/ij/\coza CH,0 ‘j/ij/\coza
-——
o o
Na-22 80
N -NaOH N 1

; €
CO,Et o/ EtO,C CO,Et
- -
EtO,C =
o 0 ONaO
o

78

Scheme 17. Proposed mechanism for the formation of 78 (in the black area) and the possible

by-product 81 (in the grey area).

Different parameters could affect this side reaction, such as the nature of the solvent,
concentration and the molar ratio between Na-22 and paraformaldehyde. Hence, different
conditions have been screened as shown in Table 5. As *H-NMR spectra and thin-layer
chromatography (TLC) were hard to interpret, the crude reaction mixtures were only assessed

initially for speciation using LC-MS (ESI).

Table 5. Screening of different reactions conditions for the formation of 81.

ONa OH ONa

ﬁ(coza HO{/\O ﬁéfogEt Et02MozEt
vent [1 M of Na-22

o Solvent [ of Na-22] o NaO

Na22 T, 30 min
Entry? Solvent Eq. formaldehyde T (°C) Results?
1 EtOH 1 reflux 81
2 EtOH 1 36 81
3 EtOH 6 36 81
4 EtOH 30 36 81
5 MeOH 1 36 81/80°
6 THF 1 45 81
7 H20 [0.1 M of Na-22] 10 36 81/80°

aA|l reaction were carried out on a 10 mmol scale;” Results based on the LC-MS (ESI) following the m/z of 80 (229) and 81

(409);¢ The presence of 80 in the mixture was not confirmed by any other analyses.
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As seen in Table 5, in all the reactions carried out the chromatograms obtained showed the
presence of several different species along with the main compound which was indicated as
the dimer 81. Only under two sets of conditions (Table 5, Entries 5&7), were peaks found
where the m/z matched that of the mass of 80, however, further analyses (*H-NMR spectra)
failed to confirm this result. The effect of the order of addition was also found to have negligible

impact on the reaction selectivity.

Unable to achieve a reproducible and meaningful outcome from the paraformaldehyde addition
due to the extreme reactivity of the in situ-derived substrate 80, it was decided to first perform
the oxidation step prior to the formaldehyde addition/reduction (Scheme 18). An example of
aldehyde addition on methyl 2,4-dihydroxybenzoate (34-Me) has been described in the

literature.1%3

o) OH OH
/ﬁ‘j/\coﬂv'e Oxidation /@/\C%Me Alkylation t(j/\COzMe
HO HO HO
22-Me 34-Me 11

Scheme 18. Proposed alternative strategy to Veramoss 11 via oxidation and alkylation steps.

Different oxidative conditions were screened, starting from a process which had been evaluated
for the synthesis of Hedione® using CuBr,.2>* After 4 hours in acetonitrile at reflux, the mixture
was analysed via GC-MS (EIl) and found to be formed mainly by the bromo-substituted
compounds 82 (the intermediates were not isolated and therefore the nature of the two isomers
could not be assessed), whereas the desired compound 34-Et was found only in trace amounts
(Scheme 19). A catalytic version (10 mol%) of the described reaction was then tested, although

without producing any oxidised compounds.
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O OH OH O

ﬁ(wﬁ ST Bjéﬂooza Jﬁ:ﬂc - ﬁ(wﬁ
+ +
MeCN [1 M of 22-Et |
o [ I o™ HO 0

reflux, 4 h
22-Et 82 34-Et 22-Et
RAP based on GC-MS 64% 9% 26%
(4:1 ratio)

Scheme 19. Oxidation with CuBr2 which formed mainly the bromo-substituted compounds 82.
RAP = relative percentage area. The ratio was obtained by dividing the GC integral of the
major isomer 82 (Rt = 5.26 min) with the GC integral of the minor isomer 82 (Rt = 5.28 min).

In the literature, a procedure has been described for the formation of phenol using CuCl; as the
oxidizing agent along with LiCl as an additional chloride source in N,N-dimethylformamide
(DMF).* The mechanism of the chlorination is not understood at present, although a study
based on the chlorination of acetone seems to support the formation of an initial coordination
of the ketone to form the n-complex 83 and subsequent deprotonation to the c-complex 84
which disproportionates with a second molecule of copper(1l) chloride to form the chlorinated
intermediate 85 and two molecules of copper(l) chloride (Scheme 20).2°6-1%° The authors of the
article suggest an increase in the reaction rate when additional chloride was added to the
reaction mixture. The chloro-intermediate would then eliminate a molecule of HCI to form the

phenolic material.

Cl
i, cl .
el Lu
i %3 %8 i
b/\CozEt 2 CuCl, oet _-HCI X N0Et -2 CuCl /I/i‘j/\COzEt
_— H —_— —_—
cr
o o ) o
22-Et 83 84 Cly,Cl 85

Scheme 20. Proposed mechanism for the copper(l1) chloride chlorination of ketones based on

literature.1°®

However, to avoid the use of DMF and the large excesses of inorganic reagents, it was decided
to attempt a modification of the conditions. Therefore, acetonitrile (MeCN) was used as the

42



solvent and a 1:1 ratio of copper(ll) chloride and lithium chloride (Scheme 21). The reaction
was followed by LC-MS (ESI). During the first 3 hours, mono-chlorinated phenols such as 87
and 88 were identified. In the following 3 hours there was no change in the composition of the
mixture, and, after refluxing the reaction overnight, the crude mixture was found to be
composed mainly of unreacted starting material 22-Et and traces of chlorinated phenols. The
desired material 34-Et was only isolated in a low 7% yield. The same results were obtained
when methanol was used as the reaction solvent. This result implies that the chlorination is
sluggish (hence why large excess copper loading {10-15 eq.} is potentially used in previous

literature oxidation example), and as a consequence no further investigations were performed.

o CuCl, (3 eq.) O 5
MeCN [0.1 M of 22-Et]
0 reflux, ON o
22-Et ’ 85
OH OH OH
CO,Et Cl CO,Et CO,Et
+
HO HO HO
Cl
34-Et 87 88
7% trace trace

Scheme 21. Proposed reaction sequence for the oxidation of 22-Et using CuCl,. The compound
87 and 88 were obtained as a mixed fraction and characterised by *H-NMR spectra.

A brief investigation of alternative oxidative conditions was also performed and is herein
reported (Table 6). CuCI/TEMPO,*® TEMPO/ammonium cerium nitrate,'6* MnO,,'%? and
charcoal®®® were screened, although without gaining the desirable outcomes. In most of cases
only starting material 22-Et was recovered and no further work was pursued due to the decision

of the sponsoring company.
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Table 6. Additional reaction conditions attempted for the oxidation of 22-Et to 34-Et.

(0] OH (0]
J/i‘j/\coza (O] /©/\002Et b/\coga
—_— +
o HO O
22-Et 34-Et 22-Et
Entry? Reaction conditions Conv. 34-Et (%)P Experimental Notes
1 CuCl (5 mol%), MeOH:MeCN (1:1) [0.1 M of ) - Mainly 22-Et
22-Et], r.t,3h - Some O-methylation observed

CuCl (15 mol%), TEMPO (30 mol%), EtsN (1 ) .

2 eq.), toluene [0.5 M of 22-Et], r.t., 16 h Traces of chlorinated compounds
TEMPO (20 mol%), Ammonium Cerium Nitrate
3 (20 mol%), Oz, MeCN [0.1 M of 22-Et], reflux, - Only 22-Et
12h
4 MnOz2 (0.5 mol%), Oz, MeCN [1 M of 22-Et], ) Only 22-Et
r.t.,24h
5 MnOz2 (2 eq.), MeCN [1 M of 22-Et], r.t,, 24 h - Only 22-Et
0 -

6 02, Charcoal (50 %wt), AcOH [0.25 M of 22 . Only 22-Et

Et], reflux, 18 h

2The experiments were carried out on a 10 mmol scale:® Based on LC-MS (ESI) and *H-NMR spectra.

2.1.2. Synthetic strategy from 2-butanone: Route A

The second evaluated route to Veramoss consisted of synthesising dimethyl
ethylidenemalonate (89) which is subsequently condensed with butanone (90) (Scheme 22). In
order to obtain the intermediate 89 and to start from cheaper and more commercially available
materials, a condensation between dimethyl malonate (26) and acetaldehyde (91) was

investigated.

O OH
MeO,C CO,Me CO,Me CO,M
\E + )Oj\/ Condensation ﬁ 2 Oxidation 2Ve

89 90 " HO™

Condensation  MeO,C.__CO,Me . o
26 91

Scheme 22. Proposed synthetic strategy for an alternative synthesis of Veramoss (11).
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The initial studies were focused on the Knoevenagel condensation between compounds 26 and
91. Only limited examples of this reaction were found in the literature, however, they all
indicated low isolated yields and difficult purification strategies.'®*1%" Consequently, we
decided to attempt an alternative route to precursor 89. Since the condensation was expected
to occur more efficiently under basic conditions, it was initially considered to use a catalyst
which could be feasible also for the subsequent condensation step. Hence, an aminocatalyst
such as N,N-diethylethylendiamine (75) was tested and the desired compound 89 was isolated
via vacuum distillation, although only in 34% vyield (Scheme 23). To avoid the usage of
molecular sieves, a Dean-Stark apparatus using refluxing toluene was utilized, however, no

desired compound was obtained.

MeO,C.__CO,Me  HyN ~"“NEt 0}
2
26 75 (10 mol%)  MeO,C.__CO,Me i/ 75(10 mol%) COyMe
+ > + _—
o 3/3; l\qSh \E Condensation ¢
91 r 89 90 23

Conversion 90%
Iso. yield  34%

Scheme 23. Condensation of dimethyl malonate (26) and acetaldehyde (91) using amine 75 as
a catalyst. The conversion was determined by *H-NMR spectra using dimethyl fumarate as

internal standard.

The main by-products of the Knoevenagel condensation were the compounds 92 and 93 (Table
7). These compounds are formed by the conjugate addition to the olefine 89 of either the
unreacted dimethyl malonate 26 (93) or methanol/water (92), which are present in the reaction
mixture. To evaluate this reaction, we screened a selection of different base and acid catalysts

under different reaction conditions as depicted in Table 7.

Table 7. Screening catalysts and reaction conditions for Knoevenagel condensation.

MeO,C.__CO,Me
26 catalyst  MeO,C.__CO,Me MeO,C. COMe  MeO,C. _COMe
+ B ——— | + +
rt., t MeOQC RO
X
01 0 89 CO,Me R=H or Me
92 93
. . . Conv. Conv.
a [0)
Entry Catalyst Loading (mol%o) Solvent time(h) Additive (%) 89 (%)"
1 PS-DMA® 3 SFCe 48 - 66 45
2 PS-DMA 3 SFC 48 NazSO4 82 40
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3 PS-BZA° 3 SFC 48 12 10
4 PS-BZA 3 SFC 48 NazSO4 65 54
5 - - MeOH (2M)® 72 - 64 43
6 PS-DMA 3 MeOH (2M)® 48 - 82 46
7 PS-DMA 3 MeOH (0.5M)# 48 - 66 40
8 Montmorillonite 3 MeOH (0.5M)® 48 - 0 -
9 Ba(OH)2 10 MeOH (0.5M)® 48 - 30 20
10 PS-DMA 3 MeOH (2M)® 24 TMOF (0.1%mol)¢ 67 43
11 PS-DMA 3 MeOH (2M)® 24 TMOF (0.5%mol)° 68 41
12 PS-DMA 50 MeOH (2M)® 1 - 76 39
13 H2S04 50 MeOH (2M)® 7 - 0 -d
14 PS-TsOH¢ 50 MeOH (2M)® 7 - 5 -

a All reactions were carried out in a 100 mmol-scale;? All conversions were determined by H-NMR spectra using dimethyl
fumarate as internal standard;® PS-DMA: polystyrene-supported dimethylamine, PS-BZA: polystyrene-supported
benzylamine, SFC: solvent-free conditions, TMOF: trimethylorthoformate, PS-TsOH: polystyrene sulfonic acid resin;® The
reaction was worked up with saturated NaHCOs3 aqueous solution, water and washed with brine to obtain a yellow solution

which was then concentrated under vacuum;® The molarity of the solvent is in respect with the moles of compound 26.

We first considered the use of a heterogeneous catalyst with no solvent since it would be easier
to purify the product via distillation or allow dilution and use of the crude material in the
subsequent reaction. As can be seen in Table 7, polystyrene-supported dimethylamine (PS-
DMA) was found to be the best heterogeneous catalyst for the condensation under these solvent
free conditions (Table 7, Entries 1&3). The addition of sodium sulfate increased the
conversion; however, its use at scale would not be feasible as it is required as a stoichiometric
agent (Table 7, Entries 2&4). For these reasons, methanol was tested and found to be a good
dehydrating agent, increasing the conversions, and reducing the quantities of 92 formed (Table
7, Entries 5 — 7). Furthermore, trimethylorthoformate (TMOF) was also found to be a good
dehydrating agent (Table 7, Entries 10&11). The absence of any catalyst slows down the
reaction rates and decreases the selectivities (Table 7, Entry 5). Other catalysts such as
montmorillonite and barium hydroxide were examined, although lower or no conversions were
observed (Table 7, Entries 8&9). To reduce the reaction times, an increase of the loading of
the catalyst to 50 mol% was investigated which reduced the reaction time to 1 hour, yet this
also diminished the selectivity for 89 (Table 7, Entry 12). The usage of acid catalysts such as
sulfuric acid and a sulfonic acid resin was also exploited, although no conversion occurred even
after 7 hours (Table 7, Entries 13&14).
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Having found some promising conditions, we decided to investigate a continuous-flow system
approach similar to the one previously reported by Kobayashi et al.*%8%° Therefore, a repeat
experiment using the PS-DMA catalyst was carried out in flow but varying the reaction times
and conditions as depicted in Table 8. The reaction times decreased to 15 minutes, although
the selectivity also decreased yielding only the dimer 92 after 30 minutes (Table 8, Entries 1 —
4). The addition of TMOF as a dehydrating agent increased the selectivity towards 89, allowing
yields 38% of desired material after 60 minutes of residence time, however less selectivity was
obtained using these longer reaction times (Table 8, Entries 5 — 7).

Table 8. Optimization in flow and reactions conditions for the formation of 89.

N
MeO,C._COMe , ~Np (N 9 100psi  MeO,C._CO,Me
oo o O farch - OO
in MeOH 10mL, rt. 89
Entry  time(min)?2 Conv. (%)°  Conv. to 89 (%)° Additive
1 125 23 15
2 15 26 16
3 30 50 10
4 45 80 E
5 30 40 26 TMOF (0.1mol%)
6 60 50 38 TMOF (0.1mol%)
7 90 64 34 TMOF (0.1mol%)

a All the experiments were carried out pumping a solution of 26 (100 mmol) and 91 (100 mmol) in MeOH (50 mL) through a
column Omnifit 15 mm x 100 mm filled with 6.7 g of PS-DMA and the flow rate was set to change the reaction times;”
Conversions were determined via *H NMR spectra using dimethyl fumarate as internal standard;® No compound 89 was
detected, the compound 92 was instead detected in 31% conversion.

During this screening all the crude reaction mixtures were collected for isolation of compound
89 via a vacuum distillation. Firstly, starting from a 27%ww mixture of 89, the first obtained
distillate was a mixture of 47%ww enriched in 89 with some dimethyl malonate (26) impurity.
The residue was a dark, cherry red oil, in which *H-NMR spectroscopy did not identify any
remaining enone 89. In an attempt to obtain a purer product, the distillate was purified via a

second distillation, this time using a Vigreux column. The isolated material was 70%uww
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enriched in 89 with remaining material being the starting material (26). During this procedure,
considering the initial crude, roughly 29%ww of the product was lost. To look into this weight
loss, it was decided to attempt purification via flash chromatography of the crude mixture from
the experiment relating to Entry 12 (Table 7) which had been left stirring for a further 48 h
gaining a comparable cherry red oil as the product. The isolated by-products such as 92, 94 and
95 revealed an interesting reactivity of the product 89 (Scheme 24). In fact, a vinylogous aldol
reaction as well as a conjugate addition takes place under the distillation conditions, forming
higher boiling point molecules such as 94 and highly conjugate materials as 95. With these
outcomes in mind, it was realised further treatment of the reaction mixture was needed to obtain

the isolation of 89 (catalyst removal).

MeOZC COzMe
I MeO,C._COMe |
91
RO 26
R=H o Me
93
Iso. yield 4.7%
M602C COzMe H* MeOZC COZMe M602C — COZMe MeOQC COzMe
D H \E - \K _91 |
89 A
+ A\ _ |
ROH H
89 or 93 95
26 Iso. yield 0.8%
MeO,C.__CO,Me

M902C COzMe |

MeOZCW/\K COZMe

COzMe COQMG
92 94
Iso. yield 1.1% Iso. yield 0.4%

Scheme 24. Proposed mechanism for the formation of the by-products 92, 94 and 95.

In the meantime, to evaluate the feasibility of the chosen route, the subsequent condensation
step between a purified intermediate 89 and butanone (90) was carried out. As initially
considered, an amino-catalysed condensation was exploited, employing the ethylenediamine

catalyst 75. Similar conjugate additions have been reported previously in the literature

48



employing diamines.*’® Unfortunately, the reaction did not occur even after 1 week at room
temperature or after 3 hours heating under reflux (Table 9, Entry 2). It was therefore decided
to screen additional amino catalysts and reaction conditions (Table 9, Entries 1 — 7), however
none of the tested ones gave the desired condensation.

Table 9. Reaction condition attempter for the condensation of dimethyl ethylidenemalonate
(89) and butanone (90).

o]

)

0 (10 eq.) 23

MeO,C OzMe Condensation

&

Experimental

Entry? Reaction conditions Conv. 23 (%)° Notes

1 Cu(OTf)2 (17 mol%), EtsN (1 eq.), MeOH [1 M of 89], r.t., 18 ) Only recovered
h compound 89
2 75 (10 mol%), MeOH [1 M of 89], r.t., 1 w -> reflux, 3 h - Only recovered
compound 89
. . Only recovered

0 -
3 Diisopropylamine (10 mol%), MeOH [1 M of 89], r.t., 1w compound 89
4 PS-DMA (21 mol%), MeOH [2 M of 89], r.t., 1w - Only recovered
compound 89
Only recovered

- 0, -
5 PS-DMA (21 mol%), MeOH [2 M of 89], r.t, 1w compound 89
6 Proline (10 mol%), MeOH [2 M of 89], r.t, 1w - Only recovered
compound 89
7 Morpholine (1 eq.), MeOH [2 M of 89], r.t, 1 w . Only recovered

compound 89

aThe experiments were carried out on a 10 mmol scale:® Based on GC-MS (EI) and *H-NMR spectra.

It was decided to attempt a conjugate addition using lithium diisopropylamide (LDA) to fully
deprotonate the butanone (90) (Scheme 25).1"* Unfortunately, the desired final product 96 was
only isolated in a low 15% isolated yield.

MeO,C.__CO,Me
MeO,C.__CO,Me LDA (1.1 eq.)
\K )J\/ THF [0.5 M of 89] o
89 -78°C,1h
96

Iso. yield 15%

Scheme 25. Conjugate addition of 90 with 89 using LDA obtaining the desired material 96.
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2.1.3. Synthetic strategy from 2-butanone: Route B

Despite the results obtained from the previous synthetic approach, butanone (90) remains a
valuable alternative building block for the preparation of Veramoss (11) as it is cheaper than
the currently employed methyl propionylacetate (27) and hex-4-en-3-one (25). The synthetic
route B starts from the formation of the intermediate 100,217 which can be prepared from 2-
butanone (90) and methyl oxalate (101) (Scheme 26). The addition of acetaldehyde (91) forms
the 4-acyl-3-hydroxyl-2,5-dihydrofuran-2-one (99),1>1¢ which is described to rearrange to the
3-chloro-hex-4-en-3-one (98) after chlorination.*’” The latter could then be used to prepare the

chloro-intermediate 97, which may eliminate HCI to form the desired material.

OH i CO,Me CO,Me
CO,Me 2 2
= L= e
HO Cl 26
Cl 08
1" 97

0 0o o Q
CO,Me 7 o
&— ——
AL e A Qt\;\of
90 101 100 99

Scheme 26. Proposed retrosynthesis for the preparation of Veramoss (11) from butanone (90).

For the preparation of the key intermediate 100, we first adopted the strategy described by
Burnouf et al. where sodium methoxide was slowly added to an ice-cooled solution of the two
reactants in MeOH (Table 10).1"? Once evaporation of the solvent had occurred, the mixture
was composed of the two main products sodium salts of 100 and 102, respectively 37% ww,
and 25%ww (Table 10, Entry 1). We managed to isolate the two materials; however, we did not
manage to isolate any of the accompanying side products formed. Poor results were obtained
when the reaction was carried out under more diluted conditions, probably due to an increased
amount of water content in the mixture, however it appears slightly less of the thermodynamic
product 102 was formed (Table 10, Entry 2).
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Table 10. Reaction conditions for the synthesis of the intermediate 100 from butanone (90).

OH O

MeONa (1.2 eq.) OH O
o) CO,Me
+ + 2
\)J\ COZMe MeOH \)\/U\COZMe )w/U\COdVIe
0°C->rt, ON
90 101 100 102

Entry? Solvent Conc (M of90) Conv. 100&102 (%) Quenching® Ratio 100:102

1 MeOH 1.6 40 no 6:4
2 MeOH 0.5 28 no 64:36
3 Et.O 0.75 41 no 67:33
4 Et20 0.75 654 yes 6:4

2 The experiments were carried out on 100 mmol scale;® Based on *H-NMR spectra employing 1,2-dimethoxybenzene as
internal standard;¢ The reaction mixture was either concentrated under vacuum (no),or quenched with conc. HCI and extracted
(yes);? Isolated yield.

Changing the solvent to diethyl ether, and working in diluted conditions, improved the 100:102
ratio (67:33), however the conversion (of starting materials) still remained at around 40% and
the final product was still only a small fraction of the all crude (Table 10, Entry 3). As the mass
is conserved from the start to the end of the experiment, we assumed decomposition due to
self-condensation was probably the main issue. Also the observed deepening of the colour
during solvent evaporation suggests some form of additional side reaction may be occurring.
To our delight, high overall yield (65%) was obtained when the mixture was quenched with

concentrated HCI and immediately extracted (Table 10, Entry 4).

With some of the desired material Na-100 in hand, we attempted the second step. The sodium
salt was solubilised in water and acetaldehyde was added to the ice-cooled solution. The
mixture was then quenched after 75 minutes and an orange suspension was formed. Filtering
the solid and crystallising it from MeOH:H>0 1:1, the furanone 99 was isolated in 97% yield
(Scheme 27).
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o o X

ONa O 91 (2 eq.) P 7~E 3-8
\)\/U\ - = J
0 g
COMe 1, 02 M of Na-100] o f/ D G T
Na100 5°C, 75 min 99 I
then HCI Iso. yield 97% o

Scheme 27. Preparation of the intermediate 99 starting from Na-100.

To avoid quenching the desired sodium salt Na-100 and for an optimal preparation of the
intermediate 99, the reaction mixture from the first step was quenched through an aqueous
extraction to collect the formed salts. The aqueous phase was then directly treated with
acetaldehyde and, once quenched, the desired material 99 was isolated through filtration in

53% yield. To our delight, no sign of the by-product 102 was found in the final product 99.

Having determined a more efficient preparation of 99, the latter was chlorinated using
trichloroisocyanuric acid (TCCA) and directly hydrolysed to the 2-chloro-ene 98 via addition
of NaHCOs (Scheme 28). The chlorination was performed at room temperature adding the
chlorinating agent solid portion wise. The hydrolysis of 103 through NaHCOs triggers a base
catalysed rearrangement which realises sodium oxalate forming the desired compound 98 in
good yields (76%).

0 on o 5 o)
TCCA (0.325 eq.) Cl NaHCO3 (3.5 eq.) ol
=) o) , |
o MeOH:H,0 (3:1) o 5°C, 45 min

99 [0.5 M of 9.9] 103 98
r.t., 75 min Iso. yield 76%
) 0
cl” ¥ =0 0
o HO
- o
104

Scheme 28. Reaction conditions for the preparation of the chloroene 98 from 99.
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The chloroene 98 was then exploited for the synthesis of the compound 97, which it was hoped
would then de-hydrochlorinate to Veramoss (11) (Scheme 29). Addition of malonates to
bromo/chloroene materials had previously been described by Arai, Shioiri and co-workers to
furnish cyclopropane scaffolds using phase-transfer catalyst (PTC).!® To avoid the
cyclopropane formation, kinetic conditions were adopted. Therefore, ideally aprotic solvent
and low temperatures should be exploited, however, due to a low solubility of the sodium salt
of dimethyl malonate, the mixture had to be kept at room temperature. After quenching, the
cyclopropane 106 was isolated in 21% yield, but none of the desired product was detected. The
reaction was also carried out at -78 °C employing a 5.4 M methanolic solution of MeONa.
Even under these conditions the cyclopropane 106 was the sole product in 62% conversion
based on *H-NMR analysis. Unfortunately, we were unable to prevent the intramolecular
prototropic tautomerism from happening.

MeOZC\/COZMe
0 26 (1 eq.) 0
\/U\Efl MeONa (12 eq.) \/‘><002Me
| THF [2 M of 98]
rt., 24 h CO.Me
98 106
Iso. yield 21%
) <COZI\/Ie
CO,Me ‘ -Cr
o o)
__Cl Ca
-
MeO,C MeO,C (
CO,Me  pKa 21 pKa 16 CO,Me
L 105 105 -

Scheme 29. Reaction conditions for the desired synthesis of Veramoss (11), but showing the
encountered cyclopropane 106 formation.

Having the chloroene-ene 98 in quantities, it was considered worthwhile to investigate the
formation of its alkyne derivative 107 through dehydro-chlorination of the former. Alkynes
have already been employed for the preparation of resorcinol’s derivatives via conjugate
addition-Dieckman cyclisation.}”®® Beside the presented literature, de-hydrochlorinations

have never been performed on similar ketone-chloro-ene substrates such as 98. The reason may
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be attributed to a competition between the a-deprotonation of the carbonyl with the dehydro-
chlorination reaction. Nevertheless, in our group unreported dehydro-chlorination on a similar
derivative was successfully attained, therefore an attempt was carried out exploiting several
reaction conditions (Table 11). Unfortunately, all the efforts resulted in complex mixtures and

unstable compounds which were not able to be isolated.

Table 11. Attempted reaction conditions for the preparation of alkyne 107 from 98.

(0] (0]
Base (2 eq.)
Cl
| i N
Solvent [0.5 M of 98]
T, t
98 107
Entry? Base Solvent T (°C)b time(h)

1 PS-NMes* OH- Toluene 22 -60 48
2 PSA-DMA Toluene 22 - 60 48
3 DBU Toluene 22 -60 48
4 NaHCOs MeOH 22 48
5 K2CO3 MeOH 22 48
6 EtsN Toluene 22 -60 48
7 PPhs/EtsN Toluene 22 -60 48
8¢ EtsN-3HF DMSO [0.2 M of 98] 120 14

a All the experiments were carried out at 1 mmol scale;® In different cases, two temperatures were screened 22 °C and 60 °C;¢

Following a reported procedure.18

2.14. Alternative chlorinating agents to elemental chlorine

Along with the design of de novo strategies for the synthesis of Veramoss (11), the optimisation
of the IFF’s approach was also explored. As discussed earlier in the chapter 1, the most efficient
processes employ the oxidation of intermediate 23 through a chlorination-dehydrochlorination
reaction, where a chlorinating agent is exploited to introduce a good leaving group on the
molecule (CI-23), which triggers the double bond formation through its elimination (Scheme
30). Such dehydrochlorination occurs in acidic conditions and, once initiated, it therefore self-

catalyses until the end of the process.
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Scheme 30. Mechanism for the oxidation of intermediate 23 based on a chlorination-

dehydrochlorination sequence.

Although widely employed, the chlorination-dehydrochlorination process has several
drawbacks that need to be considered; poly-chlorination, and HCI removal. In addition to the
amount of water required for quenching of the final product, chemical over-oxidation plays a
key role in the efficiency of the process. Since the intermediate 23 presents two possible
nucleophilic sites, the initially formed mono chloro species CI-23 can be further chlorinated to
yield a di-chlorinated product 108. The latter could then give rise to a plethora of other side
reactions yielding undesired over-oxidised materials. Therefore, the nature of the chlorinating
agent as well as the reaction conditions are critical variables for an effective oxidation. Under
IFF’s evaluation of the reaction elemental chlorine was found to be the agent of choice as it
allows a better dosage control then other chemicals. Due to its toxicity, the use of elemental
chlorine have been strongly restricted over the years and can only be employed in certain
geographical areas where safety and environmental controls are less strictly controlled, limiting
the accessible manufacturing sites.¥ Accordingly, a new chlorinating agent is required to

replace the hazardous chlorine gas as well as reduce the amount of water used in the process.
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2.1.4.1.  Sodium hypochlorite (NaOCI)

The investigation was initially focused on the oxidation of compound 23 using sodium
hypochlorite under acid conditions. Under these reaction conditions hypochlorous acid (HCIO)
IS expected to be the chlorinating agent, whereby the by-products would mainly be water and
sodium chloride.'®318 Therefore, it can be considered a suitable replacement of elemental
chlorine (Scheme 31).

(0] OH
O CO,Me| NaOCI CO,Me
AN = -
(@) HO
25 23 1

Scheme 31. Proposed preparation of Veramoss (11) via hex-4-en-3-one (25).

The preparation of Veramoss (11) can be performed as a one-pot procedure which starts from
the commonly referred to Veramoss ketone 25. To avoid issues attributed to carried by-
products from the first step, we considered employing pure intermediate 23, however, during
the quenching of the Na-23 formed in the first step, inorganic phosphorous salts were also
precipitating, which may be influencing the reaction and therefore needed to be accounted for.
Consequently, we aimed at emulating a reaction mixture which would contain the same
inorganic salts formed in the original chlorine process. Hence, intermediate 23 was treated with

MeONa to form the Na-23, which is then quenched with polyphosporic acid (PPA).

In order to gain understanding of the industrial method, we first attempted to re-create the
chlorine-based process in our laboratory (Scheme 32). Chlorine gas was bubbled at 0 °C and
the time of exposure depended on the disappearance of the 23 which was monitored via TLC.
Once the chlorinated intermediates were fully formed, the mixture was heated to induce the de-

chlorination.
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Scheme 32. Set-up for the chlorine oxidation of 23. The reaction formed Veramoss (11) and

29 as the major by-product.

Two different work-up methods were exploited in accordance with the patent procedures. 1919
In both cases Veramoss (11) was obtained in low yields along with a major by-product 29,
which can be attributed to the acidic conditions with methanol as the solvent. However, as
productivity was not the main aim of testing but familiarisation of the chemistry, no further

optimisation was performed.

Having gained some insight and tested the process, the same oxidation was performed
replacing the toxic chlorine gas with the NaOCI and using 3.2 equivalents of polyphosphoric
acid instead of the original 1.6 (to increase the acidity). The addition of the oxidizing agent was
firstly carried out over 30 minutes and afterwards the suspension was heated up at 67 °C until
no more intermediates were present. Upon further investigation, the white precipitate formed
after the hypochlorite addition was discovered to be chloro-compound 109 as a mixture of its
two isomers. As shown in Scheme 33, the mixture turns yellow when heated up and undergoes

elimination to the desired product 11.

57



de-chlorination

.

process

OH
j@kcoznne
HO

1

Scheme 33. Pictures of the white suspension generated before and during the de-chlorination

process. The suspension is the chlorinated intermediate 109.

The liquid-liquid biphasic system was extracted with AcOEt and after concentration an orange
oil was initially obtained which on standing became a solid. The latter was then crystallised
from 1:1 MeOH:H0O to obtain Veramoss (11) in 54% isolated yield. Although the high purity
as indicated by *H NMR (97%), the colour did not match the material obtained from the original

chlorine process (Figure 8).

Oxidation with
NaOCl

Oxidation
with CI2

b)

Figure 8. a) Comparison between Veramoss (11) obtained from NaOCI and chlorine process;

b) Crude solids obtained without performing any crystallisation.
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The reaction was re-run and a chromatographic purification was carried out in order to isolate
the colourful by-products. Unfortunately, none of the coloured compounds were eluted from
the column. Nonetheless, we managed to collect and identify some by-products, such as 29 and
the chloro-compounds 110 and 111 (Scheme 34).

H
OH OH 0 oMo
cl CO,Me \/©/\002Me 2
j I HO
o MeO
© Cl
110 (~3.1%) 29 (~1.1%) 111 (~2.9%)

Scheme 34. Structures of several by-products obtained from the oxidation of 23 with sodium

hypochlorite and the corresponding isolated yields.

The product 111 suggested an over-dosage of the chlorinating agent and therefore we attempted
to reduce its quantity. It was then considered to use a lower quantity of sodium hypochlorite to
yield full conversion. Nonetheless, using 0.9 equivalents of NaOCI increased the conversion to
84%. Subsequently, a small screening of the time of addition was carried out and the best

reaction conditions were found to be a 5 hours (Table 12).
Table 12. Screening of reaction addition times for the oxidation of 23.

1. MeONa (1.2 eq.)
o MeOH [2 M of 23]

2. PPA (3.2 eq.) QH
;é/\COQMe 3. NaOCI (0.9 eq.) jij/\c()zl\ﬂe
(0) 4. Reflux HO
23 11
Entryab Addition (h) Conv. 11 (%)°
1 0.5 61
2 71
3 5 84
4 12 60

2 The reaction were carried out on 64 mmol scale;® MeONa and NaOCI were slowly added at 0 °C;¢ Based on *H-NMR spectra

employing dimethyl fumarate as internal standard.
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Even though promising results were obtained from the chlorination step, the HCI elimination
was found to be an issue. After the addition of NaOCI and the PPA, the reaction is composed
of a 1:1 MeOH:H,O mixture, which is the composition employed for the crystallisation in the
current process. However, only a partial precipitation of Veramoss (11) was observed during
this stage, and the final material was only isolated after methanol removal and liquid-liquid
extraction with ethyl acetate. Prolonged heating times or increased water ratios did not change
the amount of precipitate, suggesting the de-chlorination was only occurring partially. A further
issue was concerning the difficulty in assessing the proper NaOCI concentration and therefore
obtaining reproducible results. For these reasons, alternative options using other “green”

chlorinating agents were considered.

2.1.4.2.  Trichloroisocyanuric acid

Trichloroisocyanuric acid (TCCA) has been gaining attention over the last decade as it is a
valuable alternative to other toxic and unstable chlorinating agents. Its high thermal stability
and active chlorine content (45.7% active chlorine vs 25-30% of other agents) make TCCA of
potential use in industry as easy-to-handle and atom-economic reagent.!%>1% TCCA is soluble
in most common organic solvents such as acetone, ethyl acetate, methanol, and toluene,
although its by-product (cyanuric acid) is typically insoluble and can be easily filtered off from
the reaction mixture. The white solid cyanuric acid can either be safely disposed, as it slowly
degrades, or alternatively recovered for recycling and reuse. TCCA has widely been described
as efficient chlorinating agent for ketones, alkenes, acids, esters, arenes, heterocycles, imides,
and amides for the synthesis of a-chloro ketones, esters, chlorohydrins, N-chloroamides, N-
chloroimides, and chloro-substituted arenes or heterocycles!®??1 It was also found to be a
valuable replacement to convert acids into acid chlorides when coupled with strong Lewis
bases such as triphenylphosphine in order to avoid the usage of noxious reagents such as POCls,

PCls, and SOCI,.2152% As a result, it was deemed an interesting candidate for the purposes.

A first attempt was carried out by slowly adding a solution of TCCA to a 0.07 M solution of

23 in methyl acetate (AcOMe) and MeOH. After the addition, a catalytic amount of

polyphosphoric acid (50 mol%) was added. The resulting white suspension was refluxed until

disappearance of the intermediate chlorinated compounds. As Table 13 shows, Veramoss (11)

was formed in good to excellent conversions under both conditions (Table 13, Entries 1&2),
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however, compound 29 was also detected when methanol was employed as the solvent,
probably due to a high dilution of the starting material. When the reaction was run more
concentrated at 1 M, the conversion dropped dramatically (Table 13, Entry 3). This is probably
as a consequence of the di and mono chloro version of TCCA co-precipitating from solution

before conducting the desired chlorination at the higher concentration.

Table 13. Screening of solvent and concentration for the oxidation of Veramoss using TCCA.

cl
o 1. TCCA (addition in 1 h at 0 °C) OH OH o o
CO,Me 2. PPA (50 mol%) CO,Me CO,Me Y \[4
Solvent ¥ CI/N\H/N\CI
© 0 °C -> reflux, 3 HO MeO I
23 11 29
TCCA

Entry2  Solvent [Conc.]  Conv. 11 (%)° Conv. 29 (%)°

1 AcOMe [0.07 M]¢ 85 -
2 MeOH [0.07 M]° 68 21
3 AcOMe [1 M]¢ 52 -

2 All the experiments were carried out on 10 mmol scale;? Based on *H-NMR spectra employing dimethyl fumarate as
internal standard;® The molarity of the solvent is in respect with the moles of compound 23.

Despite the modest outcomes obtained from the preliminary tests, we decided to deploy the
TCCA addition to the “simulated” industrial conditions that were previously optimised using
NaOCI (see section 2.1.4.1). A 0.4 M solution of TCCA in methanol was added to an ice-
cooled reaction mixture of compound 23 over 5 hours (Scheme 35). By analysing the crude
mixture, roughly 82% of compound 23 reacted with the chlorinating agent. Veramoss (11) was
formed although only in low conversions (43%), along with the monomethoxy derivative 29
(20%). After crystallisation, the desired material (light yellow) was isolated in 23% yield. The
outcomes could be attributed to a decomposition of TCCA in the methanol as the solution is
unstable over longer storage times.?** We also noticed this phenomenon in other experiments

run in section 2.1.4.3.
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o 1. MeONa (1.2 eq.) OH OH

jij/\cone 2. PPA (1.2 eq.) \/ij/\cozn/le \/©/\002Me
> +
o 3. TCCA (additionin 5 hat 0 °C) | |, MeO

4. PPA (50 mol%)
23 MeOH 11 29
0 °C -> reflux, 3 d

Conversion 43% 20%

Scheme 35. The oxidation was carried in the “simulated” industrial condition previously
optimised when NaOCI was employed. Conversion based on *H-NMR spectra employing

dimethyl fumarate as internal standard.

It was therefore decided to perform an additional experiment using AcOMe as an alternative
solvent. The TCCA addition was performed on an ice-cooled 2 M solution of 23 within 5 hours.
Following the TCCA addition, the mixture was left stirring at room temperature for 24 hours
but no change occurred to the mixture during this period. Surprisingly, when the mixture was
heated, it turned yellow after 3 hours and the pH changed to 1 — 2. After 24 hours, all the
chlorinated intermediates 109 disappeared and Veramoss (11) was detected in 65% conversion
(Figure 9).
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Figure 9. 'H-NMR spectra for the chlorination of 23 with TCCA using AcOMe as the solvent.

Sadly, as shown in Scheme 36, the final material was still orange, however less intense than
the one NaOCI was yielding (See picture a). Surprisingly, when the reaction was repeated, the
de-chlorination process did not occur without polyphosphoric acid addition. It is possible that
a small amount of acid may have gone into the mixture and catalysed the de-chlorination. To
our delight, the second experiment brought about a more intense yellow material after 39 hours
of refluxing (See picture b, 81% conversion). The crystallisation of the sample was performed

and the final material appears to be less yellow than prior purification (See picture c).

1.0.33 eq. TCCA
o (addition over 5 h at 0 °C) OH

AcOMe [2 M of 23]
0O 2. PPA (cat.) HO

23 11

Conversion 65 - 81%
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Scheme 36. Preparation of Veramoss using TCCA and AcOMe. Colour comparison of the final
material with the one prepared using elemental chlorine. a) First run, b) Second run, and c)
Second run after crystallisation. Conversion based on H-NMR spectra employing dimethyl

fumarate as internal standard.

As the reaction was determined to work, we decided to examine whether there is any correlation
between the colour formation and the equivalent of TCCA employed. Two more experiments
were therefore set up where the equivalents of TCCA were set at 0.23 to 0.43. When 0.23
equivalents were used, a small amount of compound 23 remained unreacted as expected
(Figure 10). After 22 hours at reflux, the initial 1:2 ratio of the two keto forms of 109 changed
to 1:1 ratio, and the enol form 110 appeared along with them. As can be seen in the *H-NMR
spectra shown, the unreacted compound 23 disappeared from the mixture. We then added a
catalytic amount of PPA, which created a dark red Veramoss (11) material after 17 hours

(Scheme 37). Surprisingly, the desired compound was only detected in 45% of conversion (58%

purity).

1.0.23 eq. TCCA
0 (addition over 5 h at 0 °C)

AcOMe [2 M of 23] o
@) 2. PPA (cat.) HO
23 11

Conversion 45%
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Scheme 37. Preparation of Veramoss (11) using TCCA and AcOMe. Colour comparison of
the final material (left) with the one prepared using elemental chlorine (right). Conversion

based on *H-NMR spectra employing dimethyl fumarate as internal standard.

After 17 h reflux after] PPA addition

LN o R a Mie A0 e

After 22 h reflux

‘ 110

t‘.‘,"‘n, WM 4 ,,l Ml ) ‘I"-‘lw’ ,4,"-—“‘

109

1 (pom

Figure 10. *H-NMR spectra oxidation of compound 23 using 0.23 equivalents of TCCA in
AcOMe solvent. The area highlighted in orange and grey corresponds with the characteristic

signal of the respectively Veramoss precursor 23, and the chlorinated version 110.

By comparison, when 0.43 equivalents of TCCA were added, no more compound 23 could be
detected in the *H-NMR spectra of the crude reaction mixture, although it was noted that a
notable amount of the dichlorinated 108 was observed (around 25%). The latter was found at
a higher concentration after refluxing for 24 hours (Figure 11). Polyphosphoric acid was added
and after 40 hours the mixture was worked up and Veramoss (11) was detected in 63%
conversion and an orange final material was obtained (Scheme 38). The latter results would
suggest the di-chloro species could be either inert or more slowly de-hydrochlorinate under

these particular conditions.
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1.0.43 eq. TCCA

o (addition over 5 h at 0 °C) OH
AcOMe [2 M of 23]
O 2. PPA (cat.) HO
23 11

Conversion 63%

Scheme 38. Preparation of Veramoss (11) using TCCA and AcOMe. A colour comparison of
the final material (left) with the one prepared using elemental chlorine (right). Conversion

based on *H-NMR spectra employing dimethyl fumarate as internal standard.

Veramoss (CDsCN)
Ult 108
k }\ A b Al MLL

After 39 h reflux after PPA addition

| ] (A

After 15 [ reflux after PPA addition

J\ i Mwwu x J\UM

After 24 h reflux 108
K JLLJ e UL JULJ

109

T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 11. *H-NMR spectra chlorination of compound 23 using 0.43 eq. of TCCA in AcOMe.
The area highlighted in blue corresponds with the characteristic signal of the di-chloro
compound 108.
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Scheme 39. Process diagram for the oxidation of compound 23 to Veramoss (11).

Having acquired experimental information using one-factor-at-the-time method (OFAT), we
decided a better understanding of the process could be obtained employing Design of
Experiment (DoE) methodology. As depicted in Scheme 39, 11 identified variables could
influence the final outcomes of the process, however, some of them cannot be varied as they
are fixed by either the reaction conditions of the first step (Solvent, concentration 0f23 in
solvent, nature of the acid, Reflux Temperature (T)), or indirectly stated by other variables
(Reflux time (t)). Consequently, only 6 factors remained to be investigated and Definitive
Screening Design (DSD) was chosen as DoE model to employ. The applied model considers
all possible second order interactions (i.e. temperature-time interaction) between the factors
and quadratic effects (non-linear effects). It therefore enables the maximum amount of
information with a low amount of experiments. The DSD is a modern three-levels experimental
design developed by Jonas and Nachtsheim and implemented on different cases for the
optimisation of manufacturing processes.??:22* The model required 17 experiments to be run

and Table 14 shows the screened reaction conditions and outcomes.

Table 14. Reaction conditions screening for DoE optimisation.

Entry? t(h) TCCA(eq.) T (°C) PPA (eq.) H.0° [TCCA] Conv. 11 (%0)°
1 1 0.4 125 0.1 0.5 0.9 58.3
2 1 0.25 25 0.1 3 0.9 91.8
3 5 0.325 25 0.7 0.5 0.9 90.6
4 5 0.25 25 0.1 0.5 0.6 91.3
5 3 0.325 125 0.4 1.75 0.6 85.1
6 5 0.25 125 0.7 3 0.3 100
7 5 0.4 0 0.1 1.75 0.9 59.3
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1 0.4 25 0.4 0.5 0.3 471

5 0.4 25 0.1 3 0.3 62.1
10 1 0.25 25 0.7 1.75 0.3 81.5
11 1 0.25 0 0.7 0.5 0.9 79.2
12 3 0.4 25 0.7 3 0.9 72.2
13 5 0.25 0 0.4 3 0.9 955
14 5 0.4 0 0.7 0.5 0.3 48.5
15 1 0.325 0 0.1 3 0.3 54.4
16 3 0.25 0 0.1 0.5 0.3 63.3
17 1 0.4 0 0.7 3 0.6 69.3

2 The experiments were carried out in 50 mmol scale;? Measured in mL each 50 mmol of 23;¢ Based on *H-NMR spectra
employing dimethyl fumarate as internal standard.

Once the designated experiments had been acquired, the model was run using JMP Pro 15. The
model obtained matches the experimental results quite well (R? = 0.98331, root mean square
estimate (RMSE) = 3.3596) as shown in Figure 12, the factors with the highest impact on
process’s outcome are the equivalents of TCCA used and the concentration of TCCA solution
added to the reaction mixture, as their lines’ slope are the steepest. The increase of chlorinating
agent affects negatively the performance of the oxidation due to arise in the formation of poly-
chlorinated materials (second graph from the left, Figure 12), whereas employing more
concentrated TCCA solution yields higher selectivity (first graph from the right, Figure 12).
Prolonging the addition time as well as increasing the temperature improves the selectivity
(first and third graph from the left, Figure 12). Low temperatures may be detrimental due to a
solubility problem, as temperature strongly influences the solubility of the TCCA in AcOMe.

100
- 8542173

T [79.6219,
> 91.22156] 60

40

1

0.75

0.639792 05
0.25

0

Desirability

o atd =) - N Scoococococo ccococococo N o~
o =] o

3 S 20 1.75
addition 0.325 addition 04 H20 (mL 0.9
time (h) TCCA (eq.) Temperature (°C) PPA (eq.) in 50 mmol) [TCCA] Desirability

Figure 12. Graphs showing how each term influences the conversion (yield). This graph was

download from JMP Pro 15. It represents the response (yield) on the y axis and the factor
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(variables) on the x axis. The grey area around the black line represents the interval within

there is level of confidence (95%).

The de-hydrochlorination process is affected by the quantity of acid; increasing the PPA
equivalents enabled higher selectivity to be obtained. It is attributable to a fast de-
hydrochlorination’s rate over the side-reactions (fourth graph from the left, Figure 12). The
amount of water also has a role in the selectivity, as it allows a better miscibility of the PPA
into the reaction mixture (second graph from the right, Figure 12).

Having these results in hand, we next performed the reaction of Entry 5 (Table 14) increasing
the temperature (25 °C) and the concentration of TCCA (0.9 M). To our delight, the desired
material was detected in 96% conversion using these reaction conditions. Increasing the
temperature to 30 °C, the selectivity decreases to 91%. Employing a larger amount of water
(25 mL) also decreases the selectivity (89%).

In order to compare the final products’ colour with the commercial one, the latter three batches,
plus the batch from Entry 6 (Table 14), were washed with water, toluene, and then crystallised
from MeOH:H20 as described by IFF’s procedure. As Figure 13 shows, one can notice the
product still remains pale yellow coloured, however, closer to the white desired material than
the previous methodologies. The purity of all 4 batches ranged between 95% and 98% (based

on 'H-NMR assessment).

Figure 13. Colour of the batch obtained from different reaction conditions compared with the
reference white Veramoss (right hand sample). The reaction conditions for the different
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materials are starting from the left: 1:1 H.O:AcOMe (95% purity); TCCA addition at 25 °C,
AcOMe (98% purity); TCCA addition at 30 °C, AcOMe (98% purity); TCCA addition at 25
°C, Table 14, Entry 6 (98% purity).

2.1.4.3.  Dichlorinated compounds (108)

During the quest to find alternative chlorinating agents, an interesting article by Danilevich et
al. was discovered.??® After chlorination with trifluoromethanesulfonyl chloride, the dichloro-

acetylacetone was used to chlorinate fresh acetylacetone under basic conditions (Scheme 40).

1. CF3S0,CI (1 eq.) 1. 12 (1.5eq.)
Et;N (1.4 eq.) Et;N (1.5 eq.)
THOF 1M of°112] o o THF [1 M of 113] o o
M 10°C->50°C,2h )% 10°C->50°C,1h )J\HJ\
2. HCl,q cr Cl 2. HCly, Cl
112 113 114
Yield 40% Yield 45%

Scheme 40. Dichlorination method of acetylacetone 112 described by Danilevich et al.?®

It was therefore decided to attempt a similar double chlorination of compound 23 using TCCA
as the chlorinating agent instead of trifluoromethanesulfonyl chloride. In addition, to decrease
the amount of unreacted starting material 23 in the final mixture, lower amount of the
intermediate 23 (0.8 eq.) was reacted with the di-chloro species 108. Based on this procedure,

we investigated different reaction conditions as described in Table 15.

70



Table 15. Reaction conditions investigated for the dichlorination/chlorination procedure to

Veramoss.
1.23 (0.8 eq.)
0 0 OH
Cl Cl base (eq.)
i ﬁ :Cone TCCA (0.6 eq.) - txﬁ :Cone Solvent X \ i :C02Me
AcOMe
o 0) 2. PPA (1.5 eq.
[1 M of 23] (1.5€a)  THo
23 108 11
Entry? Solvent Eq. Base Conv. 11
1 THF 1 EtsN 70
2¢ MeOH 11 MeONa 10
3d AcOMe 3.1 MeONa 44
4d THF 3.1 MeONa 26
5¢ THF 11 MeONa 17

2 All the experiments were carried out on a 25 mmol scale;” Based on 'H-NMR spectra employing dimethyl fumarate as internal
standard; *Methanol was also employed as solvent in the first chlorination step;? After the chlorination of 23 with TCCA, the
reaction was not filtered and it was instead immediately employed as such for the subsequent step;® The solid cyanuric acid
was removed through toluene precipitation.

The first procedure performed was to emulate the conditions described by Danilevich et al, yet
reducing the amount of starting material 23 employed in the second step (Table 15, Entry 1).
Once the di-chloro species 108 was formed, the cyanuric acid was filtered off and the solution
concentrated. This was then slowly added as a solution in THF to a mixture of compound 23
and triethylamine. The reaction was then followed with LC-MS (ESI) and after 24 hours all the
starting material 23 was fully chlorinated (Figure 14). The excess of PPA allowed the
dehydrochlorination process to occur and the product 11 was detected in good conversion
(70%). The colour of the final isolated material was noted to be similar to that obtained from
the mono-chlorination with TCCA (Chapter 1, Section 2.1.4.2). As this method showed
promise, the methodology was further investigated. We envisioned the possibility of
performing the di-chlorination on a mixture of compound 23 in methanol with TCCA. Such a
setup would allow the preparation of the precursor 23 under conditions compatible with the
current IFF procedure; thus two batches of Na-23 could be prepared (or a single batch split in
two), and one 7lechlorinated and to act as the chlorinating agent for the second batch.

Therefore, the experiment was carried out as described (Table 15, Entry 2).
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Figure 14. LC-MS chromatogram for the chlorination of compound 23 using 108 in THF with
EtsN as base (Table 15, Entry 1). The areas highlighted in orange, yellow, blue, and green
correspond with the peaks of the respectively compounds precursor 23, mono-chloro 109, di-

chloro 108, and VVeramoss 11.

Unfortunately, the reaction only progressed partially (15% conversion to 11) when the
chlorination was run. The composition of the reaction mixture also did not change after 72
hours refluxing. LC-MS (ESI) analysis showed the formation of several other unidentified
products during the di-chlorination step (Figure 15). It is already reported in the literature,
solutions of TCCA in MeOH are unstable.?** Only a small amount of dichloro-compound was
formed in the first step and therefore the starting material 23 did not fully react. We
subsequently decided to investigate the reaction in the other solvent AcOMe (Table 15, Entry
3). In this case the mixture was not filtered after the chlorination with TCCA and instead
directly used in the second step. As the by-product cyanuric acid (pKa = 5.55) is a weaker base
than the Na-23 salt (pKa = 8.7), an excess of base (3.1 equivalents) has to be employed to
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prevent protonation of the Na-23 salt from the acidic protons of cyanuric acid. Once quenched,

the mixture was refluxed for 27 hours and Veramoss (11) was detected in 44% conversion.

After 72 h reflux

23
|
109
11
After 1 h reflux 23
109
11
108
108
|
1
’ |
Lt w—-’.b—/\.-—l\—\,\\—/\_} \—a\-...'l'_,u_‘. ~ e’ Nt P—

Figure 15. LC-MS chromatogram for the chlorination of compound 23 using 108 in MeOH
using MeONa as base (Table 15, Entry 2). The areas highlighted in orange, yellow, blue, and
green correspond with the peaks of the respectively compounds precursor 23, mono-chloro
109, di-chloro 108, and Veramoss 11.

In order to better understand the reaction, the experiment represented by Entry 3 (Table 15)
was re-run and monitored via *H-NMR sampling analysis (Figure 16). The di-chlorination step
brought about the formation of di-chloro species 108 (2 majors and 2 minors), which was then
slowly added to a mixture of Na-23 at r.t. The exothermicity of the reaction raised the
temperature up to 50 °C during the addition. After 2 hours from the addition, di-chlorinated
material 108 has almost completely reacted, whereas VVeramoss (11) appears immediately in

the reaction mixture (Figure 16). Some 23-related species diminished or transformed over a
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further 61 hours of heating, as can be seen in the range between 1 and 1.5 ppm which changes

from the initial spectra.

61 h r.t after addition

23-related species
11

i L-J_l | !

‘ . - | SR L VR g LAY

0 t after addition
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108
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. 7 T R | W RISy I..
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Figure 16. *H-NMR spectra monitoring for the chlorination of 23 using 108 in AcOMe using
MeONa as base (Table 15, Entry 3). The areas highlighted in green, and blue correspond with

the characteristic signals of the respectively compounds Veramoss 11, and di-chloro 108.

The reaction was then treated with PPA and left refluxing for a further 27 hours (Figure 17). It
was observed that the various 23-related species gradually disappeared as indicated by the
signals between 3.5 and 4 ppm diminishing. The reaction mixture was then worked up to yield
Veramoss (11) albeit in only 29%. It is not clear what all the different species formed during
the reaction were, however it can be imagined some of them may be chlorinated. By comparing
the *H-NMR spectra of reaction mixture after the addition of 108 in the Na-23 with the one of
the mono-chlorinated compounds’ mixture (109), we could spot the presence of one of the
isomers 109 (Figure 18). It is noteworthy, in this example it is less likely to comprehend the
nature of the CI-23 species formed, as the stereoselectivity of chlorine exchange is unknown.

In fact, it is possible all the possible regioisomers and diastereoisomers are potentially forming.
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Figure 17. *H-NMR spectra monitoring for the chlorination of compound 23 using 108 in
AcOMe using MeONa as base after PPA addition (Table 15, Entry 3). The area highlighted in
green corresponds with the characteristic signal of the compound Veramoss 11.

109

0 h after addition
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Figure 18. *H-NMR spectra comparison between the reaction mixtures obtained from mono-
chlorination of compound 23 (109) and chlorination using 108 as chlorinating agent (Table 15,
Entry 3).

The same experiment was then performed using THF instead of AcOMe as the solvent (Table
15, Entry 4). The reaction generates similar results as to the one in AcOMe. To control the
temperature increase, the addition of 108 was performed at 0 °C and, immediately afterwards,
the reaction was allowed to warm up to room temperature. Surprisingly, no reaction occurred
for the first hour (Figure 19). The mixture was then heated to reflux and after 1 hour, the pH
was found to be acidic (2 — 3), therefore already quenched. As a result, the solution was then
heated for a further 22 hours to allow all the remaining choro species to de-hydrochlorinate,
however no substantial changes were noticed at this point suggesting the hydro-chlorination
occurred within the first hour (Figure 20). Veramoss (11) was finally detected in 26%

conversion by *H NMR analysis.

1 h after addition

la.

0 h after addition ‘

AN

108

1 {pom

Figure 19. *'H-NMR spectra monitoring the first 1 hour of reaction after the addition of 108 in
the Na-23 solution (Table 15, Entry 4).
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To understand whether the residual cyanuric acid plays a role (perhaps as an acid catalyst to
induce the elimination reaction), the experiment was repeated removing the cyanuric acid
through a precipitation of it in toluene (Table 15, Entry 5). In this example, 1.1 equivalents of
MeONa was then employed as no cyanuric acid was left in the mixture.

22 h after reflux

1 h after reflux

‘ !nlll ‘ "
T ., i | S v | 11 JLl s
1 h after addition

’Jﬂ N

| SN T 1

Figure 20. *H-NMR spectra monitoring the 22 hours of reaction after the addition of 108 in
the Na-23 solution (Table 15, Entry 4).
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17 h after PPA addition
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3 h after PPA addition
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108

Figure 21. *H-NMR spectra monitoring the oxidation of compound 23 using 108 removing
cyanuric acid in THF (Table 15, Entry 5).

In this example, no more di-chloro species 108 could be detected after 2 hours of stirring at
room temperature. The resulting pH of the mixture was found to be around 5 — 6 and therefore
a catalytic amount of polyphosphoric acid was added to adjust the pH to ~ 2. The white mixture
was then refluxed and after 1 hour it became light yellow in colour. After 17 hours no
significant changes were observed and Veramoss (11) was isolated in 17%.

Considering all the data acquired from the various experiments, the reaction could be strongly
affected by the use of a strong base such as MeONa, because when the reaction was performed
employing triethylamine, the desired material was obtained in good conversions. As MeONa
is a key base for the synthesis of the intermediate 23, the methodology was not further

investigated as the reaction parameters seemed incompatible.
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2.1.4.4. Aerobic oxidation

Interested in the possibilities for a catalytic oxidation, we also considered investigating an
aerobic oxidation of the Veramoss precursor 23 (Scheme 41). Despite the attempts that have
already been performed and described in section 2.1.1, a copper-catalysed oxidative step was
still tempting. Different copper sources were therefore screened in a 1:1 mixture of
acetonitrile:methanol. Copper(l) chloride was found to oxidize 23 to Veramoss in less than 2
hours (15% vyield).

0 0 x OH
CO,Me CuCl (5 mol%) 6 CO,Me CO,Me
MeCN:MeOH (1:1)
O [0.1 M of 23] O HO
23 rt, 2h 115 1

Iso. yield 15%

Scheme 41. Successful attempt of copper-catalysed oxidation of 23 to Veramoss (11). The

exact mechanism of the process is still unknown.

Initially, the starting material 23 was believe to have oxidized to the target compound 11,
however the Veramoss was discovered to be obtained only after solvent evaporation without
removing the copper salt from the solution. Before the evaporation, two products were isolated
from the crude mixture. By analysis of the *H-NMR spectra, the species look rather similar.
Due to their instability, these intermediates 115 are still not fully characterised and little
analyses were performed, however, we were able to acquire some information. Firstly, *H-
NMR spectra confirm they are neither Veramoss (11) nor the starting material 23, although
they have a structure similar to 23. Secondly, Electron impact ionization (EI) technique gave a
m/z 196, which is the mass of 11, whereas LC-MS (ESI) gave a m/z 245, which accurate mass
confirmed. As such the unknown groups could be O-methylated peroxide. However, the O-
methylation could be attributed to a subsequent reaction with the solvent (MeOH), once is used
in the LC-MS (eluent) and also in the reaction mixture. In addition, photo-oxidation with triplet
oxygen using rose Bengal as photosensitizer has formed similar products which could confirm

the presence of a peroxide group in the structure.
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It has also been noticed that the reaction rate increases by increasing the chloride ions
concentration (addition of NaCl for instance) and that the reaction does not work using
methanol as the sole solvent. A small addition of hydrochloric acid to the mixture also increase
the rate of reaction, although it also brings about some additional by-product formation.

Unfortunately, after a few months of investigations, Veramoss (11) was not anymore isolated
from the reaction mixture, and only starting material was instead detected. It is not clear the
variables that caused this change. No further investigations were performed. Likewise, a
Pd(OAc).-catalysed aerobic oxidation was also attempted, however, with no positive

outcomes. Only starting material was detected even after one week of reaction.

Alongside these intriguing findings, an opportunity for a new synthesis of compound 23 was
considered. Radical methylation of the 1,3-diketone had not previously been considered but
several examples of metal-catalysed methylation of dicarbonyls had been published over the
years.??® Specifically, copper(l)-catalysed methylation on 1,3-diketones with tert-butyl
peroxybenzoate (TBPB) was found to occur in good yields on similar substrates such as
dimedone.??” The possibility to methylate 22 to yield the precursor 23 employing similar
reactions for its aerobic oxidation to Veramoss (11) would enable the usage of alternative raw
materials. Unfortunately, a first reaction in batch produced a complex mixture of by-products

from which the O-methylated compound 116 was isolated in 11% yield (Figure 22).

o TBPB (3 eq.) OMe
ﬁ :CozEt CuCl (10 mol%) CO,Et
o AcOH [0.1 M of 23]

22-Et reﬂUX, 30 min 116
Iso. yield 11%

Figure 22. Copper(l)-catalysed methylation performed in batch (a) and in flow (b).
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A second attempt was also performed using a flow apparatus setup (Picture b, Figure 22),
although the same selectivity as the one in batch was detected via 'H-NMR and GC-MS
analysis. Additionally, when acetonitrile was used instead of acetic acid (AcOH), almost no
methylation occurred, forming only multiple by-products which were not characterized.
Although no other solvents were investigated, the results would imply that either acetic acid or

acid conditions are required for the methylation to occur.

O
O O (0]
H3 P
117 (TBPB cul) CH3
120
O
Cu (II)
)\%
0 0 Ph Ph
119

Scheme 42. Proposed mechanism for Cu-catalysed methylation of 1,3-diketones.

Following the mechanism proposed by the authors (Scheme 42), the enol form is required in
order to obtain the Cu-substrate complex 119, which leads to the methylation via a single
electron transfer (SET) process. These conditions were probably not met when the compound

22 was employed, allowing only O-methylation to occur.

2.1.5. Optimising the preparation method for compound 23

From our studies trichloroisocyanuric acid (TCCA) was found to be the chlorinating agent of
choice. As described in section 2.1.4.2, the optimised conditions for the chlorination process

exploits AcOMe as solvent instead of MeOH. Consequently, experiments to discover new
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conditions for an effective first step of the Veramoss (11) preparation were needed. As already
mention before (Chapter 1.3.1), two main possible synthetic strategies to 23 can be employed,;
starting from the methyl propionylacetate (27) and methyl crotonate (20) (route a, Scheme 43),
or from hex-4-en-3-one (25) and dimethyl malonate (26) (route b, Scheme 43).

O O

MeO,C CO,Me
\)J\/U\OMe o 2N 2
27 route a < % CO,Me route b 26
R B —————
(0]
X CO:Me o \)J\/\

20 23 25

Scheme 43. Synthetic strategies for the preparation of 23. The route a starts from 27 and 20
and the route b from 26 and 25.

Both possibilities were then investigated employing a biphasic solid MeONa/AcOMe system
instead of the monophasic MeONa/MeOH. The route a was first evaluated (Scheme 44). The
method comprises two reaction steps where the Michael addition to 20 does not require a
stoichiometric amount of base. For these reasons, only 40 mol% of solid MeONa was
employed. The yellow solution was then heated at 55 — 61 °C and stirred for 6 hours or until
the GC-MS showed no more starting material. The mixture was then cooled to 45 °C and the
remaining base was added. On a first attempt, the mixture was cooled down to room
temperature causing the precipitation of Na-23 from the reaction mixture which required a
mechanical stirrer. At the end of the MeONa addition, the mixture was kept stirring at 55 — 61
°C for 3 hours. Once it was determined that no more compound 121 was present, the mixture
was cooled down prior to the polyphosphoric acid addition. Unfortunately, during the
quenching, the product precipitates from the reaction and the addition of water (5 mL) was
required to obtain a mobile stirring mixture. The resultant white precipitate was washed with
water until pH around 5 and the Veramoss precursor 23 was isolated in 79% yield. The same
experiment run using 20 mol% of MeONa but this did not go to full completion after heating
for 23 hours and not even when 10 equivalents more of methyl crotonate (20) were added.
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\)J\/U\OMe o 0

27 MeONa (0.4 eq.) \)f/one 1.MeONa (0.6 eq.) jij/\cone
_CO;Me AcOMe [2 M of 27] CO;Me | AcOMe [2Mof27] o
55-61°C, 6 h 55-61°C,3h 23
20 121 2.PPA(1eq)  |so.yield 79%

Scheme 44. Preparation method for 23 using methyl propionylacetate (27) and methyl

crotonate (20).

In order to assess whether reducing the temperature would improve the outcomes or not, a
control experiment was set up where the temperature was initially set at 25 to 30 °C. After 24
hours of stirring, no conversion to the intermediate 121 was detected. Increasing the
temperature to 35 — 40 °C offered no improvements, however warming up to 40 — 45 °C
brought up full conversion in roughly one hour. After the second portion of MeONa was added,
the reaction was further mixed for 1 hour and quenched with PPA as already described above.
In this experiment, compound 23 was isolated in 80% yield. It is noteworthy the lowest
temperature the process can be operated at is 40 — 45 °C with scarce mixing efficiency due to
the product’s precipitation. Thus, rising the temperature to 55 — 61 °C grants more efficient

mixing.

Comparing route b with route a, the Michael addition was decidedly faster (6 h vs 1 h).
However, in this experiment mechanical stirring had to be employed as a magnetic stirring bar
would have failed (Scheme 45). This strategy yielded 23 in slightly better yields than the
previous one (84 vs 79%). For these reasons, the route b was therefore employed for the final

one-pot optimisation.

o o)

\)J\/\ MeONa (0.4 eq.) | MeO2C. _CO.Me 1.MeONa (0.6 eq.) ijoz'\/'e
0

25 - o)
MeO,C._CO,Me ACOMe [2 M of 25] LK/ AcOMe [2 M of 25]

55-61°C. 1h 55-61°C,1h 23
26 96 2.PPA (1eq.) Iso. yield 84%

Scheme 45. Preparation method for compound 23 using hex-4-en-3-one (25) and dimethyl
malonate (26).
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2.1.6. Final Optimisation of the one-pot preparation to Veramoss

After optimising the two steps (annulation, and oxidation) individually, it was considered to

proceed to attempt the process as a one-pot methodology (Scheme 46).

0 1.MeONa (0.4 eq.) o 1.0.325 eq. TCCA on
P. N AcOMe [2 M of 26] [0.9 M of TCCA]
25 55-61°C,1h jjj/\COzMe (addition over 3 h at r.t) \/@/\C%Me
MeO,C.__CO,Me 2. MeONa (0.6 eq.) 0 2. PPA (0.4 eq.) HO
2% 55-61°C,1h 23 reflux, ON 1"
3. PPA (1eq.)
H,0 (1.75 mL/50 mmol 23) Yield 70% (over 2 steps)

Scheme 46. Reaction conditions employed for the one-pot procedure to Veramoss (11).

Our first investigations were aimed at evaluating the amount of PPA employed for the
guenching of the Na-23 salt formed. In an example test, the reaction was quenched to pH
neutral (6 — 7) at the end of the first annulation step (Michael addition-Dieckmann
condensation). In this case, the colour of the quenched reaction mixture was not totally white,
with shades of red/pink still remaining. When TCCA addition began, the reaction mixture
colour darkened to orange and then turn yellow after the addition of the remaining catalytic
amount of PPA (0.4 eqg.). Once concentrated, the final residue was yellow and very gooey,
however, after employing IFF’s purification procedure, a white solid was obtained. The process
yielded 31% of white Veramoss (11). The low yield in this first attempt could be attributed to
a partial protonation of the stage 1 material, 23, after the first step. It was therefore thought a
higher amount of PPA would be required to fully protonate the intermediate 23, which does

not get chlorinated but instead sits as sodium salt.

Consequently, a second attempt was performed, and in this example the mixture was quenched
with the full 1.4 equivalents of PPA until the pH attained 1 — 2. The mixture obtained was white
and a substantial amount of precipitation was produced requiring mechanical stirring to ensure
agitation. The mixture was then treated with TCCA and de-hydrochlorinated. To our delight,
after purification and crystallisation, a white Veramoss product 23 was again obtained although

this time in an overall yield of 70%.
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Having optimised the one-pot methodology, a 1 mol scale-up was performed to identify
possible problems that could hamper the industrial feasibility. Figure 23 depicts the colours

and physical status of the reaction mixture throughout the whole process.

- Quenching
Chlonnation
-
MeD,C___COMe 0 al 0 ‘ OH
1;6 - _M__coMe \ M _come L come
0 I I i S
I NaOQ” "> 07 "N i
25‘ Na-23 109 ‘ 1

Figure 23. Pictures representing the singular steps carried out on the 1 mol scale-up.

During the processing, a few issues were encountered regarding the quenching of the sodium
intermediate Na-23. The quenching of the first step was performed at room temperature
through addition to the mixture of first water (35 mL) and second PPA (1.4 eq.). Initially, no
exothermicity was observed, however, once the whole amount of the acid and water was poured
into the red solution, the quenching started and the exothermicity warmed up the reaction
mixture to the solvent boiling point. This situation caused partial evaporation of the solvent
and the formation of big chunks of solids (phosphate salts) that compromised the homogenous
stirring of the solution (Figure 24). The uncontrolled heating event could be attributed to an
initial slow mixing rate of the viscous PPA in the water-AcOMe biphasic mixture. Due to the
adiabatic temperature rise, viscosity reduces leading to more efficient mixing and
exotherm,causing a partial solvent boil off of AcOMe. This phenomenon may be prevented by
slowly adding the PPA in a warm reaction mixture, which improve the mixing rate and allow
a better control of the heat release. Nonetheless, the process was carried on and, after
chlorination and dehydrochlorination, the red solution was decanted, and the solvent recovered

through vacuum distillation. The yellow residue was crystallised through the IFF purification
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protocol and Veramoss (11) was isolated in 55% yield. The sample was then shipped to IFF in
Benicarlo, Spain for quality evaluation. Different analyses were performed to assess their
appearance, odour characteristic, and colour (employing colourimeters for the extrapolation of
L*a*b-based colour measurement values). To our delight, the analyses on the final material

matches the IFF commercial specifications.

water-toluene
wash

Figure 24. Pictures representing the amount of solid formed on the bottom of the flask before
and after the dehydrochlorination step (left hand side) and the colour of the solid before and

after the water and toluene wash (right hand side).

2.1.7. An alternative purification method for the final material

As shown in the previous section 2.1.4, the new processes of chlorination of compound 23
appeared to be forming colourful final materials whose quality would not match commercial
specifications. As reported by IFF, this orange colouring has also been observed when
mischarges of elemental chlorine occurs on production scale. Unfortunately, this issue provides

an “out-of-spec” product, which not even the current IFF’s purification protocol seem to be
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able to remove, causing a batch loss. For these reasons, it was deemed important for the
project’s completion to investigate an alternative downstream procedure for decolouration to

reduce batch loss and wasted synthesis time.

As known products formed during phenols’ oxidation, we thought it logical the colourful by-
products of Veramoss (11) could likely have a quinone derived scaffold. Such compounds have
also been reported in phenols-contaminated water treatments.??¢-23! As it could be imagined,
these orange quinones were reported to be highly unstable and polymerise under acidic
conditions turning darker red. As a first attempt it was initially wondered whether a basic wash
could possibly be useful for their removal. As Veramoss (11) can be deprotonated using sodium
hydroxide, we attempted to use weaker inorganic bases (Figure 25). Sodium bicarbonate,
carbonate, and phosphate dibasic were screened with sodium carbonate being revealed to be a
possible candidate. Unfortunately, when performed as part of the work-up on the reaction
mixture, the saturated aqueous solution did not yield a whiter product. Another attempt was
also performed employing charcoal and chitosan (a linear amine-functionalised
polysaccharide) as discolourising agents previously reported in literature,?-23! however only

slight discolouration was achieved.

Figure 25. Comparison of colours obtained performing basic washings with sat. solution of
NaHCOs, Na2HPO4 and Na,COs with the white Veramoss (11).

The formation of H-bonded complexes between amines and phenols are known in literature

and have been widely described by Ross and co-workers in 1984.2%? Earlier on, Mclnnes et al.
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described similar complexes using tetraalkylammonium hydroxy salts.?®® This types of
complexes did not find any special application until recently (2013) when Wu, Marsh and co-
workers employed quaternary ammonium salts for the purification of phenol-contaminated

refinery oil. %3

Accordingly, the goal was to investigate the formation of a complex between Veramoss (11)
and different amines and assess whether the former could separate from the colourful
impurities. Firstly, several amines were screened, where the latter were added intoa 1 M
solution of orange crude Veramoss (70% purity) in AcOEt. The solutions were then stored at -
20 °C for 3 days to evaluate any solid formation, and the solids were filtered and characterised.
In total 11 amines were screened (based upon Kkey indicators including
toxicity/cost/solubility/stench) following this procedure and only a few examples of solid

precipitation were observed (Table 16).

Table 16. Base screening for the formation of hydrogen-bonded complex with Veramoss.

OH , OH
CO,Me Amine (2 eq.) CO,Me
Amine -
HO ACOEt [1M of 11] HO
1 -20°C,24 h 122130

70% purity

Complex Amine:Phenol  Separation from

Entry® Amine Complex formation® ratio® impurities Yield (%)°
1 NH3 - No - - -
2 EtsN 122 Yes - No -
3 iPra2NH 123 Yes 1:1 Yes 7
4 iPrNH2 124 Yes - No -
5 nBuNH: 125 Yes - No -
6 nBusN 126 Yes - No -
7 DBU 127 Yes - No -
8 Morpholine 128 Yes 1:2 Yes 35
9 DABCO 129 Yes 1:2 Yes 99
10 tetramethylethylendiamine 130 Yes 1:2 Yes 89
11 PhNH2 - No - - -

2 The experiments were carried out on a 28 mmol scale; ® Determined through spectrometric analyses; ¢ Determined through
SCXRD; ¢ Isolated yield.
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Having these results in hands, it was first attempted to evaluate the complex formation. Thanks
to collaboration with Dr Aguilar-Malavia, we managed to put in place a diffusion-ordered
NMR spectroscopy (DOSY) methodology capable of giving such information. The DOSY on
the DABCO-Veramoss complex using different deuterated solvents (ds-DMSO, d3-MeCN, and
CDCl3) was first performed. The corresponding molecular weights were additionally
calculated by knowing the diffusion coefficient of the species and employing the interpretation

recently improved by Evans and co-workers.3®

As shown in Figure 27, in polar solvents such as de-DMSO and ds-MeCN, the signal peak of
1,4-diazabicylo[2.2.2]octane (DABCO) has a different diffusion coefficient than the signal
correlated with Veramoss (Figure 26). This is allegedly attributed to a total or partial solvation
effect, as H-bond interactions of the complex are less strong than the interactions between the
single molecules with the solvent. Deuterated chloroform was found to be the solvent where
the complex structure is retained as also the calculated molecular weight matched the expected
value (443 — 520 Da).
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Figure 26. DOSY spectra of the single DABCO and Veramoss in CDCls.
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Figure 27. DOSY spectra of DABCO-Veramoss 129 complex in de-DMSO, d3-MeCN, CDCls.
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The complexes precipitating from the solution were found to be crystalline and Single crystal
X-ray diffractometry (SCXRD) analyses were therefore carried out to gain more information
on the structures. We noticed an H-bonding interaction between the nitrogen of the amines and
the hydroxyl group of Veramoss (11) was present in all the isolated complexes (SCXRD
depicted in the section 4.1). However, the complex between 11 and diisopropylamine (complex
123) shows the hydrogen to be closer to the nitrogen atom than the oxygen of the phenol ring
(OH distance 1.972 A vs NH distance 0.886 A). This data would suggest an ionic type bonding
for the complex 123 instead of H-bonding as observed in the other structures (OH average
distance 0.898 A vs NH average distance 1.801 A). Considering the pKa of iPro2NH (11.07),
we assumed all the acyclic trialkyl amines (Table 16, Entries 2 — 7) are forming low-boiling
point salts with the product. This is also strongly validated by the DOSY spectra, as
tributylamine and triethylamine both forms complexes with the targeted material.

Having the complexes in hands, we investigated possible conditions to recover the pure
Veramoss (11). As pointed out in the DOSY experiments, polar solvents could possibly
destabilise the H-bonded complex. Nonetheless, acidic solution may also protonate the basic
site of the amine, leaving free Veramoss (11) to be recovered. Additionally, taking example
from the IFF’s purification procedure, water could be also used as anti-solvent to let the desired
material precipitate out. Having these thought in mind, we carried out various initial de-
complexation procedures exploiting acetic acid, 1 M HCI solution, water, and MeOH/H,0
system. As shown in Figure 28, the complex proved to be insoluble in water and thus no pure
VVeramoss (11) was recovered (A in Figure 28). When the 1 M HCI solution was employed, the
desired material was successfully recovered (B in Figure 28). To our delight, methanol and
water was found to be efficient to break up the complex and allow isolation of 11 (D in Figure
28). Consequently, MeOH/H2O system was chosen to be scaled up employing a reddish
coloured DABCO-Veramoss 129 complex of 95% purity. The quality of the material did not
influence the final colour outcome, which remained white. Following this method, white

Veramoss (11) was recovered in 98% isolated yield.
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Figure 28. Attempted DABCO-Veramoss de-complexation using acetic acid-H20 (A), water
(B), 1 M HCI solution (C), and MeOH-H0 system (D).

Having proved the potentiality of the process, we next aimed at improving the methodology to
be applied at an industrial scale. The main drawback of the MeOH/H20 system stands in the
amount of solvent required in order to solubilise the material. Unfortunately, only partial de-
complexation was detected when lower amount of methanol solvent was employed. To
overcome the problem, the solubility of DABCO-Veramoss complex in different solvents at
their boiling point was screened (Table 17). As proved in the laboratory, the de-complexation
can be carried out by means of slow additions of water to the solution to enhance the crystalline

state of the precipitate.

Table 17. Solubility screening of DABCO-Veramoss complex 129.

Entry? Solvent Concentration (M of 129)

1 DMF 2.64
2 DMSO 15
3 iPrOH 0.22
4 MeOH 0.264
5 MeCN 0.132
6 THF 0.260
7 AcOEt 0.122

@The experiments were carried out on 0.2 mmol scale employing boiling solvents.
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As shown in Table 17, the complex has moderate solubility in most solvents screened. For these
reasons, it was decided to investigate the de-complexation method on another complex which
performed well: TMEDA-Veramoss 130. The latter has a 10-fold higher solubility in MeOH
(2 M vs 0.2 M), however the tetramethylethylenediaminium salt (TMEDAH™) proved to co-
precipitate with the desire material. To remove the base, the solid needs to be washed through

acidic waters (aqueous HCI solution).

The purification method using TMEDA was performed on a larger scale (30 g) and AcOEt was
employed as solvent of choice. The complex TMEDA-Veramoss was filtered and subsequently
dissolved in MeOH where water was slowly added over 2 hours to obtain a white precipitate.
The white solid was washed with a diluted HCI solution to remove the remaining TMEDA salt
and the desired material was isolated white in 60% yield. The rate of water addition in the de-
complexation was found to be of paramount importance as a too fast addition could cause a co-
precipitation of the complex 130, and resulting in a project inheriting pink shades.

2.1.8. Summary and Conclusions

Over the last 3 years, the research project has achieved several goals. Firstly, three alternatives
for the synthesis of the target molecule Veramoss (11) were investigated starting from widely
accessible and cheap building blocks such as acetaldehyde, butanone, dimethyl oxalate, and
malonate. Beside their potential, several issues were encountered that did not allow completing
the full synthesis, therefore confirming the IFF approach from 25 to be the best choice at
present.

Nevertheless, the IFF process is still relies on the use of elemental chlorine to halogenate the
in situ formed intermediate 23. It was then considered to find a more easy to handle and
environmental-friendly replacement whereby the process would inherit safety and greenness.
After investigating two possible chlorinating agents (NaOCI, TCCA), TCCA was chosen as
best candidate, and the oxidation step (chlorination-dehydrochlorination) was then optimised
by employing DoE model (DSD). With the new optimised methodology in hands, compound
23 was oxidised to Veramoss (11) in 91 - 96% conversion with final material having 98%
purity (NMR). The one-pot process was also scaled up to 1 mol yielding white Veramoss within

commercial QC specifications in 55% (Figure 29).
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It was noted over-oxidation of compound 23 causes a red shade colour to permeate the final
material 2 which then invalidate the batch for commercial purposes. Our efforts highlighted a
possible complexation-decomplexation process which at present seems to be highly selective
for the particular compound and inevitably yielding white pure Veramoss (11) in excellent
recovery. Several amines were investigated narrowing down the choice to two principal
diamines; TMEDA, and DABCO. As the complex with TMEDA is more soluble in the
screened solvent (AcOEt, and MeOH), the latter was taken as the more viable choice. A scale-
up of the methodology allowed to the decolouration of the orange material, gaining Veramoss
in higher purity in 60% recovered yield (Figure 29).

Figure 29. Picture of the four batches of crystallised Veramoss material yielded through the
methodologies developed thanks to the IFF collaboration with Durham University. Samples of
11 obtained employing; elemental chlorine (1), de-colouration method on an orange over-
oxidised material (2), de-complexation using only acidic waters (5). one-pot process first

attempt (3), and second attempt (4).
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2.2. Ambertonic

2.2.1. Ambertonic via formyl-dihydro-cashmeran: Route C

As depicted in Scheme 47, the first proposed alternative synthesis to Ambertonic™ starts from
dihydro-cashmeran (39), a raw material easily accessible from IFF through hydrogenation of
Cashmeran (38). The route consists of preparing a formylated material (131) which is finally
transformed into the desired pyrimidine-functionalised scaffold 37. Pyrimidine rings are
widely employed in medicinal chemistry and a handful of methodologies have been described
for their preparation.?®®-2** However, common methodologies employ functionalised ketones
as starting materials, and particularly 1,3-dicarbonyl compounds are mostly selected. For these
reasons, our initial efforts were aimed at developing optimised and valuable reaction conditions

to the formyl-dihydro-cashmeran 131.

0 o OH O N‘/*N
[H] N 7
- > —— [ m—
131 37

38, Cashmeran 39

Scheme 47. The suggested synthesis for the preparation of Ambertonic™ (37).

2.2.1.1.  Process development for the formylation of Dihydro-Cashmeran (39)

Following the initial proposed Route A, the formylation of the compound 39 was first
examined. The formylation of enolates are well-known in the literature with the de-protonation
of the acidic formylated product playing a key role in the overall success of the process by
driving the equilibrium towards this product. The preparation of 131 was initially performed
using ethyl formate (132) and sodium ethoxide as the base. The reaction was conducted at a
preparative scale of 1 mol (Scheme 48), yielding a dark red oily mixture found to be composed
of roughly 60%ww of 131 with the rest being dihydro-cashmeran (39), therefore equating to

55% conversion.
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0] HJ\OEt o O o O
132 (1 eq.) H H
" +
EtONa/EtOH
39 rt., ON (+)-cis-131 (¥)-trans-131

conversion to 131: 55% (cis:trans 2:8)

Ll

Scheme 48. Preparation of 131 via Claisen condensation and the mixture obtained after

vacuum distillation.

The final mixture was found difficult to purify due to the similar properties of the components.
Vacuum distillations, column chromatographic seperation, and acid-base extractions (using
Na>,CO3 and NaHCOs3) only managed to allow access to a slightly purer sample of the final
material (e.g. distillation yielded 70%uww 0f 131 in 39).

As the formylation with ethyl formate was troublesome, other options were also considered to
efficiently yield synthetically equivalent analogues. Accordingly, the synthesis of the N,N-
dimethylenaminone derivative 136 was pursued (Scheme 49). This transformation is widely
described in literature as it enables the formylation to take place under mild conditions.?4+-247
The derivatives are generally prepared by heating the ketone with the N,N-dimethyl formamide
dimethyl acetal (DMF-DMA) at 70 °C. Thus, the same conditions were initially employed for
the synthesis of 136, however, no reaction was observed even after 1 week and further addition
of DMF-DMA. As the reaction is governed by methanol removal (see mechanism depicted in
Scheme 49), azeotropic removal employing cyclohexane and a Dean-Stark apparatus was also
attempted, however with no improvement in results occurred. In fact, in all the experiments,

only starting material was recovered.
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Scheme 49. Reaction conditions attempted for the preparation of the enaminone derivative 136

(black line) and proposed mechanism for the reaction (grey line).

Having unsuccessfully attempted a different formylation, our attention returned to the original
procedure, however, this time changing a few parameters and reagents. First, a different
formylating agent, namely, methyl formate (137) was employed. This was also used as the
solvent of the reaction in order to help shift the equilibrium toward the Na-131 product. Under
these conditions, a white precipitate was formed, which was determined to be roughly a 1:1
mixture between the a-oxo ketone 138 and Na-131. The compound 138 was then isolated via
crystallisation in a 1:1 MeOH:water mixture in 16%. The structure of compound 138 was
confirmed by SCXRD structure and 2-D NMR spectra and its formation was attributed to the
presence of oxygen in the system as the reaction was not carried out under inert conditions
(Scheme 50). It is known that enolates can react with triplet oxygen forming 2-oxo-ketones as
the final products.?*32*° The remaining 131 was obtained via quenching of the reaction mixture
and extracting it with EtOAc. Worse results were obtained when the same experiment was

performed using ethyl formate as the reagent/solvent.
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H)J\OMe
137 [1 M of 39]
MeONa/MeOH (1.2 eq.)
rt., 24 h
Na-131 131
Conversion  15% (trans) 17% (d.r.7:3)
OH
o
ol
138 H

Iso. yield 16%

Scheme 50. Formylation of compound 39 using methyl formate (137) as the solvent for the
formation of molecule 138 as well as the target 131. Conversion based on *H-NMR spectra

employing dimethyl fumarate as internal standard.

Having gained a new appreciation regarding the formylation reaction, we next evaluated the
possibility of varying the identity of the base. Originally, the reaction was carried out utilising
a 5 M solution of MeONa in methanol as base. Thus, we believed a screening of different
organic and inorganic bases under solid/liquid biphasic conditions would be relevant for a
deeper understanding of the reaction (Table 18). The overall procedure was also changed:;
instead of adding the methyl formate to a 39/MeONa methanolic solution, a solution of 39 was
slowly added to a heterogeneous mixture of MeONa and methyl formate (137) in the solvent.
Furthermore, a different work-up was also employed which allowed efficient separation of 39

from the desired product. This will be discussed in detail below.
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Table 18. Screening of the base for the formylation of 39.

o

J

H OMe
137 (3 eq.)

Base (1.2 eq.)
Solvent [0.33 M of 39]

rt., ON
39 131 39
(d.r. 8:2)
Entry? Base Solvent® Yield to 131 (%)° Conversion (%)° 131 Purity (%0)¢
1 NaH Et.0 - 0
20 K:CO;  Et- - 0
3 Ca0  Me- - 0 -
4 t-BuOK Et.0 54 70 90

2 All the experiments were carried out on a 10 mmol scale; ® Concentration of 0.33 M; ¢ based on *H-NMR spectra using
dimethyl fumarate as internal standard;? In this experiment the ethyl formate 132 was employed instead of 137.

To our delight, the use of t-BuOK as the base allowed the desired product to be isolated in 54%
yield and 90% purity (Table 18, Entry 4). Additionally, different reaction conditions were
investigated and MeONa in hexane was revealed to be the best conditions (Table 19, Entry 4).
After quenching the reaction into water, the Na-131 salt partially precipitated from the mother
liquor and, after filtration, it was discovered to be the pure trans-isomer. To optimise the
reaction workup, it was decided to wash the solid mixture with water and hexane and acidify
the solid to be extracted with EtOAc. The procedure allowed isolation of compound 131 in
62% yield and 93% purity (Table 19, Entry 5). The method was further improved upon
decreasing the quantity of methyl formate employed (Table 19, Entry 6).
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Table 19. Screening of different solvents and alkoxide bases for the synthesis of 131.

o

PN

H™ "OMe
137 (3 eq.)

Base (1.2 eq.)
Solvent [0.33 M of 39]

39 "t ON 131 39
(d.r. 8:2)
Entry? Base Solvent® Yield (%)° Conv. (%)° Purity (%)°

1 t-BuOK Toluene 33 56 83

2 t-BuOK Hexane 52 67 83

3 EtONa Hexane 40 90 93

3d MeONa Hexane 21 33 83

4¢ MeONa Hexane 85 94 100f- 92
59 MeONa Hexane 62 90 93
69n MeONa Hexane 74 94 95

@ All experiments were carried out on 10 mmol scale; ® Concentration of 0.33 M; ¢ Based on *H-NMR spectra employing
dimethyl fumarate as internal standard; ¢ A solution 5 M of MeONa in MeOH was used; ¢ Obtained as precipitate (Na-131)
and liquid (131); f Na-131 obtained as only the trans-isomer; 9 The solid was filtered and then dissolved in water (500 mL); "

1.2 eq. of methyl formate were used.

Having determined a set of optimised reaction conditions, a scale-up of the reaction to 100
mmol was performed (Figure 30). The formylated compound 131 was obtained in 73% yield
and in 94% of purity (d.r. 95:5). Sadly, by monitoring the purity of the compound, a gradual
decrease of its purity over 2 weeks of its preparation was observed. Several products were
detected by GC-MS along with 131. The product was later found stable for longer time if stored

at low temperature (1 -5 °C).
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Figure 30. a) Formylation performed on 100 mmol scale. The procedure exploits the addition
of 39 solution to a heterogeneous mixture of MeONa, methyl formate in hexane. b) The pure

131 was discovered to be a low-melting point solid.

Later studies performed by our industrial collaborators on preparative scale found the lab-scale
optimised conditions were yielding mixtures difficult to stir with mechanical systems,
impeding the completion of the reaction. This problem was attributed to the formation of
extremely unsoluble aggregrates which were generating unstirrable bulky blocks. To prevent
this issue, other solvents needed to be investigated. Ethers such as 1,2-dimethoxyethane
(DME), bis(2-methoxyethyl)ether (triglyme), tetrahydrofuran (THF), and 4-methyl-
tetrahydropyran (4-Me-THP) are well-known to be chelating agents for alkali metals and their

efficiency were therefore examined in this system (Table 20).2>°
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Table 20. Screening of different solvents for the preparation of 131.

(0]
] H)J\OMe OH O OH
137 (1.2 eq.) X o)

MeONa (1.2 eq.)
Solvent [1 M of 39]
0°C->rt., ON

39 131 138
Entry? Solvent Triglyme (%) Stirrable (Yes/No)®

1 THF - No

2° DME - No

3 DME - Yes (33%)

4 Hexane 5 No

5 Hexane 10 No

6 Hexane 50 No

7 Triglyme - Yes (29%)

8 4-Me-THP - 92%

2 The experiment were carried out on a 10 mmol scale; ® Conversions to 131 on the brackets based on *H-NMR spectra using
dimethyl fumarate as internal standard; ¢ A mixture 1:1 DME:Hexane was employed.

Our initial investigation in this area was directing toward finding possible replacements for the
hexane and THF was considered to be a suitable candidate as it has been widely reported in
literature for formylation of ketones.?! Unfortunately, the direct replacement of hexane with
THF created a mixture that was unstirrable (Table 20, Entry 1). The same block solid mixture
was also obtained when a 1:1 mixture of DME (1,2-dimethoxyethane) and hexane was tested
(Table 20, Entry 2). When DME fully replaced the hexane, the mixture was stirrable, however,
once it was worked up, the desired product 131 was obtained in only 33% along with 44% of
the 138 (Table 20, Entry 3). We next investigated an ether with a longer side chain, namely,
triglyme. Due to its quite high boiling point (162 °C), we first considered using it mainly as a
solubilising additive. Thus, several experiments gradually increasing the percentage of
triglyme in hexane were conducted (Table 20, Entries 4 — 6). Sadly, the resulting mixtures all
proved to be unstirrable. This also impacted the final results as when the solvent was removed
by vacuum distillation the 131 was isolated only in 29% yield (Table 20, Entry 7). To our
delight, the reaction mixture in 4-Me-THP was found stirrable throughout the entire reaction
and, after work-up, the desired material 131 was isolated in a pleasing 92% yield (Table 20,
Entry 8).

103



2.2.1.2.  Pyrimidine ring formation

To rapidly assess the feasibility of the designed Route A, the subsequent stage of the process
was investigated alongside with the formylation. As already mentioned previously, several
synthetic methodologies for pyrimidine ring formation have been described in the literature, in
particular, Bredereck et al. developed an efficient method starting from 1,3-diketones. The
procedure consists of heating at 220 — 240 °C a mixture of the diketone along with sodium
sulfate, formamide (139), and 2-n-butoxyethanol (solvent).?®> The reaction was therefore
reproduced using our substrate of interest 131 and after 1 hour of heating no more starting
material was noted by TLC and LC-MS analysis. The reaction mixture was biphasic with the
top layer containing the two diastereoisomers in a ratio 6:4 trans:cis (Scheme 51). The
mechanism has not been studied so far due to the multiple possible pathways; however, a
postulated sequence starts with the introduction of the formamide on the more reactive carbonyl
group with a release of water. At high temperatures (above 168 °C), formamide decomposes
to carbon monoxide and ammonia, which reacts with the N-formyl intermediate 140 to give
the formamidine 141. The latter undergoes a 6-exo-trig cyclisation yielding the tricyclic

material following dehydration producing the desired material 37.

PN
oH 9 HCONH, (139) N \N H
X [1 M of 131] X
+
X
131 210°C,1h H
trans-37 cis-37
-H,0 Conversion: X= Na,SO, 48% (d.r. 6:4)
0,
HCONH, CaCl, 46%
-H,0
HCONH2

Scheme 51. Preparation of Ambertonic™ from 131 and formamide following the procedure of

Bredereck et al. The proposed mechanism of the reaction is hereby depicted in grey line.
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Conversions based on *H-NMR spectra employing dimethyl fumarate as internal standard. X

can be sodium sulfate or calcium chloride.

The purification of the crude mixture was carried out via distillation and this allowed the
collection of the desired compound in up to 78% purity; unfortunately, no better result could
be obtained even after double distillation. The conversion to Ambertonic™ was acceptable at
48%. The same results were obtained when changing the sodium sulfate for CaCl, as a
potentially more dehydrating agent (46%). An attempt to crystallise the mixture from EtOH
brought about the discovery of the compound 143. In order to determine whether this
compound is an intermediate or a by-product, the pure dimer 143 was heated at 210 °C and

after 8 hours Ambertonic™ was isolated in 53% yield (Scheme 52).

N
N“ °N

HCONH, (139) | H

[1 M in 143] XN

+
Na2804
210°C,8h H
(£)-trans-143
trans-37 cis-37

Conversion: 53%

A (d.r. 7:3)

HCONH; ——— NHj,4 -H,0
139 0

Scheme 52. Compound 143 subjected to the reaction conditions for the preparation of
Ambertonic™ (black line). Proposed mechanism for the decomposition (grey line). Conversion

based on *H-NMR spectra employing dimethyl fumarate as internal standard.

A further experiment was therefore set up in order to better understand this observation and
implication on the mechanism of formation. As can be seen in Figure 31, the dimer 143
converts to Ambertonic™ over the first 5 hours of heating but then reaches a plateau. After 1

hour, 39 is detected although vanishing roughly 4 hours later. Thus, 143 could be considered
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as an intermediate which progresses to a half yield of Ambertonic™, whereas the other half
essentially decomposes, and potentially contributes to the formation of additional by-products

(see mechanism Scheme 52).

143 143
WKWW
After 1 h 39
A JL
After 3 h 37
L | |
After 4 h L
I JM
After5h J
After 6 h |
\\H
I
—_— e ]

After 8 h

T T T T T T T T
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
Retention time (min)

Figure 31. GC-MS spectra of the dimer 143 and control of the reaction described in Scheme
52. The peak highlighted in the green, orange, and blue area represent respectively dihydro-
cashmeran 39, the two isomers of 37, and the dimer 143.

It was then deemed important to determine the other intermediates of this reaction, therefore,
the mixture was monitored carefully via GC-MS sampling every 10 minutes. During this
experiment, other intermediates were also detected such as proposed species 140 and 146. As
can be observed in Figure 32, after 10 minutes Ambertonic™ is formed along with structures
143, 140, 146 and a small amount of 39, which again tends to disappear during the reaction.

After roughly 30 minutes some intermediates are still detected and the mixture remains similar
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for the remaining duration of the time. All the peaks from 6.2 min to 9.4 min have m/z equal to
453 or 453+18 which could be attributed to the isomers of 143 and their hydrated forms.

OHC. OHC.

0 NH O NH
N
HCONH, (139) 39 140 147
131 [1 M of131]
> P
Na,SO, NH, O N‘ SN
210°C,1h NS %
+ 143
146 37
After 10 min 37 |
‘ !‘ 140

| 39 146 ‘ h 143 or 143+H20

\ {

“\ \|‘ } HM‘\

Y| DN VESYWY BN ! SIARINTY

After 20 min W\M
After 30 min
After 40 min
o FM
After 60 min 147

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 9.0 92 94 96 98 10.
Retention time (min)

Figure 32. GC-MS control of the reaction. The peak highlighted in the grey, green, yellow,
orange, blue, and red area represent respectively dihydro-cashmeran 39, the two isomers of 37,
the compound 146, the intermediate 140, the dimer 143, and the by-product 147.
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To reveal whether compound 39 forms Ambertonic™ with formamide, the former was treated
under the same reaction conditions (Scheme 53). Surprisingly, Ambertonic™ was isolated in

only poor yields (8%) and the main product was instead compound 147.

OHC.
NH
HCONH, (139)
[1 M of 39]
+
N32804
210°C,4h H
147
Iso. yield 8% 57%
HCONH,
-H,0 co,
~ l o .
(@) H,O O
2 NH
N" O - + NH
| H H)kNH2 H” “OH ? H/Q H
139 149 T
o
H H
| 148 150

Scheme 53. Attempt to obtain Ambertonic™ from 39 using formamide. The proposed

mechanism for the formation of 147 in hereby depicted in grey lines.

This compound may imply a Leuckart reaction is occurring.?®*?** The reaction could be
attributed to the presence of dihydro-cashmeran 39 and the hydrolysis of formamide into
ammonium formate at high temperature. The latter compound was also identified in Figure 32
and it appears to be forming during the reaction. By comparing the *H-NMR spectra of this
characterised new compound 147 with the previously obtained Ambertonic™ distillate (74%
purity), we discovered the Leuckart’s product 147 could be the reason for the difficult

purification as it has physical properties similar to the final material (Figure 33).
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Figure 33. 'H-NMR spectra of the distillate obtained from the crude reaction compared with
Ambertonic™ (37) and the N-formyl compound 147. The spectra of 147 is in acetonitrile-d3

instead of chloroform-d.

Until this moment, a mixture 60 %ww of 131 in 39 was employed for the investigation due to
the difficulties in preparing and isolating a purer sample of 131 (see section 2.2.1.1). Once
optimised a more efficient procedure to 131, the pyrimidine ring reaction step was carried out
with this new pure material and 37 was obtained as a white solid in 91% purity after vacuum
distillation. The overall isolated yield was 65%, although a small amount of Leuckart reaction
147 was still detected (*H-NMR spectra shows a roughly 95:5 ratio Ambertonic™:7). As
described above, this compound could be forming from the decomposition of the dimers 143

which were also still observed in the distillation residue (Figure 34).
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Figure 34. GC-MS spectra on the distillation residue which shows the dimers 143 and
Ambertonic™ in small amount. The peak highlighted in the orange, and blue area represent

respectively the two isomers of 37, and the dimers 143.

Encouraged by these promising results, we then opted in understanding the effect of the
temperature on the reaction selectivity. Initial studies performed at low temperatures (100 —
120 °C) showed only formation of dimer 143 was detected instead of Ambertonic™. This
suggests higher temperatures may be necessary for the cyclisation to occur. For a rapid and
simple examination, in the earlier experiments the temperature of the reaction was controlled
by the hold temperature of the hotplate, and no internal measurements were carried out. We
therefore first repeated the previous experiment to measure the internal reaction temperature to
establish a starting point for the screening. We discovered when the hotplate was set up at 210
°C the internal mixture was heated up to 180 °C. For these reasons, we reckoned it noteworthy
to investigate temperatures ranged between 150 and 200 °C to better appreciate the reaction
and optimise the method. The experiments were carried out without using CaCl, in order to

simplify the work-up process for direct analysis (Figure 35).
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Figure 35. Screening of the reaction conditions for the synthesis of Ambertonic™., Conversion

based on *H-NMR spectra employing dimethyl fumarate as internal standard.

As shown in Figure 35, the conversion rises with increasing temperature; probably due to a
faster cyclisation rate. However, longer reaction times shows reduction of Ambertonic™ (from
66% to 54% after 2 hours at 180 °C). To explain the singularity, a pure sample of Ambertonic™
was placed under the same reaction conditions. After 4 hours at 180 °C, a new fully oxidised
quinazoline analogue (dehydro-Sinfonide, 151) was isolated in 77% yield (Scheme 54). Thus,
Ambertonic™ oxidizes when heated under the reaction conditions. As 200 °C would present a
challenging temperature to reach both in lab and at plant scale, we decided to employ a

temperature of 180 °C & 4 h as the optimised reaction conditions.

N N
NN HCONH, (139) N N
[1 M of 37] A
CaCl,
180 °C, 4 h
151
Yield 7%

Scheme 54. Trans-Ambertonic™ placed in the reaction conditions forms dehydro-Sinfonide
(151).
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Having optimised the temperature, we then performed a screening of different potential
additives to improve the reaction selectivity. As can be seen in Table 21, the dehydrating agent
plays a key role in the reaction outcomes. The latter may be preventing the hydrolysis of
formamide to ammonium formate keeping the amount of water low during the reaction (Table
21, Entry 1). An acid catalyst such as Zn(OAc). does not improve the reaction performance,
on the contrary the mixture appeared to be darker and was more difficult to purify (Table 21,
Entry 11). This may be attributed to the formation of hydrogen cyanide and its polymers
derivatives. It is described in the literature, acid catalysis decomposes formamide in hydrogen
cyanide decreasing the decarbonylation process.?® Surprisingly, the addition of ammonium
acetate did not encourage the pyrimidine formation (Table 21, Entry 4), therefore, an extra
source of ammonia does not reduce the formation of the dimer 143. Other than sodium sulfate
and calcium chloride, additional dehydrating agents were also evaluated such as common
zeolites (MS 3A and MS 4A) and sodium chloride (Table 21, Entries 8 — 10). However, the
results still show a better achievement utilising calcium chloride (Table 21, Entry 3). The
outcome was also compared to the sodium sulfate initially employed as reported in the
literature (Table 21, Entry 2).2°2 When molecular sieves were employed, the work-up proved
to be problematic due to the formation of emulsion in the phase separation and therefore low
conversions may be attributing to such issue (Table 21, Entries 8&9). As mentioned earlier,
the reaction mixture comprises of two phases; formamide, and compound 131. To improve the
mixing and active surface area between the reactants, as reported by Bredereck et al, the
reagents were diluted in a high boiling point solvent such as 2-n-butoxyethanol. When the
experiment was performed, instead of a dark brown tar usually obtained under SFC, a clear red
solution was obtained, however, comparable results were obtained (Table 21, Entry 5). To
reduce the amount of dimer 143 in the reaction, we also attempted to slowly add either
formamide or 131 into the reaction mixture to decrease the probability of dimerization,

although with no improvements (Table 21, Entries 6&7).
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Table 21. Screening of the reaction conditions for the Ambertonic™ synthesis.

f ~
OH Q HCONH, (139) NA‘N H
X [1 M of 131] XN
Additives ’
180 °C,4 h H
131 trans-37 cis-37
L )
d.r. 6:4
Entry? Additives/Solvents Conv. 37 (%)°

1 - 66
2 Naz2SO04 70
3 CaClz 73
4e NH4OAc 63
5 CaCl2/2-n-butoxyethanol 68
6¢ CaClz/2-n-butoxyethanol 65
7e CaCl2/2-n-butoxyethanol 57

MS 3A 54

MS 4A 52
10 NaCl 64
11f Zn(0OAc)2 42

2 The experiments were carried out on 10 mmol scale;? Based on 'H NMR spectra employing dimethyl fumarate as internal
standard;® 1 equivalent was used;? A solution of 131 in the solvent was added to a mixture of CaClz and formamide at 180
°C over 2 hours;® Formamide was slowly added to a mixture of 131, CaClz in the solvent;’ The reaction was performed on 1

mmol scale with 10 mol% of zinc(l1) acetate.

As the industrial collaborators were also interested in developing the synthetic preparation of
Sinfonide, an unsaturated Ambertonic™ analogue (153), the same cyclisation reaction was also
briefly studied starting from its formyl-cashmeran derivative 152. As can be seen from Figure
36, 151 was found to be a main by-product in this procedure. It can be noticed that the amount
of dehydro-Sinfonide (151) increases as the reaction progresses. In this case, only one
temperature was examined; 3 hours at 180 °C resulted to be the best conditions for the reaction,

although 6% of 151 was also formed.
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Figure 36. Screening of the reaction conditions for the synthesis of Sinfonide 153. Conversion

based on 'H-NMR spectra employing dimethyl fumarate as internal standard.

2.2.1.3.  Aflow set-up for the pyrimidine formation

The positive outcomes as obtained using 2-n-butoxyethanol as the solvent made us think of a
possible flow approach for this last stage. Thus, we set up a flow apparatus (Unigsis FlowSyn)

based on the batch conditions. A process flow diagram is described in Scheme 55.
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2 mL

OH O 180 °C, 4 h

250 psi
| —ome—

(0.1 mL min'")

131
formamide
1 M in 2-n-butoxyethanol

37 (d.r. 6:4)
Conversion 20%

Scheme 55. Flow setup for the synthesis of Ambertonic™. Conversions based on H-NMR
spectra employing dimethyl fumarate as internal standard.

In order to dehydrate the solution, a packed column filled with molecular sieves was integrated
before the reactor coil. Attempts to utilise packed columns of calcium chloride (using a 1:1
mixture of CaCl,and sand) resulted in line blockages of either the stainless steel coil reactor or
the tubing after the column. Once exiting the column, the stream was directed into a 25 mL
stainless steel coil reactor maintained at a temperature of 180 °C. The chosen residence time
was transposed from the optimised batch reaction. When we employed the amount of
formamide utilised under batch conditions (1 mL for 1 mmol of 131), this brought about a high
pressure build-up, tripping the max pressure working of the HPLC pumps. This premature
stoppage prevented us from collecting the product stream. We therefore lowered the amount of
formamide (800 vs 1000 ul/mmol of 131) to prevent the over-pressure. Unfortunately, the
setup was no more efficient than the batch process. Under the flow optimised conditions,

Ambertonic™ was obtained in 20% vyield.
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2.2.1.4.  Toward a one-pot procedure

Having optimised individually the two steps of the process, we decided to develop a one-pot
procedure where the Na-131 salt was not isolated. The intermediate was instead quenched with
an acid and then immediately utilised in the next stage (Table 22). As the cyclisation step
requires high temperatures, the solvent employed in the initial stage was distilled off from the

reaction mixture and therefore could be recovered for re-use.

Having performed the first one-pot trial, we were glad to observe the formation of
Ambertonic™ in good yields (56%, Table 22, Entry 1). As we know from the previous chapter
(section 2.2.1.1), the formyl-dihydro-cashmeran 131 could potentially be decomposing during
the intermediate step, and therefore we attempted an optimisation of the latter (Table 22).
Consequently, different acids (polyphosphoric acid and sulfuric acid) and distillation
temperatures (95 °C and 36 °C) were studied, however, the changes did not seem to improve
the outcomes (Table 22, Entries 1 — 3). To further optimise the methodology, we also
considered the possibility of reducing the amount of formamide as it may impact on the
purification step, due to formation of emulsions and undesirable by-products. When smaller
quantities were employed, solidification of the reaction mixture occurred, possibly due to a
complete decomposition/evaporation of the formamide (Figure 37). In order to avoid this issue,
the same experiment was performed employing 2-n-butoxyethanol as a solvent, yielding
similar results (Table 22, Entry 4). As expected, when a larger amount of chemical was
employed, the extraction of the product proved substantially harder due to the formation of

emulsions, and causing low isolations (Table 22, Entry 5).
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Table 22. Screening of reaction conditions for one-pot synthesis of Ambertonic™,

;. ©
H)J\OMe HCONH,
o 137 (12eq) |QH O (139)
MeONa (1.2 eq.) N [1 M of 39]
2. Acid CaCl,
3. Hexane 180°C, 4 h
39 distillation 131 trans-37 (d.r. 6:4)
Entry? Acid Vol. formamide (mL) Conv. 37 (%)°
1¢ PPA 20 56
2d PPA 20 58
3 H2S04 20 55
PPA 5 17 (22)¢
5 PPA 40 40

2 The experiments were carried out on 20 mmol scale; ® Based on 'H-NMR spectra employing dimethyl fumarate as internal
standard; ¢ The distillation was performed at 95 °C (hotplate’s temperature) at atmospheric pressure; ¢ The distillation was
carried at 36 °C (hotplate’s temperature) at 190 mbar; ® Conversion obtained when 20 mL of 2-n-butoxyethanol was added

before starting the second step.

Figure 37. Block of solid yielded when 5 mL of formamide was employed.

Having established the principle of a one-pot procedure for the synthesis of Ambertonic™, we
considered to examine the final purification (Figure 38). As the reaction mixture is biphasic,
the organic layer (top) can be directly separated from the other layer (bottom). In this way the

desired product is then distilled.
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Figure 38. Apparatus used for the one-pot procedure of the synthesis of 37. In the flask two
layers can be noticed; the bottom layer is mainly formamide along with CaCl, and the top layer

is where the product is distilled from.

Unfortunately, the initial distillation of the organic layer provided the target compound 37 but
contaminated with the Leuckart’s product 147, showing the same issue initially encountered
(section 2.2.1.2). These outcomes suggest a small amount of 39 was remaining unreacted from
the first step (Table 23). As a consequence, an increase amount of MeONa was employed (1.5
equivalents) this had the effect of dramatically decreasing the impurity formation (Table 23,
Entry 2).

Table 23. Screening of reaction conditions for the synthesis of compound 37.

1
H™ "OMe HCONH,
o 137 (1.2 eq.) (139)
MeONa (eq.) [1 M of 39]
2. Acid CaCl,
3. Hexane 180°C, 4 h
39 distillation trans-37 (d.r. 6:4) 147
Entry? eg. MeONa Conv. 37 (%)° Conv. 147
1 1.2 32 22
2 15 53 4

2 The experiments were carried out on 20 mmol scale;? Based on 'H-NMR spectra employing dimethyl fumarate as internal

standard.
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As our industrial collaborators were finding it challenging to avoid the formation of this
impurity, a down-stream procedure for its removal was therefore perceived to be a good option
and was thus taken in consideration. Several deprotecting procedures for formides have been
described in literature.?®® Sadly, classic acid or base catalysis did not allow for the efficient
hydrolysis of this particular formyl group, moreover oxidation of Ambertonic™ (37) to
Sinfonide (153) occurred under many of the acidic conditions tested. For these reasons, we
attempted to develop a hydrogenolysis method. Several catalysts were screened on a mixture
of 69% Ambertonic™ (37) and 17% of compound 147. As can be seen in Table 24, none of the

catalysts allowed us to achieve our outlined aim.

Table 24. Screening of catalysts for the hydrogenation of a mixture 37 and 147.

NN OHC. ., NN NH,
H, (10 bar)
+ —— +

60 °C,10 h

147 154

Entry? Leuckart's (%)° Catalyst

1 19 -

2 18 Pd/C

3 15 Pt/C

4 16 Ru/C

5 19 Wilkinson's

6 15 Pd encat

7 19 Ni/C

2 The experiments were carried out on 20 mmol scale;” Based on *H-NMR spectra employing dimethyl fumarate as internal

standard.

As we were also optimising a procedure for compound 153, we therefore applied the same
preparative method for the preparation of Sinfonide (153). The same procedure was performed
on the substrate 38 and Sinfonide (153) was isolated in 51% yield (Scheme 56).
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H” “OMe HCONH,

o) 137 (1.2 eq.) OH O (139) NZN
MeONa (1.5 eq.) N [1 M of 38] NN |
2. Acid CacCl,
3. Hexane 180°C, 4 h
38 distillation 152 153

Iso. yield 51%

Scheme 56. One-pot procedure applied to Cashmeran (38) to yield Sinfonide (153).

Therefore, having solved the issue with mixing in the formylation step (see section 2.2.1.1),
and having optimised the reaction conditions for the one-pot procedure, we performed the
experiment employing 4-methyl-tetrahydropyrane (4-Me-THP) replacing hexane as the initial
solvent. To our delight, the process yielded the desired materials 37 and 153 without loss of
yield (58% and 51% respectively).

2.2.2. Alternative strategies to the pyrimidine scaffold: Route D

2.2.2.1.  Starting from dihydro-cashmeran

The first attempted alternative strategy to Ambertonic™ was via a 2-substituted pyrimidine
derivative 155, where X could be an amino, thiol or hydroxyl group, which could be
subsequently removed either via a reductive or oxidative step to yield the final product (Scheme
57).2577266

X
NN N)§N

OH O 0]
| Z l % S
p— p— p—
37 155a-d 131 39

X= NH2, OH, SH, N2H4

Scheme 57. Retrosynthetic pathway for the synthesis of 37 through scaffolds 155a-d.
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The preparation of the different pyrimidine derivatives started off by preparing the amino-
pyrimidine 155a, pyrimidinone 155b, pyrimidin-thio-one 155c, and hydrazinopyrimidine
155d. In the literature, the methods used to prepare such species are miscellaneous, however,
most of them employ basic conditions.?®’2"> Thus, the formyl dihydro-cashmeran 39 and
corresponding urea derivative (157a-d) were treated with sodium hydroxide in ethanol (Scheme
58). Unfortunately, from these conditions none of the compounds 155 were formed and,
according to GC-MS monitoring, the starting material 131 was instead converted into the
dihydro-cashmeran 39 after 3 hours. It was then discovered the elimination of the formyl group
under acidic and basic aqueous condition has been described in the literature.?’52’" In fact,
compound 131 decomposed fully after 2 hours when treated with a NaOH solution in EtOH,
forming dihydro-cashmeran. It could therefore be speculated that a possible mechanism of the
decomposition occurs through the addition of a hydroxyl anion to the formyl group. The driving
force of the reaction is the formation of formic acid, which allows the protonation of the enolate
Na-39.

X
OH © HZN)J\NH2 o HN)J\N
X |
157a-d (4 eq.) _ S
NaOH (3 eq.)
EtOH [0.1 M of 131]
131 reflux, 3 h 39 L ]
155a-d
X = NH, (157a), O (157b),
S (157c), NHNH, (157d)
OH-

Ho 37 Q@ HO O} § o o
H™ Y — > H —
U = T = O
156 156 Na-39 149
Scheme 58. Screening of the preparation of 155b-d in basic conditions using thiourea, urea,

and aminoguanidine bicarbonate (black line). Suggested decomposition pathway for 131 in

basic conditions (grey line).

Focusing on the preparation of the pyrimidin-thio-one 155c, we decided to investigate the
addition of thiourea under several reaction conditions (Table 25). Firstly, the reaction was

performed in ethanol under neutral conditions (Table 25, Entry 1). Unfortunately, the
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experiment was found to be sluggish and did not yield the desired derivative 155c. In fact,
chromatographic purification of the crude mixture allowed the isolation of the products 39,
159, and 158. The latter was identified with spectroscopic analysis as the enaminone derivative.
The cis-isomers of 131 seem to be less reactive with thiourea (157c), probably due to the steric
hindrance of the pentamethyl-cyclopentyl ring. When acid conditions were employed, the
enaminone 158 was not formed, instead, the hydrolysed material Cashmeran 39 was detected
as main component via GC-MS (El), probably due to the presence of trace water in the solvent
(Table 25, Entries 2). Higher temperatures and SFC did not improve the reaction, even though
a small portion of 158 was identified (Table 25, Entry 3). As some of the intermediate 158 was
observed forming in the reaction at 78 °C, we wondered whether an increase of temperature
may lead to the cyclisation step. Therefore, the reaction was performed in 1,4-dioxane at 160
°C and 181 °C (through sealed microwave reactions), however, none of the desired compound
155c was detected (Table 25, Entries 4&5). Although a VERY stinky smell of rotten egg was

instead noted, which would suggest thiourea (157c) decomposition.

Table 25. Reaction conditions attempted for the preparation of the pyrimidin-thio-one 155c.

S
OH © HZN)J\NHZ o,
X 157c (4 eq.) H,N
+ o +
Catalyst
EtOH [1 M of 131] H
reflux, 5d
131 39 cis-159
Catalyst . o Conv. Yield 158 (%0)P Yield 39 Yield 159 (%)
a
Entry (moloey  1ime(h)  Temp.(°C)  gpnn (Z:E ratio) (%)° (Z:E ratio)
- 120 78 50 12 (4:6)° - 13 (6:4)°
2 H2S04 (10) 1 78 100 - 85 -
3d H2S04 (10) 1 150 100 - 85
480 . 1 160 100 -
5ed 1 181 100 -

aThe experiments were carried out in a 10 mmol scale;? Based on GC relative area percentage (RAP);¢ Isolated yield; ¢ Reaction
performed under solvent-free conditions;® Reaction performed employing 1,4-dioxane as solvent;9 The experiment was

performed in the microwave.

As the possibility for a cyclisation of 158 into 155¢ was still of significant interest, we resolved

to test other strategies to this intermediate. The latter could then be evaluated for the cyclisation
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278 we

under different conditions. Following a few interesting procedures from the literature,
examined the preparation of 158 through a derivative such as the chloro analogue 164 which
would allegedly be more reactive with thiourea (Scheme 59). Surprisingly, every attempt to
obtain compound 164 (using thionyl chloride and chloroacetyl chloride at low temperatures
and diluted conditions) instead formed the isomer 165, which was identified via NMR and
mass spectrometry analysis. The product may be forming due to a rapid isomerisation of the
enol 161 to the more stable enol 162, which cyclised into an unstable chloro-cyclobutene

intermediate and rapidly ring-opening to form the product 165.

OH O Cl O Cl O

N "Cl" (1.2 eq.) S
DMF (2.5 mol%)
131 toluene [1 M of 131] 164 165

rt,3h Iso. yield 70%

- T

]
. _S.
ci”o  0) cI”>™0  OH e ko .80, 0
S _-Her
HCI Cl — Cl
H
160 161 163

Scheme 59. Attempted synthesis of compound 164 from 131. The “CI*“ is derived from the

SOCI; or chloroacetyl chloride. A proposed mechanism for the generation of product 165 is

depicted in grey.

Since the first synthesis to the intermediate 158 was ineffective, we considered to venture an
alternative preparation. The route consists of forming the 3-amino-enone compound 146 which
reacts with potassium thiocyanate and ammonium chloride to obtain the enaminone 158
(Scheme 60).

OH O NH, O NH,CI )S]\ O
—_— —_— H
131 146 158

Scheme 60. Proposed alternative pathway to 155c via the 3-amino-enone 146.
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Hence, the compound 146 was prepared from 131 using an ammonia solution in 1,4-dioxane.
(Scheme 61). The thiocyanate addition and cyclisation experiment was carried out in two
different solvents: EtOH and 1,4-dioxane. Sadly, both of the trails ended in a mixture of

different compounds where the main product could be identified as the dimer 143.

OH O /o) ’
X NH3 (2 eq.) N
1,4-Dioxane g
131 [0.5 M of 131] (i)_trans_146 F'
rt,3h

1:1E:Z
Iso. yield 56%

KSCN (1 eq.)
HN NR,Cl(1 ea) + Others
A EtOH o 1,4-Dioxane
- - H 1 M of 146
(x)-trans-146  H [refluc:(, v h] (4)-trans-143

E:Z ratio: 1:1

Scheme 61. Reaction conditions for the preparation of the 3-amino-enone 146 and attempt of

the preparation of 155c.

A dihydropyrimidine system had been prepared from o,p-unsaturated ketones by Shibata and
Funabiki et al. in 1999.2° Following this procedure, a strategy was elaborated where an exo-
methylene compound 166 was prepared to obtain the pyrimidine precursor 167, which would

gain Ambertonic™ (37) after a dehydration-oxidation step (Scheme 62).

AcOH
H N NH S
0 w |V SNoy
NaOH
—_—
166 MeCN 167

Scheme 62. Synthetic strategy for the synthesis of Ambertonic™ starting from the exo-olefin
166.

Hence, a screening for the preparation of the exo-ene compound 166 was carried out. The

procedures for a-methylenation are miscellaneous and described on many different
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substrates.?8-2%4 We decided to focus on a catalytic approach using triflate ammonium salts
which would enable the process to be as efficient as possible and less hazardous through the
use of paraformaldehyde instead of the aqueous solution.?® Unfortunately, the screening of
different amines did not lead to higher conversions than 50% and the main product isolated in
traces was the rearranged compound 168 in 50% yield (Scheme 63). We allegedly propose a
similar mechanism to the one depicted in Scheme 59 for such rearrangement.

base (1 eq.) o) 0

TFA (1.1 eq.) H
Paraformaldehyde (2 eq.)

THF [0.1 - 1 M of 39]
reflux, 24 h H

. i 166 168
Conversion 24 - 50% Not detected Iso. yield 50%

Base: iPr,NH, pyrrolidine, N,N-diethylethylenediamine

Scheme 63. Attempts of methylenation of starting material 39 which mainly lead to compound
168.

Having experienced difficulties in efficiently forming intermediates of 39, it was considered
valuable to investigate the pyrimidine ring formation directly starting from starting material
39. As an example, several electron-inverse-demand Hetero-Diels-Alder reactions between
ketones and 1,3,5-triazine have been used to obtain pyrimidine rings.?8>?® The reaction
conditions were therefore reproduced using substrate 39 (Table 26). Unfortunately, the first
attempt performed using the reported highest performing catalyst (prolinamide) did not furnish
any of the desired species 37, instead it only resulted in its oxidation to Cashmeran (38) at the
higher temperatures (Table 26, Entry 1). Changing the catalyst to pyrrolidine a slight
improvement was noticed (Table 26, Entry 2). Using other bases such as morpholine and
benzylamine did not result in any better results (Table 26, Entries 3 — 4). As can be seen in
Figure 39, the main component of all the crude mixtures remains compound 39. A test
experiment to validate the general conditions using cyclohexane as the substrate was also
carried out and was shown to successfully form the pyrimidine ring structure in good
conversion (50%) as described in literature. The outcomes may suggest the carbonyl group of

compound 39 is less reactive.
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Table 26. Attempts to perform electron-inverse-demand Hetero-Diels-Alder reaction and the

catalysts screened.

Catalyst (20 mol%)

1,3,5-triazine (1 eq.)
DMSO [0.4 M of 39]
90 °C, 24 h

38
when heated at 150 °C

Entry? Catalyst Conv. 37 (%)°
1 prolinamide -
2 pyrrolidine 6
3 morpholine -
4 benzylamine -

@ The experiments were carried out on 2 mmol scale;? Based on *H-NMR spectra employing dimethyl fumarate as internal

standard.
37
‘ \
Morpholine ‘
|
Pyrrolidine H }
MMNWM
Prolinamide | h ‘\ ﬂ' M
ik |
| LJ‘“‘ /\\”‘1 WM J\WU W{W\’\%@m’m\ W)VAJW \\j“\ \I‘\ \H MU‘ L
Benzylamine | \ H ' fﬂ \
‘ Wr\ A W\ rM H\\M MM |
w‘&w MJJ m I ‘ﬂu 'M‘”&«J ! J“ \]’L”MJM‘U\" W W
" | b “ Nl
A S L

O S,

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 1.0 09 08 07 06 05 04 03 0.2
f1 (ppm)

Figure 39. 'H-NMR spectra of the reaction mixture using different amines compared with 39
and Ambertonic™ (37).
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2.2.2.2.  Changing the starting material

Having explored possible routes from dihydro-cashmeran 39, we evaluated a synthetic
preparation commencing from an entirely different and simplified starting material. We
proposed the use of readily available 2-isopropylaniline (169) where the isopropyl group could
be exploited for the construction of the indane ring and the amino group as a constituent of the

pyrimidine moiety (Scheme 64).287:288

NH,  NT™N NN
quinazoline | |
formation Cyclization
169 170 171

Isomerization

Scheme 64. Proposed synthetic strategy starting from 2-isopropylaniline (169).

Very few examples of quinazoline preparation methods based upon 2-substituted anilines have
been reported in literature.?8°2%2 We thus commenced on a screening program of reaction
conditions to evaluate the quinazoline ring formation. However, due to the temporary
unavailability of aniline 169, o-toluidine (172) was instead employed. We therefore assessed a
possible formation of the quinazoline scaffold 174 using a cited Bredereck set of conditions
(section 2.2.1.2),%522% however, under these conditions only the N-formylation was obtained
(Scheme 65).

NH, HCONH, (139)  OHC NTSN
[1 M of 172] |
+
CaCI2 ©/
180 °C,4 h
172 173 174
Conversion quant. 0%

Scheme 65. Attempted quinazoline 174 formation under Bredereck conditions. Conversion

based on 'H-NMR spectra employing dimethyl fumarate as internal standard.
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We then opted to test a literature method reported by Zanatta et al. The methodology starts
from the synthesis of the ethyl carbamate intermediate 175 (Scheme 66).23%2% The authors
proposed an initial acid-mediated ortho-formylation to form the intermediate 179 which then
transforms into the dihydro-quinazoline compound 176 via an ene reaction. The method had

been already applied on the aniline 172 reporting a 38% isolated yield.

_CO,Et
HN™ 2 NN CO2E 10% KOH (H,O:EtOH 1:1) NTXIN
HMTA (1 eq.) | [0.02 M of 176] |
—_—
TFA [0.3 M of 175] K3Fe(CN)g (1 eq. for 4 cycles)
110 °C, 10 min 100 °C, 10 min
175 MW 176 MW 174
fNj Iso. yield 38%
N (VN Ene
L-N—/ Reaction
177
+ 4N
N -+ _CO,Et _CO,Et
N(\N HN™ 2 HN ﬁNAN 2
A\
\\NH K’QJ ~
Ho
178 179

Scheme 66. Reaction conditions for the formation of quinazoline 174 following the literature

of Zanatta et al. (black). The proposed mechanism is also depicted in grey.

Based on the reported procedure, we first prepared the N-protected intermediate 175 through
condensation with ethyl chloroformate (180). With quantities of compound 175 in hand, the
subsequent step was attempted in a PTFE coil flow reactor instead of exploiting the microwave
reactor as indicated in the literature (Scheme 67) as it was thought it could be an interesting
example of a continuous system for the formation of pyrimidine rings. The reaction was
performed at different temperatures (90 — 100 — 110 °C) and different residence times (10 — 30
— 60 minutes). At temperatures below 110 °C only starting material was recovered whereas at
110 °C a complex mixture was obtained where the para-formylation product 181 was isolated

as a major product.
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NH, CI)J\OEt EtO2C-
180 (0.5 eq.)
[:Ej// DCM [2 M of 172] [i:j//
rt.,3h
172 175
Iso. yield 84%
10 mL
EtO2C-\h 110 °C, 10 min EtO2C-\h
5 bar
©/ @@m—.» ©/ + other products
(2.5 mL min™")
25 mL
175 CHO
HMTA (1 eq.) 181
0.3 M in TFA Iso. yield 25%

Scheme 67. Attempted preparation of quinazoline 174 exploiting flow apparatus.

These outcomes were attributed to the steric hindrance at the ortho-position with respect to the
para-position. Considering the proposed mechanism of the reaction, it was meaningful to
attempt the cyclisation using the formyl group rather than the designated carbamate group in
175. Unfortunately, compound 173 reacted under the Zanatta conditions brought about a

complex mixture where no desired product could be detected (Scheme 68).

10 mL

OHC- 1 110 °C, 10 min NN
5 bar l
. . L
(2.5 mL min™")
25 mL
173 174
with HMTA (1 eq.) Conversion 0%

in TFA [0.3 M]

Scheme 68. Attempted synthesis of quinazoline 174 from the formyl amide 173.

2.2.3. X-Ray structure of Ambertonic™ and the nature of its “selective”

configuration

Along with being able to optimise a preparative method for the targeted fragrance Ambertonic™
(37), we were also able to obtain an SCXRD structure. After performing several attempts at
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crystallisation on the cis/trans mixture, we decided to purify the mixture via flash
chromatography. To our delight, we were able to isolate a single crystal suitable for the purpose
and confirm the presence of the pyrimidine ring and the relative configuration as anti between
the protons at C-6 and C-2 (Figure 40).

Figure 40. Single crystal X-ray structure of the trans-isomer of Ambertonic™,

Additional information can also be extracted from the 3-D structure regarding the relative syn
configuration between the protons in the C-6 and C-4 positions. Taking into account that the
proton in C-2 can be easily epimerised, the latter configuration gives us key information on the

selectivity of the previous hydrogenation step which forms the intermediate 39 (Scheme 69).

o — of - dE

(£)-38 (x)-syn,trans-39 (£)-syn,syn-39
Not formed

Scheme 69. The key intermediate 39 is synthesised from Cashmeran (38) via hydrogenation.

As mentioned, dihydro-cashmeran (39) is prepared from catalytic hydrogenation of Cashmeran
(38), amusky odorant patented by IFF in 1973.2%4 The symmetry of the starting material implies
the two faces are diastereotopic and therefore two pairs of diastereoisomers (syn,trans-39 and
syn,syn-39) could be formed. However, only the syn,trans pair seems to be forming. This trans-
selectivity appears to derive from a spatial rearrangement of the methyl C-13 on the

cyclopentane ring as shown in Figure 41. The SCXRD structure of 38 shows a propensity for
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the methyl C-13 to sit in an equatorial-like position and, therefore, contorts the ring so that the
vicinal methyl groups (C-11, C-14) on the Si face are positioned closer to the double bond than
the methyl groups on the Re face (C-12, C-15).

C-11

1
|

| -14
“"xif_‘} - l;,.. Y 58® C-13

Si face
O hindered

Re face
free

Figure 41. Single crystal X-Ray structure of Cashmeran (38). It can be noticed the momentous

role the methyl C-13 plays in settling the shape of the cyclopentane ring.

DFT-based computational studies performed by Prof. Fernando P. Cossio et al. also confirmed
the different energetic barrier for the addition of the hydrogen on the two faces which seem to

be enough to explain the selectivity.?®

2.2.4. Resolution and characterisation of the enantiomers

As very little information has previously been gathered regarding the olfactory property of the
main cis/trans products, IFF and ourselves were also interested in performing an enantiomeric
resolution of the main trans isomer of Ambertonic™. After first screening different solvent
conditions, we managed to perform a successful chiral LC separation (Instrument: PerkinElmer
Series 200 with diode array detector (DAD) at 254 nm; Column: Daicel ChiralPak IA 250 x
4.6 mm; Eluent: 98% cyclohexane: 2% dichloromethane; Flowrate: 0.8 mL/min) and obtained

the enantiomers 37-A and 37-B, called as such for their order of elution. To characterise the
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two enantiomers, we decided to acquire a Circular Dichroism (CD) spectra. The spectra were

recorded on a 3x10° M solution of 37-A and B in chloroform (Figure 42).

5000
S 4000
5 37-B
g 3000
o
‘é 2000
S 1000
g 0 —
% 11000230 250 270 290 310 330 350
‘S -2000
=
= 3000 A
5 -4000
S -5000
-6000

Wavelenght (nm)

Figure 42. CD spectra acquired for the two enantiomers 37-A and 37-B.

It is described in the literature that it is possible to determine the absolute configuration of a
chiral compound by comparing the experimental data with that obtained via DFT calculations
296298 \Wijth the assistance of Prof. Fernando P. Cossio et al., a time dependent-DFT single-
point calculations on the optimised structures of the two enantiomers was carried out by means
of the Guassian 09 software, and these calculations allowed to compute the CD spectra of both
enantiomers.?®® By comparison of the CD computational and experimental spectra, the
entantiomer isolated 37-A was found to correspond to a configuration (R,R,R), whereas, 37-B
matches with the molecule (S,S,S)-37 (Scheme 70).

(RR,R)-37 (S,S,S)-37
37-A 37-B

Scheme 70. Assessment of the absolute configuration for the two enantiomers isolated of trans-

Ambertonic™,
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Unfortunately, evaluation of the olfactory properties carried out by the IFF through a GC-sniff
apparatus revealed only a slight difference in olfactory strength between the two enantiomers,
however with no significant difference in their odour profile when compared with the original

mixture.

2.2.5. Summary and Conclusions

During our studies, five different routes to Ambertonic™ (37) were designed and explored in
the laboratory; four (section 2.2.1 — 2.2.2.1) of which started from an advanced derivative
Cashmeran (38) and one from a simple aniline building block (section 2.2.2.2). The
investigations have generated a lot of knowledge on the chemical reactivity of precursor 39.
For instance, the formylation of compound 39 initially failed to go to completion due to the
existence of an equilibrium between the starting material 39 and the final product 131. This
may be due to a higher thermodynamic stability of the former, i.e. compound 39. Such
problems were finally solved by employing different solvents to shift the reaction equilibrium
and reduce the amount of unreacted material 39. Meanwhile, the formyl-dihydro-cashmeran
131 was employed to examine possible cyclisation conditions. After several different attempts,
we were able to design an efficient methodology based on a publication by Bredereck et al.
This procedure allowed us to isolate the final material in 66% yield when temperature and
reaction times were properly adjusted (180 °C & 4 h). Due to the reaction Kinetics, the step was
also investigated under continuous-flow conditions employing a stainless steel coil reactor,
however the desired product was only obtained in low vyield. Following further detailed
investigation of the process, we managed to develop a one-pot, two step, methodology starting
from material 39 and enabling isolation of the final target in 53 — 58% with a trans/cis ratio of
6:4. The quality of the final material was found to be highly dependent on the amount of
unreacted material left after the first formylation step, as the latter could then form a by-product
difficult to separate form the final Ambertonic™ (37). The optimised methodology was further
exploited on Cashmeran (38) as the starting material for the preparation of a similar derivative
named Sinfonide (153) isolated in 51% yield.

Further investigations have discovered the nature of the relative anti-configuration between the

methyl group and the proton at position C-4 (See Figure 40), which is due to a stereoselective
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hydrogenation of Cashmeran (38) to the intermediate 39. A separation of the racemic trans-
configured Ambertonic™ to its two enantiomers was performed to investigate a possible
difference in olfactory properties from the cis/trans mixture, however, no significant difference

was revealed between the two enantiomers and the mixture based upon IFF testing.
2.3. Galbascone

Three new routes to Galbascone (42) were conceived during the project (Scheme 71). The
strategies were designed to converge on the key intermediate, the dehydroherbac (74). The raw
materials for these proposed retrosynthetic strategies are acrylonitrile (185), 4,4-
dimethylcyclohexanone (183), 5-methyl-hexan-2-one (184), and 3-carene (186), all of which

are widely available building blocks.

o
E Q
e} 0 183
F
p—

Scheme 71: Proposed retrosynthetic pathways for de novo synthesis of Galbascone (42).
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Scheme 72. Potential retrosyntheses for the synthesis of key intermediate 74.

As can be seen from the Scheme 72, all routes start from different basic raw materials and
require different types of chemistry. Routes E and F have not quite - similar intermediates (188
& 190) undergoing a de-amination process to furnish the unsaturated ketone 74. The latter
procedure depicted in Scheme 73 consists of a enamine hydrogenation (190 —194) followed

by an elimination of the amine (194 —74).

NH, O NH, O 0
E z/ ~ [H] E 2/ ~  -NH; E 2/ ~
—_— —_—

190 194 74

Scheme 73. De-amination process from intermediate 190 to the unsaturated ketone 74.
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2.3.1. Galbascone from 4,4-dimethylcyclohexanone (183): Route E

The preparative route E starting from 4,4-dimethylcyclohexanone (183) first involves the
formation of enamine derivative 187, which can be acetylated to form the enaminone 188
(Scheme 72). The intermediate can then undergo de-amination to form the unsaturated ketone
74. Due to laboratory availability, it was decided to first establish the conditions employing

cyclohexanone (195) as starting material instead of the more expensive material 183.

Consequently, the representative enamine 197 was prepared from ketone 195 and morpholine
(196) in cyclohexane employing a Dean-Stark apparatus for the azeotropic removal of water.
After 4 days under reflux, the intermediate 197 was obtained in 88% yield and 92% purity

where the remaining part was starting material 195 (Scheme 74).
i@ O
L_NH \

O
196 (1.44 eq.)
cyclohexane

[3 M of 195]
195 reflux, 4 d 197
Dean-Stark Conversion 88%
Purity 92%

Scheme 74. Preparation of the enamine 197 from cyclohexanone (195) and morpholine (196).
Conversion based on *H-NMR spectra employing 1,2-dimethoxybenzene as internal standard.

Having quantities of enamine 197 in hand, the acetylation to form enaminone 198 was
attempted. The procedure followed was modified from the work of Tunoglu et al. (Scheme
75).2%° A solution of 197 in dichloromethane (DCM) was treated with acetyl chloride allowing
the temperature to rise to 35 — 40 °C. After 18 hours of stirring at room temperature, the crude
mixture was analysed via LC-MS (ESI) and 'H-NMR spectra and gave indication of the

formation of the desired material 198.

136



0 0
[ ] AcCl (1.3 eq.) [Njo 0 O/\ OH O
- + | + K/NAC + @)J\
Et;N (1.5 eq.)
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r.t., ON
197 198 202 203 204

AcCl \ ‘ Et;N

O e, TEA

Scheme 75. Attempted acetylation of compound 197 to prepare enaminone 198.

The mixture was then divided into 3 separate batches to evaluate the purification step. We
firstly attempted vacuum distillation (170 °C and 7 mbar) but only the N-acetyl-morpholine
(203) and the 2-acyl-cyclohexanone (204) were isolated but unfortunately as a 1:1 mixture. A
second distillation under lower pressure and temperature (50 °C and 0.5 mbar) produced the
same mixture 1:1 203:204 of distillate. Finally, the third batch was purified through
chromatography using triethylamine-deactivated silica enabling the isolation of compound 204
(18%ww of the crude) and the 4-methyl-tetrahydrocumarin (202) (9%ww of crude). Based on
such ratios, we could speculate the reaction yields the compounds 204 and 202 in respectively
25% and 10%. The formation of 202 may be attributed to the high water content in the reaction
which allow for acetic acid in the system. The proposed mechanism for the formation of 202
is depicted in Scheme 75. The acetic acid reacts with the iminium 199 forming intermediate
200, and ultimately generating the O-acetyl compound 201. The latter may then cyclise to
compound 202 through base-catalysed condensation. Consequently, it was decided to prepare
the 1,3-diketone 204 via the same methodology, however hydrolysing the enaminone
intermediate 198 after acetylation. Once hydrolysed and purified, compound 204 was isolated
in 67% yield. The experiment was carried out twice, and was found to be highly reproducible.

In light of these results, the failing of the former preparation may be attributed to either a high
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level of residual water in the reaction or decomposition during the isolation probably due to

the presence of other impurities (triethylamine & acetic acid).

Two main strategies could be applied to synthesise the desired o,-unsaturated ketone 206 from
the 1,3-dicarbonyl compound 204 (Scheme 76): the direct reduction of the carbonyl, and the
foregoing described de-amination (section 2.3). In both approaches, the main issue is achieving

an high selectivity for nucleophilic addition on the dicarbonyl system.

NR, O
OH O 205 (0] OH O
p—
De-amination [H]
204 206 204

Scheme 76. Proposed strategies for the synthesis of the a,B-unsaturated ketone 206.

We therefore attempted direct amination with ammonia on compound 204 and, pleasingly, the
desired material 207 was isolated in 60% yield along with 20% of the alternative addition
product 208 (Scheme 77). The two isomers were identified through 2D-NMR spectra and
obtaining a SCXRD structures of 207 and 208.

OH O NH, O O NH, J
@)‘\ NH; (4 eq.) @)‘\ é/K 1)‘\ : 4 T
+ Cs % na =) ‘V;"‘/."" A.. (=].]
MeOH [0.35 M of 204] ) 6 K B | i
204 rt, ON 207 208 = 4 K ’.(‘ '
v 4 oA
Yield 60% 20%

Scheme 77. Reaction conditions for the preparation of the enaminone 207. On right hand side
is depicted the SCXRD structure of the desired material 207. SCXRD of compound 208

depicted in experimental part.
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Having both compounds 204 and 207 in hand, we next attempted the reduction step. Firstly,
we attempted a selective reduction of the di-carbonyl 204 employing sodium borohydride and
baker’s yeast (Scheme 78). When one equivalent of sodium borohydride was added in the
methanolic solution of 204, the reduction was found sluggish and unselective and only fully
reduced material 209 was detected by LC-MS (ESI) after 24 hours (Figure 43). The addition
of a further equivalent of sodium borohydride generated a complex mixture containing only
fully reduced compounds as evidenced by the 2*C-NMR spectra which did not show any signal
around 200 ppm. Due to the complexity of the mixture, no further investigations were
performed to isolate the compounds 206. When employing the baker’s yeast-based reduction

developed by Yusufoglu et al., no reaction occurred (Scheme 78).3%

OH O OH OH

i /U\ NaBH, (1.2 eq.)
MeOH [0.2 M of 204] @
204 0°C->rt, 18 h 209
OH O baker's yeast (8 g for 2 mmol of 204) OH O

glucose (8 g or 2 mmol of 204)

allyl alcohol (30 eq.)
204 Hexane:Et,O (1:1) [0.1 M of 204] 204
H,0 [1 mM of 204]

H 0,
50 °C. 30 min -> 30 °C, 3 h Conversion 0%

Scheme 78. Reaction conditions attempted for the selective reduction of compound 204 to the

desired material 206.
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After 30 h + 1 eq. NaBH,

After 24 h

After4 h

After 1 h

T T T T T T T T T T T T T T T T T T T T T
.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 23 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.
Retention time (min)

Figure 43. LC-Chromatogram monitoring the reaction mixture for the reduction of 204 using
sodium borohydride as reducing agent. The peak highlighted in the blue area represents 1,3-

diketone compound 204.

We then elected to examine the reduction of enaminone 207, following a literature article
described by Zhang and co-workers.?*® Reduction with two different catalysts (Adam’s catalyst
and Pd/C) were investigated under different reaction conditions (up to 50 °C and 10 bar)
employing the H-Cube® apparatus. Unfortunately, these experiments showed no conversion of

starting material 207 (Scheme 79).

H, (1-10 bar)

NH; O Pd/C or PtO, (cat.) NH; O
H-Cube®

flowrate 0.5 - 1 mL min™’

Scheme 79. Reaction conditions for the reduction of enaminone 207.
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2.3.2. Galbascone from 5-methyl-hexan-2-one and acrylonitrile: Route F

This particular synthetic strategy relies on a photocatalysed CH-activation reaction as described
by Fagnoni, Ryu and co-workers.3%3%2 The reaction consists of a Hydrogen Atom Transfer
(HAT) induced by a photocatalyst (PC) in its excited reactive state.333% In this example,
tetrabutylammonium decatungstate (TBADT) was employed as PC.3% The mechanism of the
reaction is depicted in Scheme 80. The light absorption process occurring to the decatungstate
anion creates an excited singlet state (S1), which rapidly decays to a lower-energy triplet state
(T1). Once in the Ty state, the PC oxidises the substrate through hydrogen abstraction. In the
example of 5-methyl-hexan-2-one (184), the y-abstraction is favourable as its transition state
favours the formation of the most stable 3° radical. The secondary substrate acrylonitrile (185)
acts as radical acceptor forming a new resonance stabilised radical intermediate which then

undergoes hydrogen abstraction regenerating the PC.

Continuous-flow photoreactions have been widely described in the literature as the high
surface-to-volume ratio provided by the flow system permits very efficient irradiation

compared to a batch-mode setup, therefore reducing reaction time and improving

selectivity, 307,308
[W10032] %ffiy\ O
[W10032] 184 — _
o (n-BugN)4
11
W.
~0 I\
oo Yo
lo-W o)
[W103]* O=W—-O-|—W=O

W

H*[W100321™ b - \
00| I 00
,O’W\O— 'O\/
oO=W—[-O+—W:Q

N P

| Yotw-9 \

03,/—90 = [W10032]™
5

\gﬁ\ \/><\)J\ TBADT (210)

189

Scheme 80. Literature mechanism for hydrogen atom transfer reaction between 184 and 185
catalysed by TBADT.
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The first step of the synthesis was performed following a flow setup described by Fagnoni,
Ravelli and co-workers.3%® A 0.1 M solution of ketone 184 (10 eq.), 185 (1 eq.), and TBADT
210 (2 mol%) in acetonitrile (MeCN) was pumped through a 10 mL perfluoroalkoxy alkane
(PFA) coil reactor irradiated by a 125 W medium pressure Hg Lamp. The acetonitrile as solvent

was employed to solubilise the photocatalyst which is otherwise insoluble in the ketone 184.

As shown in Table 27, several setups were investigated to increase the efficiency and boost
productivity. It was observed that increasing the amount of ketone 184 effects the efficiency of
the process more than prolonging the reaction times (Table 27, Entries 1 — 4). To increase the
productivity, the minimum amount of solvent was employed (0.38 M) reducing the conversions
to 46% (Table 27, Entry 5). To our delight, changing the light source to a 62 W LED 365 nm
increases the efficiency to 74% conversion (Table 27, Entry 6). This result may be due to a
high intensity output on the wavelength that activates the PC (16W radiant power). A scale-up
of the reaction allowed to concentrate the solution further to 0.48 M (Table 27, Entry 7) yielding
189 in 63% isolated yield (productivity = 630 mg ht) however, after purification, the desired
material 189 was discovered to be in a mixture 95:5 with its -abstraction product 211. It should
be noted though that the excess ketone 184 can be recovered via distillation.

Table 27. Screening of reaction conditions for the preparation of 189 in flow.

0 Light source 0
TBADT (210) (2 mol%)  NC
ZCN + - +
185 MeCN [M of 185] CN
20 °C, t
184 Flow reactor 189 211
Entry? Eqg. 184 M] Rt (min) Light source Conv. 189 (%)°
1 5 0.1 24 125 W Hg lamp 23
2 0.1 48 125 W Hg lamp 30
3 10 0.1 24 125 W Hg lamp 40
4 10 0.1 48 125 W Hg lamp 55
5 10 0.38 48 125 W Hg lamp 46
6 10 0.38 48 62 W LED 365 nm 74
7° 10 0.48 48 62 W LED 365 nm 634

aThe experiments were carried out on 5 mmol scale;? Conversions based on *H NMR spectra employing 1,2-dimethoxybenzene

as internal standard;® The experiment was performed on 40 mmol scale;? Isolated as a mixture 95:5 189:211.
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Having access to compound 189, the subsequent planned Thorpe-Ziegler cyclisation was
investigated. Nucleophilic attacks on the nitrile groups are not that common as they are not
good electrophiles. For these reasons, Lewis acids based upon copper,31%3t nickel 312313
rhenium,®* and zinc®®>3Y have been employed to facilitate the attack. In addition,
Rukavishnikov et al. had described a base-driven cyclisation on a similar substrate to yield 5-

membered ring enaminones.>!

The experiment was initially monitored using LC-MS (ESI) and several peaks appeared during
the reaction. After purification over silica gel, the desired material 190 was found, although in
only traces (20 mg from a 6 mmol amount of 189). The major product isolated was 213 which
forms via a-deprotonation of the nitrile and electrophilic attack on the carbonyl group. Over
time, the compound 213 hydrolyses to yield the amide 214, which was also isolated and
characterised including by SCXRD (structure shown in Scheme 81). From the chromatographic
separation, enaminone 212 was also isolated and it was discovered to be forming within the

first 15 minutes of the reaction as Rukavishnikov et al. describes in their article.3

NH, O NH, OH
Bj‘\ Yi‘:\ KOH (1 eq.) Q/k CN CONH,
+ + +
EtOH
[0.5 M of 189]
reflux, 3 h 190 212 213 214
Iso. yield 2%  40% (based on 211) 57% 9%

Scheme 81. Reaction conditions and products isolated from the attempt to synthesis 190
employing Rukavishnikov’s methodology.®'* SCXRD structure of compound 214 is herein

depicted.
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Attempts to use a stronger base such as tBuOK was found to increase the conversions to the
by-product 213 (55%). To increase the enol-to-nitrile attack, we decided to investigate a
copper-catalysed process as published by Yamamoto, Bao, Yu, and co-workers in 2013
(Scheme 82).31° The methodology notably improved the yield of 190 (10%), however the by-

product 213 remains the main material (38%).

(0] NH, O
NC Qul (20 mol%) CN
2,2'-bipyridine (22 mol%)
> +
tBuOK (4 eq.)
DMF
189 80°C,15h 190 213
Conversion 10% 38%

Scheme 82. Reaction conditions for the keto-nitrile cyclisation of 189 to the enaminone 190.

Conversion based on *H-NMR employing 1,2-dimethoxybenzene as internal standard.

As the ketone 189 proved challenging to cyclise as desired, we decided to explore different
radical acceptors. For instance, we envisioned acrolein as a potential candidate since the
obtained product 193 would be only one-step away from dehydroherbac 74 (Scheme 83).
Applying the optimal conditions previously found for compound 189, we carried out the photo-
catalysed reaction. The latter yielded a mixture of different materials where only the desired

compound 193 was identified and isolated in 25%.

0 365 nm 62 W LED o 0
TBADT (210) (2 mol%) OHC condensation
m +
0 MeCN [0.5 M of 215]
20 °C, 48 min
FI
215 184 ow reactor 193 74

Iso. yield 25%

Scheme 83. Reaction conditions for the preparation of intermediate 193 from acrolein 215.

To avoid the use of acrolein as a toxic substrate, allyl alcohol (216) was instead investigated as
potential precursor. As can be seen from Table 28, when the experiment was carried out, the
product 193 was detected in 1.4% (Table 28, Entry 1). The formation of 193 could be attributed
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to an oxidation of the alcohol groups by oxygen. In fact, enriching the amount of oxygen in the

solution, the conversion of 193 doubled (Table 28, Entry 2).

Table 28. Alternative reaction conditions for the preparation of 193 starting from allyl alcohol

(216).

o 365 nm 62 W LED 0
TBADT (210) (2 mol%) OHC
A +
OH MeCN [0.5 M of 216]
20 °C, 48 min
216 184 Flow reactor 193
Entry? Additive t (min) Conv. 193 (%)°
1 - 48 14
2 02 48 35
3 COPC 48
4 t-butyl hydroperoxide (1 eq.) 48
5¢ t-butyl hydroperoxide (1 eq.) 100 14
6° t-butyl hydroperoxide (1 eq.) 238 13
t-butyl hydroperoxide (2.5 eq.) 100 9
cumene hydroperoxide (2 eq.) 100 10
H202 (1 eq.) 100 11
10 H202 (2.5 eq.) 100 0

aThe experiments were carried out on a 5 mmol scale;? Based on *H NMR spectra employing 1,2-dimethoxybenzene as internal

standard;® The experiments were carried out on 2.5 mmol scale.

Sorensen and co-workers developed a dehydrogenation of saturated alkanes and alcohols
employing TBADT as PC and cobaloxime pyridine chloride (COPC, 219) as co-catalyst.3°
The mechanism of the reaction is similar to the one described in Scheme 84, where the radical
formed by HAT undergoes hydrogen abstraction to form the metal-hydride complex [Co'"]-H
and the desired alkene or ketone. The metal hydride formed is then regenerated by the reduced

TBADT species by releasing hydrogen gas.
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365 nm 62 W LED
TBADT (210) (2 mol%)

)Oi COPC (219) (1 mol%) i
MeCN [0.1 M of 217]
217 23°C,48h 218
hv Iso. yield 63%
OH C'
[W10032] decay )\
M‘%\ 217 NN
[W10032] COPC = [Co]
o\H
g
g
OH
[W40Ozo]*
H*[W 1003, )\
[Co]
)OJ\
218
[Co'TH

Scheme 84. Proposed mechanism for the dehydrogenation promoted by TBADT (210) and
COPC (219).

Unfortunately, in our example the addition of COPC as an additional oxidising agent decreases
the conversion, suggesting an active oxygen species is likely promoting the process. For these
reasons, we decided to employ a tert-butyl hydroperoxide aqueous solution as an oxidising
agent. Under these reaction conditions, the desired compound 193 was detected in 9%, along
with several other products that could allegedly be hydroperoxide intermediates (Table 28,
Entry 4). Longer residence times up to 100 minutes improves the conversions to 14%, however,
this levels off over longer times (Table 28, Entries 5&6). An increase of the hydroperoxide to
2.5 eq. slightly reduced the selectivity, allowing 193 to be detected in only 9% conversion
(Table 28, Entry 7). A fast screening of different hydroperoxide derivatives was also evaluated.
Cumene hydroperoxide and hydrogen peroxide were investigated, however, these gave similar
results (Table 28, Entries 8 — 10).

146



While these attempts did not achieve an acceptable outcome, we once again decided to change
the radical acceptor. Therefore, we investigated the use of methyl acrylate (220) which has
already been described by Fagnoni and co-workers as a successful radical acceptor. The
preparation of the methyl acrylate adduct 220 was performed using the same optimised
conditions employed for acrylonitrile (185) and the desired keto-ester 221 was isolated in 50%
yield (Scheme 85). In this example, a significant amount of the double addition keto-diester
222 was also isolated (50%), which was not detected when acrylonitrile was employed. The
reason could be attributed to a higher reactivity of the methyl acrylate compared to the

acrylonitrile.
MeO,C
0 365 nm 62 W LED O O
rCozl\/le TBADT (210) (2 mol%) MeO,C MeO,C
+ +
| MeCN [0.5 M of 220]
20 °C, 48 min
220 184 Flow reactor 221 222
Iso. yield 50% 50%

(based on 220)

Scheme 85. Reaction conditions towards the synthesis of the keto-ester compound 221.

Having the keto-ester 221 in hand, we exploited a Claisen cyclisation to target the 1,3-
dicarbonyl compound 223. Two different reaction conditions were screened: MeONa in
methanol solution, and the biphasic t-BuOK in THF. Unfortunately, the first conditions
investigated (MeONa/MeOH) did not form the final material even after 2 days of stirring,
whereas quantitative conversion was yielded with t-BuOK/THF after 12 hours (Scheme 86).
The amination step to 190 was carried out by adding a methanolic ammonia solution to a
solution of 223 in methanol. The reaction yielded the final material in 57%, surprisingly lower
than its de-methylated derivative 207 (section 2.3.1).

1. t+-BuOK (1.5 eq.)

Q THF [0.5 M of 221] oH O NHz Q
Me0,C rt, 12 h NH; (4 eq.)
2. HCl,q MeOH
[0.5 M of 223]
221 223 rt., ON 190
quant. yield Iso. yield 57%

Scheme 86. Reaction conditions for the synthesis of 190 in steps from the keto-ester 221.
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As also attempted in chapter 2, section 2.3.1 for the de-methylated material, the de-amination
process was investigated on compound 190 employing catalytic hydrogenation in ethanolic
solution. Unfortunately, Pd/C and PtO, both proved unsuitable for the reduction step, in fact
only hydrolysed product 223 and the enaminone 190 were detected in the reaction mixture. The
H-CUBE® was also employed to allow an increase of hydrogen pressure (10 bar), however,
again the same results were obtained. Consequently, we decided to exploit the reduction using
borohydride chemistry as previously describped by Manfredini et al.32%%t A
triacetoxyborohydride complex made in situ was exploited for the reduction, however after 2
days of stirring, a complex mixture comprising the hydrolysed compound 223 and the
enaminone starting material was obtained (Scheme 87). Analysing the mixture with 3C NMR,
we noticed no new quaternary carbons were present in the mixture as well as no boron (}'B
NMR spectra recorded), which would suggest a complete reduction of both enamine and

carbonyl group.

NH, O NaBH, (4 eq.) NH, O OH 2
AcOH (51 eq.) unidentified
+ products
THF [0.34 M of 190]
rt., 48 h
190 190 223

Scheme 87. Reaction conditions for the reduction of 190 employing sodium borohydride.

2.3.3. Galbascone starting from 3-cerene: Route G

Another strategy taken into consideration was the use of 3-carene (186) as the starting material
for dehydroherbac (74). Based on this approach, we started by reducing the 3-cerene in
propionic acid utilizing Pd/C under a hydrogen atmosphere. The procedure was first applied
by Crocker et al. in 1966.%%2 The authors proposed a ring-opening of the cyclopropane and
subsequent hydrogenation of the dehydrocycloheptanes formed (Scheme 88). As such the
experiment was conducted on a 100 mmol scale and after 4 days yielded the
trimethylcycloheptane (191) in 65%.
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H, (1 atm)
Pd/C (3 mol%)

EtCO,H [0.6 M of 186]
reflux, 4 d

/ 186 0. yild 65%
[V

—_— —_—
224 I —
226 227

225

Scheme 88. Reaction conditions for the synthesis of 191 from 3-carene (186) and the proposed
mechanism described by Crocker in 1966.

Having 191 in hand, we investigated the photo-catalysed dehydrogenation described in the
earlier section 2.3.2 on 191. The hypothesis was that since the substrate 191 has a tertiary
carbon for the formation of a stable radical, selectivity should be achieved. Unfortunately, the
reaction did not bring about the desired result, even when long residence times (3.3 hours) were
employed (Scheme 89). The mixtures obtained were composed mainly of unreacted starting
material 191 but with other over-oxidised material whose m/z matches the p-cymene (228),
based upon the extent of reaction no isolation was attempted.

365 nm 62 W LED
TBADT (0.4 mol%)

COPC (0.4 mol%)
+ +
MeCN [0.1 M of 191]
20°C,1.6-3.3h
191 Flow reactor 191 228

Scheme 89. Reaction conditions for the TBADT/COPC-catalysed dehydrogenation of 191.

Similar oxidations on tertiary carbons have been described in the literature for the synthesis
cholestane derivatives by Mincione et al. in 1992 and for the preparation of a Vitamin D3

analogue by Fuchs and co-workers in 20123232 |n these two examples, dioxirane was
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employed as the oxidant. Different from Mincione approach, Fuchs’ methodology forms the
dioxirane in situ from Oxone and 1,1,1-trifluoroacetone (TFA) and occurs in only 6 hours
compared with using the dioxirane derivative of acetone (Table 29, Entry 1). The
trifluoromethyldioxirane (TFDO) is more volatile than the dimethyldioxirane (DMDO) and for
these reasons it is easier to be prepared in situ. To our delight, the desired compound 229 was
successfully synthesised in 36% yield. Unfortunately, when the reaction was run employing

DMDO as in situ formed oxidant, no desired material 229 was found (Table 29, Entry 2).

Table 29. Reaction conditions for the hydroxylation of 229.

H
[Ox] ©
191 229
Entry? Reaction conditions Conv. 229 (%)°
1 TFA (20 eq.), Oxone (6 eq.), NaHCOz (12 eq.), MeCN:H20 (10:1) 3606°
[0.1 M of 191],5t010°C, 6 h
5 Acetone (20 eq.), Oxone (6 eg.), NaHCOs (12 eq.), MeCN:H20
(10:1) [0.1 M of 191], 5to 10 °C, 18 h
3 O3 tBuOMe [0.16 M of 191], - 78 °C traces
4 MCPBA (1 eq.), CHCls [1.25 M of 191], reflux, 18 h 28%¢

aThe experiments were carried out on a 10 mmol scale:® Based on *H-NMR spectra employing 1,2-dimethoxybenzene as

internal standard;® Isolated yield.

Due to the restricted laboratory availability of the TFA and the low efficiency of the method,
other reaction conditions for the desired hydroxylation were investigated such as the usage of
peracids and ozone as alternative oxidants. The ozone-driven oxidation was noted as being
described by Mazur et al. although providing low selectivity when methylcyclohexane was
oxidised in solution.3 In fact, improved conversions and selectivity were reported when the
hydrocarbons were absorbed on silica gel due to a better ozone uptake and contact area.®?’
However, later in 2015 Khalitova et al. published an efficient methodology for the ozone
hydroxylation of methylcyclohexane.®?® Inspired by these results, we decided to attempt to

reproduce the procedure on our target 191, however, the desired material was detected only in
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traces by GC-MS analysis along with a large amount of residual starting material (Table 29,
Entry 3).

Additionally, in 1985, Schneider and co-workers developed a peracid hydroxylation of
hydrocarbons.®?° The authors claimed faster reaction rates were obtained when peroxybenzoic
acids carrying electron-withdrawing groups were employed probably due to the formation of a
better acid leaving group. To our delight, the reaction carried out on 191 did indicate the

formation of the desired material 229, albeit in low yield (Table 29, Entry 4).

Due to limited time (Covid restrictions) and low amounts of material 229 gathered in this last

step, we were unable to further proceed with this particular investigation.

2.34. Galbascone from 3,3-dimethylcyclohexanone: Route H

2.3.4.1. A deep understanding

The preliminary optimised conditions developed in a former collaboration between Durham
University and IFF are depicted in Scheme 90. As can be seen, 22 hours was required for the
reaction to reach a satisfying conversion to the final materials 76 and 77. However, as already
noted in the chapter 1, section 1.3.3, decomposition of the desired material 77 takes place under
the reaction conditions, changing the isomer composition in the final mixture and reducing the
overall efficiency of the process due to the irreversible loss of material. Consequently,
investigating the performance of the reaction over time would help gain a better understanding

of the kinetic of the reaction/side reactions and thus help establish the best conditions for the

Process.
Et,N
25" NH,
75 (30 mol%) NO, NO,
0  EtNO, (10 eq.)
> +
EtOAcC [2 M of 68]
reflux, 22 h
68 Dean-Stark 77 5317776 76

Yield 80%

Scheme 90. Reaction conditions for the Henry reaction of 68 to the nitro compounds 76 and
7.
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The previous study proposed a mechanism for the reaction as depicted in Scheme 91. The
reaction initially undergoes imine formation between the ketone 68 and N,N-
diethylethylenediamine (75). Deprotonation of the nitro compound and its subsequent attack
on the iminium group forms the B-nitroamine intermediate 231. Compound 231 is then
proposed to undergo an E; elimination to form the final regioisomeric compounds 76 and 77,
and regenerating the amine catalyst 75. The nature of the selectivity is believed to emerge from
the steric hindrance of the aliphatic group on the tertiary amine (Scheme 91). This selectivity
would mainly promote elimination of the a-proton over the more hindered transition state to

remove the B-proton.

~ \
N N
Hep— )
~ /\/NHZ S H
N N
° T s N o, EN e QJCNH,
_ = [ — > +
20 __NO, NO,
68 230 i
231
—— L |
o5 N
/\"E\ OzN H2N h
H Ha
NO
NH E‘A 2 NO,
A
vs H .
NO, ) ( NG . Q)\
preferred steric clash
77 76

4.8 : 1

Scheme 91. Proposed mechanism for the preparation of the allylic nitro compounds 76 and 77.

Having the proposed mechanism in mind, we initially investigated the importance of the
concentration comparing the reactions in benzene at 0.2 M of 68, as previously run, with a new
reaction performed at 1 M of 68. In Figure 44, it can be seen that concentration has a strongly

impact on both the reaction time and the efficiency of the reaction.
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Figure 44. Conversion of 77 and 76 in relation with the reaction time under different
concentrations. The experiments were carried out on a 25 mmol scale. Conversions estimated

by GC-MS through a calibration curve.

We then considered it of value to investigate the variation of the reaction rate in different
solvents considering the transition state energies may be affected by the polarity of the solvent.
As can be seen from Figure 45, reactions carried out in apolar hydrocarbon solvents such as
benzene, toluene, and cyclohexane tend to reach full conversion slower than those reactions
performed utilising more polar solvents like EtOAc, 4-methyltetrahydropyran (4-Me-THP),
and 2-methyltetrahydrofuran (2-Me-THF). Figure 46 shows how the ratio of the two isomers
76 and 77 changes over time in the various solvents. The formation of the desired compound
76 is initially favoured over the isomer 77, however, it slowly interconverts as the reaction time
increases. Despite these data, ethyl acetate was still found to be the optimal solvent, as it
provides the best selectivity (ratio 77:76, 5.4:1) and efficiency (87.5%) after 8 hours of reaction

time.
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Figure 45. Conversion of 76 and 77 in relation with the reaction time in different solvents. The
experiments were carried out on a 25 mmol scale. Conversions estimated by GC-MS through

a calibration curve.
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Figure 46. Ratio 77:76 in relation with the reaction time in different solvents. The experiments

were carried out on a 25 mmol scale.

In the initial study, the nature of the catalyst was also investigated and N,N-
diethylethylendiamine (75) as well as 1-(2-aminoethyl)pyrrolidine (233) were identified as
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good catalysts (Table 30, Entries 2&3). The higher boiling points (b.p. of 75 = 146 °C, b.p. of
233 =170 °C, b.p. of 232 =105 °C) and higher steric hindrance of the ethylendiamines 75 and
233 yielded better selectivity than the N,N-dimethylethylendiamine (232) previously reported
in the literature. The improved selectivity shown by catalyst 233 could be attributed to an
increase in the energy gap between the transition states for the two possible de-protonation
steps due to its higher level sterics and limited conformational freedom of the ring. Many other
catalysts were also investigated to increase knowledge of the reaction (Table 30, Entries 4 — 5
& 8 — 13). To further validate the imine-based mechanism proposed in Scheme 91, we
considered performing other control experiments. A strong non-nucleophilic amine such as
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 236) was tested to analyse whether simple basic
conditions were necessary (Table 30, Entry 6), and, a primary amine such propylamine (237)
and a tertiary amine (triethylamine, 238) were screened to assess the need for the
ethylenediamine-type of moiety (Table 30, Entry 7). No reaction were detected in all of these

tests.

The tris-amine 245 had previously been investigated as polymer-supported catalyst, however,
the results had been poor. The lower yields obtained from other homogenous tris-amine
derivatives (243 and 244) suggested a supported catalyst more similar to 232 should be
considered (Table 30, Entries 12 — 14). Consequently, we examined a polymer-supported
ethylendiamine 246, although the outcomes were unsatisfying (Table 30, Entry 15). Inspired
by reports by Kobayashi et al. on heterogenous catalysis relating to condensations reaction in
flow, we decided to investigate their preferred catalyst 3-(ethylendiamino)propyl-
functionalised silica gel (247).1%1%° To our delight, the reaction gave some promise with
partially formation of the product, albeit with low 77:76 ratio (3.5:1) (Table 30, Entry 16). The
activity of the latter may be explained by a higher surface area compared to the polymer-bound
catalyst and therefore better accessibility of the ethylendiamine active moiety. Another possible
explanation may be the bi-functionality of the silica support providing some Brgnsted acidic
sites as well as the amine functionality thus promoting the catalysis (acid catalysis).
Interestingly, no reaction was detected when only silica gel was used (Table 30, Entry 17), or
when silica and ethylene diamine were combined (Table 30, Entry 18).
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Table 30. Base screening for the irregular nitro-aldol reaction of 3,3-dimethylcyclohexanone.

o NO, NO,
amine base (30 mol%)
> +
EtNO, (10 equiv.)
EtOAc [1 M of 68]
68 reflux, 22 h
Dean-Stark 7 76
Entry? Base (b.p.) Conv. 76&77 Entry Base Conv. 76&77
(%)° (%)°
N /\/NHZ
. [Tj 232 87 10 | A " 0
— NHZ
N
105 °C (4.9) -
/\N ey NH,
75 56 5
2 ) 11 SNTNTONH, 242
|
146 °C (5.3) (4.1)
/\/NHz
@ 233 81 H2N\/\N/\/NH2 30
3 12 243
K/NHZ
170 °C (8.2) (4.2)
N /\/ NH2
NH,
4 234 70 13 HN/\/ 244 29
NH,
186 °C (4.8) (2.5)
K\N/\/NHZ
235 32 H NH <1
5 O\) 14 O SN2 o5
K/NH2
224 °C (3.6) -
N /j NH
o° 2 0¢
6 SN 236 15 WHN 246
NH
7 237 oc N2 29¢
nPrNHz 16 H 247
Et;N
238 - (3.5)
§ 6 0
8 SN 239 17 Silica gel
|
(3.1) -
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9 (j\/ 240 42 18 Silica gel H 8
N NH; \N/\/N\

H (3.4) |

a Reactions carried out on 50 mmol scale at 1.0 M;® Yield estimated by GC-MS using n-pentadecane as an internal standard;®

Conversion based on 'H-NMR spectra employing 1,2-dimethoxybenzene as internal standard.

Considering the three most active catalysts (75, 232 & 233) and the solid catalyst (247)
depicted Table 30, we decided to monitor how the formation of the two isomers 76 and 77
changes over a 24 hours reaction period (Figure 47 & Figure 48). As one might expect, the
heterogenous catalyst reaches full conversion after longer reaction times than the
corresponding homogenous catalysts due to a diffusion-dependent reaction rate. The selectivity
does not significantly change throughout the reaction period (3:1 after 3 h vs 2.8:1 after 24 h)
suggesting the steric environment around the active site does not allow a high preference

toward any deprotonation site.

The catalysts 75 and 233 presented the highest selectivity (77:76 ratio: ~ 9:1) after 5 hours,
albeit with low conversions (40 — 65%). After 8 hours, catalyst 233 increased to a peak
conversion whilst essentially conserving the selectivity (8.5 vs 9.5). The selectivity of catalyst
75 instead dropped to 5.3 under-performing the initial catalyst 232 (87% vs 56% conversion
after 8 h). Interestingly, conversion of 76 and 77 did not change over 24 hours of monitoring
when catalyst 232 was employed, only reduction of the ratio 77:76. This may suggest a

conversion of the kinetic isomer 77 to the thermodynamic isomer 76.

157



100

80 /

l

S
~ 60
o3
2
5 40
o
© 20
0
0 5 10 15 20 25
Reaction time (h)
—&— N,N-dimethylethylendiamine N,N-diethylethylendiamine
1-(2-aminoethyl)pyrrolidine Ethylendiamine-supported silica gel

Figure 47. Conversion of 76 and 77 in relation with reaction time employing different
catalysts. The experiments were carried out on a 25 mmol scale. Conversions estimated by GC-

MS through a calibration curve.
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Figure 48. Ratio 77:76 in relation with the reaction time in different catalysts. The experiments

were carried out on a 25 mmol scale.

Combining the new data with the previous observations and findings, we proposed a possible

mechanism for the decomposition of the final compounds 76 and 77 (Scheme 92). Once
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formed, the B-nitro-amine 231 eliminates to yield the two allylic nitro isomers 76 and 77. The
basicity of the amino group on the ethylenediamine could deprotonate the isomers 76 and 77
to form the corresponding nitrates 248 and 249. Deprotonation of the nitrates 248 and 249 can
then bring about formation of the o,B-unsaturated nitro molecule 250, which undergoes
decomposition. It is noteworthy that the elimination of intermediate 231 could also yield the
undesired material 250. It is important to note that these reactions are all potentially reversible
and their kinetic rates are strictly dependent upon the nature of the catalyst. In fact, N,N-
dimethylethylendiamine (232) does not cause decomposition of the allylic materials over 24
hours of monitoring however, the more bulky catalyst 75 and 233 do. This may be due to a less
steric hindrance of the alkyl groups on the tertiary amine moiety, which allows the undesired
material 250 to be interconverted into one of the two isomers 76 and 77. During the monitoring,
a small peak having the same m/z ratio as 76 and 77 was observed in all the three experiments,

however, it rapidly disappears over time suggesting rapid decomposition.

RZ R,N—""NH,
N //_—\'~ NO,
i H2N\’\
77 \ NR,
NR, ,O_

HZNg / s
NgNHRZ

—> Decomposition

\/\ .0
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Scheme 92. Proposed mechanism for the decomposition of the final materials 76 and 77.

Having established a greater knowledge regarding the catalyst, we decided to investigate the
relevance of the nitroethane. It is in fact reported by Tamura et al. the importance of keeping
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high excess of nitroethane to increase the reaction kinetics.!* However, from an industrial
implementation strategy nitroethane content in the reaction mixture should be minimised to
prevent hazardous situations (flammable, Acute toxicity (oral, inhalation) and noted as a
potential explosive material). Consequently, reaction mixtures with lower amount of
nitroethane were monitored over 24 hour periods (Figure 49). As can be seen, a decrease of
nitroethane in the reaction mixture strongly influence the reaction kinetics and this may be due
to a change of the reaction temperature (less nitroethane will mean low boiling point of the
reaction mixture nitromethane forms an azeotrope) as well as a reduction of one of the
reactants. As mentioned initially, the concentration of the reaction was found to the highly
important for the reaction kinetics. For these reasons, we determined that it would be valuable
to perform an experiment with less nitroethane (2.5 eg. instead of 10 eg.) and more concentrated
(2.5 M instead of 1 M). The reaction reached 61% conversion and gave a 5.8:1 ratio 77:76 after
11 hours of reaction. These conditions would allow the reduction in the amount of solvent and
nitroethane employed, increasing the productivity (28 vs 13 g/100 mL).

L 4

o
L 2

0 5 10 15 20 25
Reaction time (h)
—o—2.5eq. 5eq. 10 eq. 25eq.[2.5M]

Figure 49. Conversion of 76 and 76 in relation with the reaction time when changing the
amount of nitroethane. The experiments were carried out on a 25 mmol scale. Conversions
estimated by GC-MS through a calibration curve.
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Figure 50. Ratio 77:76 in relation with the reaction time changing the way of addition of the

catalyst. The experiments were carried out on a 25 mmol scale.

2.3.4.2.  Exploring a continuous approach

Having found a suitable heterogenous catalyst for the reaction, the catalyst reuse was
considered. As already widely discussed above, the batch mode reaction had shown different
key parameters, such as optimal water removal, catalyst loading, nitroethane’s stoichiometry,
and reaction time. A flow apparatus was therefore considered using a packed bed reactor of the
catalyst. Indeed, similar condensation reactions requiring water removal had already been
implemented under flow by Kobayashi et al.%81%° The group prepared a blend of catalyst and
dehydrating agents (calcium chloride or molecular sieves) to ensure the amount of water
produced was promptly removed from the system. Following Kobayashi’s example, we set up
a similar apparatus employing molecular sieves 3A powder as the dehydrating agent (Figure
51).
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Figure 51: Setup for the continuous-flow preparation of the nitro olefin 77.

To assess whether the ratio of 77:76 increases with a reduced reaction time, and a high
catalyst/substrate ratio, a more diluted solution of the stating material 68 was employed (0.2 M
vs 1 M). To prevent solvent expansion (boiling), a modified 100 psi BPR was placed at the end
of the glass reactor, which kept the system pressure around 3.6 bar. As the other key parameters
(catalyst loading, water removal) could not be easily changed due to the system setup, only the
amount of the nitroethane was therefore taken into consideration as a parameter. As such the
equivalents were varied from 1.25 to 10 but in each case the final material 77 was only detected
in low yields (Table 31, Entries 1&3).
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Table 31: Flow setup for the investigation of continuous-flow preparation of 77.

Si-NHC,H,NH, (247):MS4A (2:3)
0 25
3 ' ' g' ' 5 bar
70°C,2h 70°C,23h

68 8 mL 9 mL
0.2 M in AcOEt
EtNO, (x eq.)
64 ml min™
Entry? EtNO: (eq.) Conv. 76&77 (%)° Ratio 77:76

1 1.25 2 5.6
2 5 2 6.4
3 10 3 5.8

aThe experiment was carried out on a 1.5 mmol scale;? Conversions estimated by GC-MS based upon a calibration curve.

2.3.5. Summary and Conclusions

During the project, we investigated three potential synthetic approaches for the preparation of
the Galbascone precursor 42. The proposed methodologies started from different raw materials
such as acrylonitrile (185), 4,4-dimethylcyclohexanone (183), 5-methyl-hexan-2-one (184),
and 3-carene (186). These approaches encompass various type of chemical transformations
such as amination, Claisen condensation, hydrogenation, oxidation, and photocatalysed CH-

activation.

Despite our attempts, two of the three approaches proved to be unfeasible due to the difficulty
in the de-amination of the final enaminone intermediates (section 2.3.1 and 2.3.2). While
investigating a photocatalysed CH activation, we encountered an opportunity to directly
formulate the final ketone through acrolein (215) and 5-methyl-hexan-2-one (184) under
continuous-flow conditions, although attempts to improve upon the poor yields only brought
about the formation of unidentified by-products.

The route C (section 2.3.3) starting from 3-carene (186) was only partially explored due to
restricted laboratory time. Nonetheless, the isolation of the tertiary alcohol intermediate 229
through an oxidative CH-activation reaction allows us to perform one of the key steps of the
synthetic approach. This indicates a chance for this approach in the future. It is noteworthy
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though that the full synthesis still requires three more steps to be performed and the selective
elimination as well as the aldol cyclisation to the final product which may all require careful

optimisation. As such much work is still to be done before a verdict can be made on this route.

Along with designing new approaches, the optimisation of a previously devised methodology
was also performed (section 2.3.4). Kinetic studies were pursued on the amino-catalysed nitro-
Aldol reaction allowing a better understanding of the process and enabling us to propose a
possible decomposition pathway for the final products (76 & 77), which seems to be directly
correlated with the level of steric hindrance of the ethylenediamine catalyst. Furthermore, we
also engineered a process reduction of the hazardous nitroethane reagent without losing
selectivity or efficiency. It was found that the reagent reduction can be compensated for by
increasing the concentration of the reaction solution. Inspired by work of Kobayashi et al., we
also attempted to devise a continuous-flow approach employing an ethylendiamine-supported
silica gel (247) as heterogenous catalyst and molecular sieves as the dehydrating agents.

Unfortunately, our flow setup only allowed to detect the desired material in poor yields.

3. Conclusions and outlooks

The aim of this doctoral project was to evaluate new routes for the preparation of three key
fragrance ingredients [Veramoss (11), Ambertonic (37), Galbascone (42)] all currently
manufactured by the IFF facilities at Benicarlo in Spain. For each target compounds several

speculative alternative routes were proposed and experimentally evaluated.

For the Veramoss target, a two steps process starting from hex-4-en-3-one (25) and dimethyl
malonate (26) is currently being employed for the manufacturing of the material. The process
comprises of a conjugate addition/Claisen cyclisation step to a precursor material 23, which is
then oxidised to Veramoss through a chlorination-dehydrochlorination stage employing
elemental chlorine. The need for an alternative synthetic approach was therefore aimed at
removing the toxic elemental chlorine as reagent, improving the quality of the final material
by preventing over-oxidation, and reducing the cost of goods by starting from cheaper raw

materials. Three unprecedented routes were explored during the project.
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Methyl crotonate (20) and ethyl acetoacetate (21) were employed for the synthesis of a key
intermediate 1,6-dihydro-orsellinate Et-22 whose oxidation was attempted by introducing a
methylidene group in position 3 on the cyclohexandione ring (Chapter 2, section 2.1.1.). After
several attempts employing paraformaldehyde in different reaction conditions, it was clear the
exo-olefin desired material 78 could not be isolated due to its extreme reactivity in the reaction
mixture. Consequently, to obtain a more stable intermediate for the alkylation, it was made an
effort to firstly oxidise the 1,6-dihydro-orsellinate Et-22 to its aromatic material Et-34.
Unfortunately, all the oxidising conditions screened during the project did not allow to obtain
the orsellinate material Et-34 efficiently (best condition yielded 7% of Et-34). In fact, in the
conditions where the latter Et-34 was formed, a significant amount of over-halogenated

materials were noted as well.

Dimethyl malonate (26), acetaldehyde (91), and 2-butanone (90) were also explored as
alternative cheap starting materials to gain the key precursor 23 (Chapter 2, section 2.1.2.). A
dimethyl ethylidenemalonate intermediate 89 was firstly prepared from malonate 26 and
acetaldehyde 91 and consequently employed in a conjugate addition/Claisen cyclisation stage
to 23. A preparative methodology for the compound 89 was developed employing polystyrene-
supported dimethylamine as catalyst in a flow-continuous approach (38% yield), however only
moderate conversion (up to 50%) was obtained leaving a substantial amount of unreacted
materials 26 and 91 in the reaction mixture. The presence of the latter materials was found to
hamper the isolation of a pure product via distillation due to side condensation reactions
occurring during the procedure. Nevertheless, pure dimethyl ethylidenemalonate 89 was
isolated via column chromatography to evaluate the subsequent cyclisation stage which was
found to be challenging. Several catalysts (morpholine, diisopropylamine, N,N-
diethylethylenediamine, Cu(OTf)2, proline) as well as strong base (LDA) were explored for the
reaction and no desired material 23 was isolated in these examples.

As 2-butanone still remains a valuable raw material, a route b strategy to Veramoss 11 was
also explored (Chapter 2, section 2.1.3.). The key goal of this synthetic pathway was to prepare
the 3-chloro-hex-4-en-3-one (98) and attempt a conjugate addition/Claisen cyclisation with
dimethyl malonate (26) to gain a chlorinated analogue of 23 (97) which could undergo to
dehydrochlorination to the desired Veramoss. The design of the synthesis started from the
preparation of the chloro-ene 98 material. The developed methodology for the latter employs

2-butanone, acetaldehyde, and dimethyl oxalate (101) in a 4 steps procedure, where the first
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two steps could be performed without isolating the intermediate 100, and yielded the pure
desired compound 4-acyl-3-hydroxyl-2,5-dihydrofuran-2-one (99) in 53%. The last two steps
of the procedure involves a chlorination of the compound 99 with TCCA and consequent base-
driven rearrangement which yielded the chloro-ene material 98 in 76% (40% over the four
steps). Unfortunately, after having developed the procedure to the chloro-ene 98, the
cyclisation with dimethyl malonate was attempted gaining a cyclopropane material 106 as only
product. An additional attempt to employ this strategy was also performed through
dehydrochlorination of 98 to an alkyne derivative, however no desirable outcomes were
obtained. Future works may be focused on exploiting the optimised methodology for the
preparation of the compound 99. The ability of the latter to rearrange into o,f-unsaturated
ketone materials may be an opportunity to develop an alternative green process to hex-4-en-3-
one (25), key raw material to Veramoss.

Along with scouting de novo strategies, efforts on improving the current manufacturing process
was also performed (Chapter 2, section 2.1.4.). In particular, the project focused on finding an
alternative chlorinating agent to the toxic chlorine gas. Sodium hypochlorite, TCCA, and the
dichloro-species 108 were employed as alternative agents in the chlorination of the precursor
23. Despite the results obtained from sodium hypochlorite and the di-chloro species 108,
experiments employing TCCA vyielded desirable conversion to Veramoss. After an initial
OFAT approach study, a DoE was performed which allows to spot the optimised conditions
for an efficient chlorination process. After having optimised the first step to the precursor 23
in a different solvent (AcOMe), the chlorination stage with TCCA was performed in a one-pot
process from the starting material 25 and 26. To our delight, the desired Veramoss was isolated
in 55% yield with purity found to be within specification for IFF commercial purpose. Further
works may be focused on applying this optimised methodology on other challenging fragrance
materials currently manufactured employing similar oxidation process as well as attempt a

scale up for production to estimate the feasibility of the procedure.

In addition, an alternative purification methodology for crude Veramoss was developed
exploring the affinity of some amines to form H-bonded complex with phenols (Chapter 2,
section 2.1.5.). The H-bonded complexes were characterised via DOSY H-NMR analysis as
well as SCXRD and it was found amines with pKa over 11 (diisopropylamine, triethylamine,
tributylamine) did form ionic salts instead. After choosing DABCO and TMEDA as valuable

amines, a procedure was developed where the amine-phenol complex could be weaken to
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recover the pure Veramoss material 11. The methodology allowed to purify 70% purity final
material into 95% purity white crystals in good-to-excellent yield (60 — 98%). Future works
may be focused on finding an efficient down stream procedure for the recovery of the used
amine to allow the purification treatment to be sustainable and low-budget. Furthermore,
orsellinate materials have been gaining interest due to their biological activity in the
pharmaceutical industry which could exploit such purification system. It may be therefore
promising to look at alternative examples where such purification methodology is essential for
industrial production.

The second target the doctoral project focused on was the musky, amber fragrance material
Ambertonic (37). As newly patent synthetic odorant, the development of a preparative
procedure is still ongoing. A one step process involving formamidine acetate (40) and an
hydrogenated version of Cashmeran™ (38) was developed by the sponsor, however a
substantial amount of reagents was needed to yield the desired material only in 68%. The goal
of project was to design alternative synthetic routes and optimised them for possible industrial
applications. Consequently, five synthetic routes were designed: four of which started from the
same hydrogenated Cashmeran™ 39, and one from an aniline building block (Chapter 2,
section 2.2.2.2.).

The hydrogenated version of Cashmeran™ 39 was exploited as building block due to its
availability in bulk volumes on site. The four adopted synthetic strategies aimed at constructing
the pyrimidine ring missing from the original scaffold of the material 39. The main idea was to
prepare an intermediate of 39, through either formylation (compound 131) or olefination
(compound 166), to exploit for the formation of the pyrimidine ring (Chapter 2, section
2.2.2.1.)). Additionally, an electron-inverse-demand Hetero-Diels-Alder reaction with 1,3,5-
triazine for direct preparation of the heterocyclic ring was also screened with desirable
outcomes. After several efforts on preparing the above mentioned intermediates 131 and 166,
an efficient preparative method to the formyl compound was developed and applied for the
subsequent pyrimidine ring formation to Ambertonic 37 (Chapter 2, section 2.2.1.1.). The latter
was then obtained by reacting the material 131 with formamide at high temperatures.
Dimerization of the starting material 39 and decomposition of the final material were observed
so an optimisation of the reaction conditions (180 °C & 4 h) were also performed (Chapter 2,
section 2.2.1.2.). A feasibility investigation to combine the two optimised steps was performed

and Ambertonic was obtained in good yield (56%). The one-pot procedure was optimised to
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prevent the formation of a N-formyl amide material 147 whose presence hamper the
purification of the final product (Chapter 2, section 2.2.1.4.). The preparative methodology
allowed to isolate both Ambertonic 37 and its commercial analogue Sinfonide 153 in good
yield (53 — 58% yield) from respectively the hydrogenated Cashmeran™ 39 and Cashmeran™,
Future works may be focused on exploit the optimised methodology on different fragrance
material of interest for the sponsor as well as other material where an efficient pyrimidine ring

formation procedure is required for bulk production.

Alongside with the main goal, side investigations were also undergoing. For instance, the
acquisition of the SCXRD structure of the main trans-isomer of Ambertonic revealed the
relative configuration of the methyl group in position 2 on the indene scaffold. Such
configuration was directly attributed to an anti-selectivity of the hydrogenation on the starting
material 38. As the main trans-isomer of Ambertonic was isolated, a resolution of the racemic
mixture was also exploited to evaluate possible olfactory difference of the enantiomers with

the original material. Unfortunately, no significant changes in their olfactory profile was noted.

The last discussed target was a fruity, green odorant Galbascone (42). The latter is a synthetic
fragrance part of the ketone family and its synthesis is still a challenge for many organic
synthetic chemists. Galbascone (42) is currently being produced from dehydrolinalool (60)
through dehydration and cyclisation to obtain a 1:1 mixture of two isomers in low yield (38%).
The aim of the project was therefore to develop more efficient and selective synthetic pathways
to the key intermediate dehydroherbac 74 and optimised a previously developed methodology
to assess the feasibility for industrial application. Three alternative synthesis to Galbascone

were designed and explored during the project.

Two of these synthetic route aim at preparing similar enaminone compounds (207 & 190) to
adopt for a two steps de-amination process previously described in literature on different
substrates. 4,4-dimethylcyclohexanone (183) was employed in an attempt to form such the
targeted enaminone compound 207, however its isolation was found to be difficult (Chapter 2,
section 2.3.1.). The enaminone compound 207 was eventually obtained through a two steps
acetylation-amination method, albeit with low yields (40% over two steps and two column
chromatography). To evaluate a more selective and quick route to the enaminone material, 5-
methyl-hexan-2-one (184) and acrylonitrile (185) were also exploited to prepare the similar

intermediate 190 (Chapter 2, section 2.3.2.). The strategy employed a photo-catalysed reaction,
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which was optimised in a flow-continuous approach, for the synthesis of a keto-cyano
intermediate 189. The optimised procedure allowed to isolate the material 189 in high yield
(63%) and throughput (630 mg h1). Unfortunately, the Torpe-Ziegler reaction to prepare the
enaminone material 190 was not effective due to competitive thermodynamic condensation
reaction favouring the unsaturated nitrile compound 213. After changing the starting materials
and adopting Claisen cyclisation and amination reaction, the 1,3-dicarbonyl compound 190
was isolated and exploited for the selective de-amination step. Unfortunately, none of the
screened reductive conditions allowed to isolate the desired final material 74.

A final attempt to Galbascone was performed by employing 3-carene as raw material by
hydrogenation and CH-activation reaction (Chapter 2, section 2.3.3.). After obtaining the
trimethylheptane compound 191 through hydrogenation of 3-carene (65% vyield), several
attempt of CH-activation reactions were performed and it was found the
trifluoromethyldioxirane in-situ prepared strategy was yielding the hydroxyl material 229 in
moderate yields (36%). Unfortunately, due to restriction in time and product 229 availability,
no further works were performed. As the possibility to exploit a cheap raw material such as 3-
carene is tempting, future works should be focused on evaluate the subsequent selective
elimination step to the dehydrated compound 192. Such stage may result challenging due to
the multiple site where the elimination could occur. Therefore, a thorough screening of
different bases and leaving groups may allow to obtained the desired material. Additionally,
further works may investigate the possibility to directly rearrange the starting material 3-carene
into the dehydrated compound 192 reducing the reaction steps.

Alongside with these alternative routes, a previously developed two steps preparative
methodology starting from 3,3-dimethylcyclohexanone (68) was also explored (Chapter 2,
section 2.3.4.). In particular, the first nitro aldol condensation to prepare the allylic nitro
compound 77 was evaluated to improve its selectivity and productivity. Time-monitoring
experiments exploiting different reaction conditions allowed to reduce the reaction times (from
24 h to 8 h), decrease the amount of nitroethane employed (from 10 eq. to 2.5 eq.) as well as
double the productivity (from 13 to 28 g/100 mL). The investigation also allowed to have a
better understanding of the mechanism for the decomposition of the desired material 77.

Flow chemistry is becoming a valuable tool in organic chemistry with the aim of continuous

manufacturing directed at reduction in cost and waste. Continuous methodologies were
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evaluated during the doctoral project. As described above, an heterogeneous polymer-
supported Knoevenagel condensation for the preparation of dimethyl ethylidenemalonate
compound 89 was developed and described in section 2.1.2. The simple flow apparatus allowed
to recover and recycle the catalyst and quickly scale up the procedure for the route
investigation. The pyrimidine ring formation to Ambertonic 37 was also exploited in flow as it
was found to be highly dependent by the reaction time and temperature, however the desired
material was only detected in 20% yield (Chapter 2, section 2.2.1.3.). A photo-catalysed
preparative reaction to the intermediate 189 was also developed and quickly optimised for the

purpose (Chapter 2, section 2.3.2.).

Future works should be focused on scouting new sustainable and efficient synthesis routes
suitable for continuous manufacturing and, therefore, applying a quality-by-design (QbD)
strategy rather than a series of continuous improvements used in existing methodologies based
on batch approaches. As already described in the first section of this thesis, the F&F industry
mainly comprises of manufacturing organisations based on essentially bulk chemical synthesis.
For these reasons, ICM facilities would be a crucial step forward to reduce the costs and be

globally competitive.

4. Experimental Procedures

Unless otherwise stated, all solvents were purchased from Fisher Scientific and used without
further purification. Dry solvents were obtained by filtration through a dehydrated column of
Al>Oz. Substrates, their precursors, and reagents were purchased from either Alfa Aesar, Sigma
Aldrich, Fluorochem, TCI, Carbosynth or Acros Organics. Dihydro-Cashmeran (39),
Cashmeran (38), hex-4-en-3-one (25) were supplied as raw materials by IFF and used as

received.

'H NMR spectra were recorded on either Bruker Avance-400, Varian VNMRS-700 or Varian
VNMRS-500 instruments and are reported relative to residual solvent: CDCls (6 7.26 ppm),
DMSO-ds (8 2.50 ppm), MeOD-ds (5 3.31 ppm), MeCN-ds (5 1.94 ppm). *C NMR spectra
were recorded on the same instruments and are reported relative to CDCls (6 77.16 ppm) and
DMSO-ds (5 39.52 ppm), MeOD-d4 (& 49.00 ppm), MeCN-ds (& 1.32 ppm). Data for *H NMR
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are reported as follows: chemical shift (6/ ppm) (multiplicity, coupling constant (Hz),
integration). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q =
quartet, sept. = septet, m = multiplet, app. = apparent. Data for 1*C NMR are reported in terms
of chemical shift (6c/ ppm). DEPT-135, COSY, HSQC, HMBC, PSYCHE and NOESY

experiments were used in structural assignments for key molecules.

IR spectra were obtained using a Perkin Elmer Spectrum Two UATR Two FT-IR Spectrometer
(neat, ATR sampling) with the intensities of the characteristic signals being reported as weak
(w, <20% of tallest signal), medium (m, 21-70% of tallest signal) or strong (s, >71% of tallest

signal).

Both low and high resolution mass spectrometry were performed using the indicated
techniques. Low resolution gas chromatography mass spectrometry (GC-MS Polar
compounds) was performed on a Shimadzu QP2010-Ultra equipped with an Rxi-17Sil MS
column (0.15 pm x 10 m x 0.15 mm) in EI mode carrier Helium (0.41 mL min flowrate) with
gradient oven temperature from 50 °C to 300 °C in 5 minutes and injection volume 0.5 uL and
25:1 Split:Splitless ratio. Low resolution gas chromatography mass spectrometry (GC-MS
Nonpolar compounds) was performed on a Shimadzu QP2010-Ultra equipped with an Rxi-5Sil
MS column (0.15 pm x 10 m x 0.15 mm) in El mode carrier Helium (0.41 mL min™* flowrate)
with gradient oven temperature from 50 °C to 300 °C in 5 minutes and injection volume 0.5
uL and 25:1 Split:Splitless ratio. Low and high resolution atmospheric solids analysis probe
mass spectrometry (ASAP-MS) was performed using a Waters LCT Premier XE. Low
resolution liquid chromatography mass spectrometry (LC-MS) was performed using a Waters
TQD mass spectrometer and an Acquity UPLC BEH C18 1.7pum column (2.1 mm x 50 mm) in
ESI mode with a MeCN:Water (0.1% formic acid) as mobile phase in gradient conditions
(ramping from 95:5 to 5:95 MeCN:Water (0.1% formic acid) in 4 minutes). ESI-HRMS was
performed using a Waters QtoF Premier mass spectrometer. For accurate mass measurements
the deviation from the calculated formula is reported in ppm and mDa. The mass deviation
tolerance is 3 mDa following the Journal of Organic Chemistry Authors’ guidelines.>* Melting
points were recorded on an Optimelt automated melting point system with a heating rate of 1

°C/min and are reported uncorrected.

Reactions were conducted in flow using the following equipment Vapourtec SF-10
(peristaltic), Polar bear plus Flow™, Vapourtec UV-150 easy-MedChem along with standard
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PTFE tubing and reactor coils. Microwave reactions were performed using a Biotage Initiator+

microwave reactor.

SiO2 column chromatography was performed using Sigma Aldrich silica gel (grade 9385, pore
size 60A) and standard manual column apparatus. For TLC, Sigma Aldrich glass-backed plates
were used and visualisation was performed using UV-irradiation or a KMnOs stain. Organic
solutions were concentrated under reduced pressure using a Buchi rotary evaporator and hi-
vacuum was achieved using an Edwards RV5 pump and Schlenk line. Kugelrohr distillation
was performed using a Buchi Glass Oven B-3585 and vacuum distillation was performed using
a Buchi V-700 vacuum pump equipped with a V-850 vacuum controller attached to a standard

distillation pig setup.

4.1. Veramoss

General Procedure for the preparation of 22-Et and 234

To a 2.75 M solution of EtONa (1.1 mol, 1.1 eq.) in EtOH (400 mL), ethyl acetoacetate (21-
Et) or 11 (1 mol, 1 eq.) was added dropwise over 30 minutes. Then methyl crotonate (20) (106
mL, 1 mol, 1 eq.) was slowly added into the red solution over 15 minutes. The reaction mixture
stirred under reflux for 7 hours. The mixture was then concentrated under vacuum to gain a
white powder which was dissolved in water (500 mL) and acidified with conc. Hydrochloric
acid (38%). The aqueous phase was extracted with EtOAc (3 x 150 mL) and the combined
organic solution was washed with brine, dried over Na2SO4 and concentrated in vacuo.

O O

Moa
HO "

Ethyl 2-methyl-4,6-dioxocyclohexanecarboxylate (22-Et):33! yellowish powder (98.1 g, 45%
yield). 'H NMR (400 MHz, DMSO-ds) 5 11.38 (s, 1H), 5.22 (s, 1H), 4.12 (q, J = 7.1 Hz, 2H),
3.05 (d, J = 10.1 Hz, 1H), 2.42 — 2.14 (m, 1H), 1.19 (t, J = 7.1 Hz, 3H), 0.96 (d, J = 5.9 Hz,
3H). 3C NMR (101 MHz, DMSO-dg) § 193.8, 178.4, 171.0, 103.0, 60.6, 60.2, 35.7, 31.9, 19.5,
14.6. LC-MS (ESI+) Rt= 1.55 min m/z [M+H]*= 199.5. HR-MS calculated for C1oH1504
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199.0970, found 199.0974 (A = 0.4 mDa; 2.0 ppm). FT-IR (neat) v (cm™) 2948 (m), 1701
(C=0, s), 1530 (C=0, s), 1453 (m), 1416 (m), 1351 (s), 1336 (m), 1301 (s), 1287 (m), 1267
(s), 1189 (m), 1148 (m), 1039 (s), 823 (s). Melting point: 73.1 — 87.5 °C (EtOAC), literature:
99 — 101 °C.3¥

ONa O
OEt

o)

Sodium 6-(ethoxycarbonyl)-5-methyl-3-oxocyclohex-1-enolate (Na-22): The white precipitate
obtained from the mixture was filtrated and left to dry over 48 h to yield Na-22 as a white
powder (121.1 g, 50% yield). *H NMR (500 MHz, DMSO-ds) & 4.37 (s, 1H), 4.01 (q, J = 7.0
Hz, 2H), 2.63 (d, J = 11.3 Hz, 1H), 2.15 (dtd, J = 11.3, 6.4, 4.5 Hz, 1H), 1.90 (dd, J = 15.9, 4.5
Hz, 1H), 1.72 (dd, J = 15.9, 12.2 Hz, 1H), 1.14 (t, J = 7.0 Hz, 3H), 0.82 (d, J = 6.4 Hz, 3H).
13C NMR (126 MHz, DMSO-dg) § 190.65, 186.68, 173.38, 99.69, 61.04, 59.54, 44.45, 32.42,
20.73, 14.70. LC-MS (ESI-) Rt = 1.5 min m/z [M-H] = 197.2. HR-MS calculated for C1oH1304
197.0814, found 197.0802 (A =-1.2 mDa; 0.5 ppm). FT-IR (neat) v 2948 (O-H, m), 1701 (C=0,
s), 1530 (C=0, s), 1453 (m), 1416 (m), 1351 (s), 1336 (m), 1302 (s), 1287 (m), 1267 (s), 1254
(m), 1225 (m), 1216 (s), 1189 (m), 1148 (s), 1039 (s), 882 (m), 823 (s) cm™. Melting point:
248.3 — 256.9 °C (EtOH).

Methyl 3,6-dimethyl-2,4-dioxocyclohexanecarboxylate (23):33? yellowish powder (207 g, 95%
yield). 'H NMR (400 MHz, DMSO-ds) & 10.68 (s, 1H), 3.62 (s, 3H), 3.16 — 3.01 (m, 1H), 2.50
~2.38 (m, 1H), 2.37 — 2.24 (m, 2H), 1.53 (s, 3H), 0.92 (d, J = 6.2 Hz, 3H). 13C NMR (101
MHz, DMSO-ds) 6 193.41, 172.30, 171.63, 108.99, 59.77, 51.95, 36.43, 31.36, 19.70, 7.73.
LC-MS (ESI+) Rt = 1.28 min m/z [M+H] = 199.3 HR-MS calculated for C10H1504 199.0970,
found 199.0971 (A = 0.1 mDa; 0.5 ppm). FT-IR (neat) v 3062 (w, OH), 2965 (w, CH), 2931
(w, CH), 2652 (w), 1730 (s, C=0), 1388 (s, CH), 1366 (s, CH), 1318 (s), 1242 (s, CN), 1203
(s), 1152 (s), 1077 (s), 990 (m), 802 (m), 651 (m) cm™. Melting point: 158.8 — 160.6 °C
(EtOAC), literature: 143 — 145 °C.332 Crystal Datafor CioH1404 (M = 198.21 g/mol):
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orthorhombic, space group Pna2: (no. 33),a= 14.1800(15) A, b= 12.8303(12) A, c=
5.3183(5) A,V = 967.58(16) A% Z= 4,T= 120K, p(MoKo)= 0.105 mm?, Deac =
1.361 g/cm?3, 13090 reflections measured (4.282° < 20 < 54.998°), 2216 unique (Rint = 0.0585,
Rsigma = 0.0474) which were used in all calculations. The final Ry was 0.0509 (I > 2c5(I))

and wR2 was 0.1286 (all data). Operator reference number: 19srv231.
General procedure to gain compound 78 through 7933

In a round bottom flask filled with EtOH (40 mL), 22-Et (1.98 g, 10 mmol, 1 eq.), and
paraformaldehyde (601 mg, 20 mmol, 2 eq.), dimethylamine hydrochloride (915 mg, 11 mmol,
1.1 eq.) was added. The mixture was stirred under reflux until the disappearance of the starting
material as monitored by TLC (Eluent: DCM:MeOH 95:5). The solvent was removed in vacuo
and the residue checked via LC-MS (ESI) and *H-NMR. A second experiment was performed
using piperidine (296 pL, 3 mmol, 0.3 eq.) as catalyst and acetic acid (57 uL, 1 mmol, 0.1 eq.).

General procedure to attempt alkylation of Na-22 with paraformaldehyde

To a solution of paraformaldehyde (300.3 g, 10 mol, 1 eq.) in the EtOH (10 mL) under reflux,
was slowly added a solution of Na-22 (2.2 g, 10 mmol, 1 eq.) in EtOH (10 mL). The reaction
mixture was then stirred under reflux for 30 minutes and monitored via LC-MS (ESI). In all
the cases a white powder was obtained. All the other reaction conditions and temperatures are

described on Table 5.
Oxidation of 22-Et using CuBr. in excess'®

To a solution of 22-Et (1.98 g, 10 mmol, 1 eq.) in MeCN (10 mL), was added in one portion
copper(Il) bromide (4.5 g, 20 mmol, 2 eq.). The reaction was then stirred for 4 hours under
reflux. The brown mixture was concentrated under vacuum to obtain a brown residue, which
was partitioned between water (10 mL) and EtOAc (10 mL). The organic phase was removed
and the aqueous phase was extracted with EtOAc (3 x 10 mL). The residue was then analysed
through (GC-MS polar compounds) reporting the RAP of the compounds 82 (Rt = 5.26 min
(major isomer) — 5.28 min (minor isomer)), 22-Et (Rt = 3.63 min), and 34-Et (Rt = 5.08 min).
The results are depicted in Scheme 19.

General procedure for the preparation of 34-Et3
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To an ice-cooled solution of 22-Et (1.98 g, 10 mmol, 1 eq.), acetic anhydride (2.83 mL, 30
mmol, 3 eq.) in acetic acid (6 mL), was added dropwise a solution of bromine (500 uL, 10
mmol, 1 eq.) in acetic acid (1 mL). After 1 hour of stirring under reflux, hydrobromic acid
(33% sol. in acetic acid, 178 puL, 1 mmol, 0.1 eq.) and water (2 mL) were poured into the
reaction mixture. The reaction was stirred for a further 30 minutes and then allowed to cool to
room temperature. The mixture was poured into water (20 mL) and extracted with Et,O (3 x
20 mL). The combined organic phase was washed with water (20 mL) and saturated NaHCO3
aqueous solution (20 mL) until there was no more bubbling occurred. The solution was dried
over Na,SO4 and concentrated under vacuum to gain a white powder. The residue was purified

via flash chromatography (Eluent: hexane:chloroform 9:1) to yield 34-Et (1.12 g, 57% yield).

OH

HO

Ethyl 2,4-dihydroxy-6-methylbenzoate (34-Et):3% White solid (Rf = 0.4, hexane:chloroform
9:1). *H NMR (400 MHz, Chloroform-d) § 6.30 (dd, J = 2.6, 0.5 Hz, 1H), 6.25 (dt, J = 2.6, 0.8
Hz, 1H), 4.42 (q, J = 7.1 Hz, 2H), 2.52 (s, 3H), 1.43 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz,
Chloroform-d) 8 171.73, 165.27, 160.28, 144.04, 111.37, 101.28, 61.33, 24.36, 14.24. GC-MS
(El) Rt = 5.06 min m/z [M]* = 196.1. HR-MS calculated for C10H1304 197.0814, found
197.0816 (A = 0.2 mDa; 1.0 ppm). FT-IR (neat) v 3352 (br, OH), 2981 (w), 2937 (w, CH),
1637 (s, C=0), 1601 (s), 1583 (s), 1504 (m), 1483 (m), 1463 (m), 1454 (m), 1403 (m), 1379
(m), 1317 (m), 1218 (s), 1173 (s), 1125 (s), 1077 (m), 834 (m) cm™. Melting point: 110.3 —
124.3 °C (Et0), literature: 135 — 136 °C (EtOH).3%

Oxidation of 22-Et using CuCl, and LiCl in excess®®

To a solution of 22-Et (1.98 g, 10 mmol, 1 eq.) in MeCN (100 mL), copper(Il) chloride (1.27
g, 30 mmol, 3 eq.) and lithium chloride (4.03 g, 30 mmol, 3 eqg.) were added. The reaction
mixture was then stirred under reflux and monitored via LC-MS (ESI). After stirring overnight,
the mixture was allowed to cool to room temperature. The solvent was removed under vacuum
and the residue was partitioned between water (20 mL) and Et2O (20 mL). The organic phase
was removed and the aqueous phase was extracted with Et,O (2 x 20 mL). The combined

organic phases was washed with brine (10 mL), dried over Na,SO4 and concentrated in vacuo
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to furnish a brown oil. The oil was purified via flash chromatography (Eluent:

hexane:chloroform 9:1) to isolate 34-Et as a white solid (137 mg, 7% vyield).

General procedure as applied to reaction condition screening for the synthesis of compound
89

In a 100 mL round bottom flask containing dimethyl malonate (26) (11.4 mL, 100 mmol. 1 eq.)
in MeOH (50 mL) was added acetaldehyde (91) (5.6 mL, 100 mmol, 1 eq.). Na2SOas (3 g) or
trimethyl orthoformate (0.1 — 0.5% mol) were added to the solution as dehydrating additives.
The catalyst (3 or 50 mol%) was added to the reaction mixture and it was stirred at room
temperature for 1 or 72 hours. The reaction mixture was filtrated to remove the catalyst and
concentrated to yield a yellow oil, which was analysed via *H-NMR and GC-MS nonpolar
compounds (EI). One of the residue (Entry 12, Table 7) was purified via flash chromatography
(Eluent: hexane:AcOEt gradient from 85:15 to 65:35) to yield the products 93 (888 mg, 4.7%
yield), 89&95 (as a 4:6 mixture, 365 mg, 0.8% vyield), 92 (320 mg, 1.1 % yield), and 94 (130
mg, 0.4% yield).

MeOZC\C)OZMe

Dimethyl 2-ethylidenemalonate (89):1%* Isolated through vacuum distillation as a yellow liquid
(Rf = 0.7, hexane:AcOEt 85:15). 'H NMR (600 MHz, Chloroform-d) § 7.10 (q, J = 7.3 Hz,
1H), 3.81 (s, 3H), 3.75 (s, 3H), 1.93 (d, J = 7.3 Hz, 3H). 3C NMR (151 MHz, Chloroform-d)
5 165.75, 164.31, 145.78, 128.93, 52.26, 52.18, 15.64. GC-MS (El) Rt = 3.32 min m/z [M]* =
158.1 HR-MS calculated for C7H1104 159.0657, found 159.0661 (A = 0.4 mDa; 2.5 ppm). FT-
IR (neat) v 2957 (w, CH), 1724 (s. C=0), 1670 (w, C=C), 1436.73 (s), 1383 (m), 1358 (m),
1263 (s), 1223 (s), 1128 (s), 1024 (m), 1004 (m), 827 (w), 727 (w) cm™. b.p. 120 °C & 18
mbar, literature: 105 °C & 17 mbar.%4

MeO,C.__CO,Me

Mer/\

Dimethyl 2-(1-methoxyethyl)malonate (93): Yellow liquid (Rf = 0.5, hexane:AcOEt 85:15). *H
NMR (600 MHz, Chloroform-d) 6 3.99 — 3.90 (m, 1H), 3.74 (s, 3H), 3.72 (s, 3H), 3.49 (d, J =
8.7 Hz, 1H), 3.33 (s, 3H), 1.23 (d, J = 6.2 Hz, 3H). C NMR (151 MHz, Chloroform-d) &
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167.98, 167.54, 75.39, 58.16, 56.89, 52.51, 52.49, 16.90. GC-MS (EI) Rt = 3.30 min m/z [M-
CH3OH]" = 158.1 HR-MS calculated for CgH150s 191.0919, found 191.0926 (A = 0.7 mDa;
3.7 ppm). FT-IR (neat) v 2957 (m, CH), 1734 (s, C=0), 1436 (s), 1218 (m), 1178 (m), 1144
(m), 1021 (m), 822 (w), 755 (w) cm™.

MeO,C.__CO,Me
MeO,C.__CO,Me |

8 |

Dimethyl 2-allylidenemalonate (95): Red oil (Rf = 0.7, hexane:AcOEt 85:15) Isolated as a
60:40 mixture 89:95. *H NMR (700 MHz, Chloroform-d) § 7.35 (d, J = 11.6 Hz, 1H), 6.52
(ddg, J = 14.8, 11.6, 1.7 Hz, 1H), 6.34 (dqd, J = 14.8, 6.8, 0.8 Hz, 1H), 3.83 (s, 3H), 3.77 (s,
3H), 1.90 (dd, J = 6.8, 1.7 Hz, 3H). 13C NMR (176 MHz, Chloroform-d) & 165.16, 146.14,
145.00, 127.18, 122.57, 52.27, 52.21, 19.07. GC-MS nonpolar compounds (EI) Rt = 4.01 min
m/z [M]* = 184.1 HR-MS calculated for CoH1304 185.0814, found 185.0818 (A = 0.4 mDa; 2.2

ppm).

MeO,C.__CO,Me
Cco,Me

COzMe

Tetramethyl 2-methylpropane-1,1,3,3-tetracarboxylate (92):3*¢ Colourless oil (Rf = 0.35,
hexane:AcOEt 85:15). 'H NMR (600 MHz, Chloroform-d) § 3.74 (s, 12H), 3.65 (d, J = 7.0
Hz, 2H), 3.00 (g, J = 7.0 Hz, 1H), 1.10 (d, J = 7.0 Hz, 3H). 1*C NMR (151 MHz, Chloroform-
d) 6 168.69, 168.43, 53.94, 52.58, 52.43, 32.84, 14.33. GC-MS nonpolar compounds (El) Rt =
4.97 min m/z [M-MeOH]" = 259.1 HR-MS calculated for C12H190g 291.1080, found 291.1082
(A =0.2 mDa; 0.7 ppm). FT-IR (neat) v 2957 (m, CH), 1730 (s, C=0), 1435 (m), 1268 (m),
1223 (m), 1212 (m), 1155 (s), 1069 (m), 1025 (m) cm™.

COzMe COzMe

MeO,C Z>Cco,Me

Tetramethyl 4-methylpent-1-ene-1,1,5,5-tetracarboxylate (94): Yellow oil (Rf = 0.2,
hexane:AcOEt 85:15). *H NMR (600 MHz, Chloroform-d) § 7.05 — 6.96 (m, 1H), 3.82 (d, J =
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1.0 Hz, 3H), 3.78 (d, J = 1.0 Hz, 3H), 3.74 - 3.71 (m, 6H), 3.29 (dd, J = 7.6, 1.0 Hz, 1H), 2.52
—2.44 (m, 2H), 2.34—2.25 (m, 1H), 1.01 (d, J = 6.6 Hz, 3H). **C NMR (151 MHz, Chloroform-
d) 6 168.68, 165.51, 164.05, 147.14, 129.61, 56.49, 52.46, 52.41, 52.28, 34.17, 32.98, 17.26.
GC-MS nonpolar compounds (El) Rt = 5.53 min m/z [M-MeOH]" = 284.1 HR-MS calculated
for C14H2108 317.1236, found 317.1244 (A = 0.8 mDa; 2.5 ppm). FT-IR (neat) v 2956 (w, CH),
1727 (s, C=0), 1435 (s), 1221 (m), 1153 (m), 1057 (m), 931 (w), 828 (w), 728 (w) cm™.

General procedure to apply for the reaction condition screening for the synthesis of 89 with

flow apparatus.

In 50 mL conical flask, dimethyl malonate (11.4 mL, 100 mmol. 1 eq.) and acetaldehyde (5.6
mL, 100 mmol, 1 eq.) were solubilised in MeOH (50 mL). Using a Vapourtec SF-10 peristaltic
pump (blue peristaltic tubing), the mixture was streamed in a Diba Omnifit column (15 mm X
100 mm) filled up with 6.7 grams of PS-DMA at a flow rate of 800 uL min in order to achieve
a contact time for the mixture of 12.5 minutes (Volume of filled column = 10 mL). The system
was allowed to reach the steady state conditions (2 reactor process volumes) and then 7 mL of
the mixture (10 mmol) was collected in a second 50 mL conical flask. The mixture was then
concentrated under vacuum and analysed via *H-NMR spectra. Different reaction conditions

and residence times were investigate as depicted in Table 8.
General procedure for the attempt to obtain 96 from 90 and 89

To freshly distilled diisopropylamine (3.4 mL, 24 mmol, 1.2 eq.) in dry THF (60 mL), was
added a 1.6 M solution of n-butyllithium in hexanes (13.7 mL, 22 mmol, 1.1 eq.) at — 78 °C.
The mixture was stirred for 1 minute and a solution of 2-butanone (90) (1.79 mL, 20 mmol, 1
eq.) indry THF (40 mL) was slowly added at — 78 °C. After stirring for 15 minutes, a solution
of compound 89 (3.8 g, 24 mmol, 1.2 eq.) in dry THF (40 mL) was slowly added to the mixture.
The solution was stirred at — 78 °C and then allowed to warm to room temperature. After 1
hour of stirring, the solution was quenched with a saturated solution of NH4CI (100 mL). The
THF was removed under vacuum and the organic material extracted with EtOAc (3 x 50 mL).
The combined organic layer was washed with water, brine, dried over Na»SOs, and
concentrated under vacuum. The residue was purified through flash chromatography (Eluent:
Hexane:AcOEt 8:2) to yield the compound 96 (829 mg, 15% yield).
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MeO,C.__CO,Me

(@)

Dimethyl 2-(4-oxohexan-2-yl)malonate (96):33" Colourless oil (Rf = 0.44, Hexane:AcOEt 8:2).
'H NMR (400 MHz, Chloroform-d) & 3.72 (d, J = 0.9 Hz, 6H), 3.41 (d, J = 6.7 Hz, 1H), 2.86
—2.73 (m, 1H), 2.64 (dd, J = 17.1, 5.0 Hz, 1H), 2.49 — 2.31 (m, 3H), 1.04 (t, J = 7.3 Hz, 3H),
1.01 (d, J = 6.8 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) § 210.07, 169.20, 169.16, 56.02,
52.51, 52.50, 46.32, 36.46, 29.18, 17.93, 7.86. LC-MS (ESI+) Rt = 2.76 min m/z [M+H]" =
231.1. HR-MS calculated for C11H1005 231.1232, found 231.1246 (A = 1.4 mDa; 6.1 ppm).
FT-IR (neat) v 2976 (CH, w), 2955 (CH, w), 2884 (CH, w), 1732 (C=0, s), 1713 (C=0, ),
1460 (w), 1436 (m), 1247 (m), 1196 (s), 1156 (s), 1117 (m), 1023 (m) cm™.

General procedure for the synthesis of 100 and 10217

To an ice-cooled suspension of dimethyl oxalate (101) (5.9 g, 50 mmol, 1 eq.) and sodium
methoxide (3.24 g, 60 mmol, 1.2 eq.) in diethyl ether (50 mL), 2-butanone (90) (4.5 mL, 50
mmol, 1 eq.) was slowly added over 30 minutes. The mixture was then allowed to warm to
room temperature and left stirring for 24 hours. The reaction mixture was quenched with conc.
hydrochloric acid (38%) until pH 1 and extracted with diethyl ether (3 x 50 mL). The combined
organic phase was treated with brine (50 mL), dried over Na>SOs, and concentrated under
vacuum. The residue was then purified through flash chromatography (Eluent: Hexane: AcOEt
6:4) to yield the compounds 100 (3.08 g, 39% yield) and 102 (2.05 g, 26% yield). Different
reaction conditions were also evaluated where the reaction mixture was concentrated before

quenching with conc. HCI until pH 1 as depicted in Table 10.

OH O

Ncone

Methyl 2,4-dioxohexanoate (100): Colourless oil (Rf = 0.65, Hexane:AcOEt 6:4). *H NMR
(599 MHz, Acetonitrile-ds) 6 6.38 (s, 1H), 3.82 (s, 3H), 2.57 (q, J = 7.4 Hz, 2H), 1.10 (t, J =
7.4 Hz, 3H). C NMR (151 MHz, Acetonitrile-ds) § 206.42, 165.64, 163.46, 102.66, 53.56,
35.03, 8.66. LC-MS (ESI+) Rt = 1.76 min m/z [M+H]"= 159.3. HR-MS calculated for C7H1104
156.0657, found 159.0648 (A = -0.9 mDa; -5.7 ppm). FT-IR (neat) v 3235 (w, OH), 2916 (w,
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CH), 2848 (w), 1753 (s, C=0), 1721 (s, C=0), 1648 (m), 1437 (m), 1353 (m), 1305 (m), 1266
(m), 1220 (m), 1165 (s), 1112 (s), 1021 (s), 854 (m), 775 (m), 625 (m) cm™.

OH O
MCOZMe

methyl 3-methyl-2,4-dioxopentanoate (102): White solid (Rf = 0.25, Hexane:AcOEt 6:4). H
NMR (599 MHz, Acetonitrile-ds) § 7.13 (s, 1H), 3.06 (s, 3H), 1.77 (s, 3H), 1.53 (s, 3H). C
NMR (151 MHz, Acetonitrile-ds) & 167.63, 140.60, 128.53, 108.14, 50.67, 23.66, 8.34. LC-
MS (ESI+) Rt = 1.42 min m/z [M+H]* = 159.3. HR-MS calculated for C7H1104 159.0657,
found 159.0655 (A = -0.2 mDa; -1.3 ppm). FT-IR (neat) v (cm™) 3264 (w, OH), 2997 (w, CH),
2960 (w, CH), 2926 (w, CH), 1767 (s, C=0), 1721 (s, C=0), 1462 (w), 1396 (w), 1353 (m),
1305 (m), 1222 (m), 1164 (s), 1114 (m), 1063 (m), 1021 (s), 887 (m), 853 (m), 776 (m), 625
(w), 508 (m) cm™*. Melting point: 83.8 — 89.1 °C (EtOAC).

One-pot procedure for the synthesis of 9917

To an ice-cooled suspension of dimethyl oxalate (101) (12.0 g, 102 mmol, 1 eq.) and sodium
methoxide (6.6 g, 122 mmol, 1.2 eq.) in diethyl ether (102 mL), was slowly added butanone
(90) (9.13 mL, 102 mmol, 1 eqg.) over 30 minutes. The mixture was then allowed to warm to
room temperature and left stirring for 24 hours. The reaction mixture was partitioned with water
(150 mL) and the agqueous phase was cooled to 5 °C. Acetaldehyde (91) (11 mL, 204 mmol, 2
eq.) was added in one portion raising the temperature to ~15 °C. The mixture was then stirring
for 75 minutes at 5 °C. The yellow solution was quenched with conc. hydrochloric acid (38%)
to pH 1 and the precipitate formed filtered and dried under vacuum. The yellowish solid was
crystallised from a 1:1 mixture of H2O:MeOH to yield white crystals of 99 (9.20 g, 53% yield).

3-Hydroxy-5-methyl-4-propionylfuran-2(5H)-one (99): White crystal. *H NMR (599 MHz,
DMSO-de) 6 5.12 (q, J = 6.4 Hz, 1H), 2.86 — 2.72 (m, 2H), 1.38 (d, J = 6.4 Hz, 3H), 0.99 (t, J
=7.3 Hz, 3H). BC NMR (151 MHz, DMSO-dg) 5 195.91, 169.36, 148.82, 124.52, 75.36, 35.04,
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19.77,7.71. LC-MS (ESI+) Rt = 1.42 min m/z [M+H]"=171.1. HR-MS calculated for CgH1104
171.0657, found 171.0646 (A = -1.1 mDa; -6.4 ppm). FT-IR (neat) v 3450 (w, OH), 3260 (w,
OH), 2982 (w, CH), 2946 (w), 1737 (s, C=0), 1634 (s), 1444 (s), 1376 (s), 1334 (s), 1213 (),
1169 (s), 1118 (m), 1046 (m), 950 (w), 866 (m), 784 (w), 694 (m), 598 (m) cm. Melting point:
83.9 — 86.3 °C (MeOH:H:0, 1:1). Crystal Data for CgH1205 (M =188.18 g/mol): monoclinic,
space group P2i/c (no. 14),a= 5.2952(3) A, b= 13.9259(7) A, c= 12.5367(7) A, p=
102.176(2)°, V= 903.66(9) A3, Z= 4,T= 120K, p(Mo Ko)= 0.116 mm=, Dcalc =
1.383 g/cm?®, 15755 reflections measured (4.428° < 20 < 60.072°), 2661 unique (Rint = 0.0429,
Rsigma = 0.0321) which were used in all calculations. The final Ry was 0.0552 (I > 2o(I))
and wR2 was 0.1200 (all data). Operator reference number: 20srv219.

General procedure for the synthesis of compound 987

To astirred solution of compound 99 (8.78 g, 46.7 mmol, 1 eq.) in a 3:1 mixture of MeOH:H,0
(100 mL), trichloroisocyanuric acid (3.91 g, 15.2 mmol, 0.325 eq.) was added portion wise at
room temperature. After the addition was complete the reaction mixture was stirred for 1 hour
and the resulting suspension was filtered off and the filtrate cooled to 0 °C. Sodium bicarbonate
was slowly added (13.70 g, 163.4 mmol, 3.5 eq.) and then vigorously stirred for 45 minutes.
The methanol was removed from the reaction mixture under vacuum and the aqueous phase
extracted with EtOAc (3 x 50 ml). The combined organic phase was washed with brine, dried
over Na;SQOg4, and concentrated to yield 98 (4.70 g, 76% yield).

\)J\[fzu

4-Chlorohex-4-en-3-one (98): Dark yellow oil. *H NMR (600 MHz, Chloroform-d) § 7.04 (q,
J=6.9Hz, 1H), 2.77 (9, J = 7.2 Hz, 2H), 1.97 (d, J = 6.9 Hz, 3H), 1.12 (t, J = 7.3 Hz, 3H). 13C
NMR (151 MHz, Chloroform-d) 6 195.17, 135.55, 134.67, 32.03, 15.31, 8.42. LC-MS (ESI+)
Rt = 1.96 min m/z [M+H]* = 133.7 (100%)/ 135.7 (30%). HR-MS calculated for CgH10OCI®
133.0420, found 133.0443 (A = 2.3 mDa; 17.3 ppm). FT-IR (neat) v 2981 (CH, w), 2942 (CH,
w), 2879 (CH, w), 1687 (C=0, s), 1619 (C=C, s), 1459 (m), 1378 (m), 1271(m), 1192 (m),

1167 (m), 1102 (w), 1058 (W), 946 (), 891 (W), 851 (C-CI, s), 791 (5), 698 (M), 576 (W) cm’
1
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General procedure for the attempted synthesis of Veramoss from compound 98

To an ice-cooled suspension of sodium methoxide (489 mg, 9.05 mmol, 1.2 eq.) in THF (4
mL), was added slowly dimethyl malonate (26) (996 mg, 7.54 mmol, 1.0 eq.). After 10 minutes
at 0 °C, compound 98 (1.0 g, 7.54 mmol, 1.0 eq.) was added and the red mixture was then
stirred at r.t. for 12 hours. The suspension was quenched with hydrochloric acid (1 M) until pH
1 and then extracted with AcOEt (3 x 20 mL). The combined organic phase was washed with
brine, dried over Na>SO4, and concentrated under reduced pressure. The residue was then
purified by flash chromatography (Eluent: Hexane:AcOEt 8:2) to yield 106 (361 mg, 21%
yield).

0
CO,Me
CO,Me

Dimethyl 2-methyl-3-propionylcyclopropane-1,1-dicarboxylate (106): Colourless oil (Rf =
0.35, Hexane:AcOEt 8:2) 'H NMR (600 MHz, Chloroform-d) § 3.76 (s, 3H), 3.71 (s, 3H), 2.76
(d, J=7.1Hz, 1H), 2.62 (qd, J = 7.3, 3.3 Hz, 2H), 2.37 (dq, J = 7.0, 6.4 Hz, 1H), 1.21 (d, J =
6.4 Hz, 3H), 1.06 (t, J = 7.3 Hz, 3H). 3C NMR (151 MHz, Chloroform-d) § 206.22, 167.43,
167.07, 53.10, 52.69, 44.57, 39.75, 37.86, 28.33, 11.43, 7.72. LC-MS (ESI+) Rt = 1.89 min
m/z [M+H]" =229.1. HR-MS calculated for C11H1705229.1076, found 229.1099 (A = 2.3 mDg;
10.0 ppm). FT-IR (neat) v 2963 (CH, w), 2954 (CH, w), 1733 (C=0, s), 1708 (C=0, s), 1436
(m), 1340 (w), 1292 (m), 1258 (m), 1211 (s), 1145 (s), 1109 (m), 1024 (m) cm™.

General procedure for the attempt to synthesis the alkyne 107 from 98

To asolution of 107 (132 mg, 1 mmol, 1.0 eq.) in the desired solvent (2 mL), the specific base
was added (2.0 eq.). The mixture was then stirred at the desired temperature for 14 — 48 hours
analysing the mixture every 2 hours via GC-MS nonpolar compounds (El). The results are
depicted in Table 11.

General procedure for the oxidation of Veramoss (11) with chlorine gas

NOTE: The chlorine gas for the following reaction was obtained using KMnO4 and aqueous
conc. HCI exploiting the following reaction: 4 KMnOg4 + 16 HCI & 2 KCI + 2 MnCl> + 8 H.0O
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+ 5 Cl. The generated gas was first bubbled through water to reduce the HCI content in the

chlorine.

To a mixture of compound 23 (9.9 g, 50 mmol, 1.0 eq.) in MeOH (13 mL), was added a 5 M
solution of MeONa in MeOH (12 mL, 60 mmol, 1.2 eq.) at 0 °C. After 10 minutes of stirring,
polyphosphoric acid (13.0 g, 80 mmol, 1.6 eq.) was slowly added to the solution (The viscous
oil was first heated at 80 °C before the dropwise addition). Chlorine gas was bubbled through
the solution until disappearance of the starting material 23 as indicated by TLC (Eluent:
Hexane:AcOEt 8:2; Rf of 23 = 0.16, Rf of CI-23 = 0.45). At this stage two different work-up
conditions were applied: Conditions A-The solvent was evaporated under reduced pressure
and the residue was then solubilised in toluene (100 mL) and a saturated solution of NaHCOs3
(100 mL) was added until neutralisation of the aqueous layer. The organic phase was extracted
with a 2 M solution of NaOH (3 x 25 mL) and then the solvent was evaporated under reduced
pressure and the residue was purified via flash chromatography (Eluent: 15% AcOEt in
Hexane) to obtain compound 29 (847 mg, 8% yield). The solid was crystallised from MeOH.
The original agueous phase was acidified with conc. Hydrochloric acid (38%) and the resulting
white precipitate filtrated to yield Veramoss (11) (1.96 g, 20% vyield); Conditions B-The
solution was heated under reflux until disappearance of the intermediates CI-7 on TLC (Eluent:
Hexane:AcOEt 8:2; Rf of CI-23 = 0.40 to 0.2, Rf of 11 = 0.56). Water (100 mL) was added
and the mixture stirred, over 1 hour the solution turned yellow. The reaction was allowed to
cool to room temperature where a precipitate forms. The yellow precipitate was filtered,
washed with water until the washings reached pH 7, and then washed with toluene (500 mL)
until disappearance of the yellow colour. The resultant white solid was then crystallised from
a 1:1 mixture of MeOH:H0 to yield Veramoss (981 mg, 10% yield).

OH
HO

Methyl 2,4-dihydroxy-3,6-dimethylbenzoate (11):332 White crystal (Rf = 0.56, Hexane:AcOEt
8:2). 'H NMR (400 MHz, DMSO-de) & 11.69 (s, 1H), 10.11 (s, 1H), 6.28 (s, 1H), 3.84 (s, 3H),
2.36 (s, 3H), 1.95 (s, 3H). *C NMR (101 MHz, DMSO-ds) § 172.31, 162.26, 160.48, 139.23,
110.97, 108.57, 104.33, 52.30, 23.95, 8.42. GC-MS polar compounds (EI) Rt = 5.00 min m/z
[M]*=196.1 HR-MS calculated for C10H1304 197.0814, found 197.0.836 (A = 2.2 mDa; 11.2
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ppm). FT-IR (neat) v 3370 (br, OH), 3180 (br, OH), 2958 (w, CH), 1618 (s, C=0), 1608 (s),
1498 (m), 1440 (s), 1371 (m), 1308 (s), 1291 (s), 1271 (s), 1198 (s), 1178 (m), 1108 (m), 1059
(m), 1031 (s), 991 (m), 941 (m), 825 (w), 725 (m) cm™. Melting point: 135.5 — 138.4 °C
(MeOH), literature: 143 — 145 °C.33%?

2
4c¢ f 03
03 2 AC7
B Co o \6‘/‘ 54 dc2
. o = '-]5—/ @ce
sdex P z Pe
51,_4‘“ Ace
OH 4' _A4C4 / (0] lbe '}’/ Ca

Methyl 2-hydroxy-4-methoxy-3,6-dimethylbenzoate (29):**® White solid (Rf = 0.67,
hexane:AcOEt 8:2). *H NMR (700 MHz, Chloroform-d) & 11.82 (s, 1H), 6.27 (s, 1H), 3.92 (s,
3H), 3.85 (s, 3H), 2.53 (s, 3H), 2.07 (s, 3H). **C NMR (176 MHz, Chloroform-d) § 172.70,
162.24, 161.54, 140.26, 111.01, 106.00, 105.62, 55.59, 51.92, 24.78, 7.94. LC-MS (ESI+) Rt
= 3.19 min m/z [M+H]* = 211.5. HR-MS calculated for C11H1504211.0970, found 211.0971
(A = 0.1 mDa; 0.5 ppm). FT-IR (neat) v 2952 (w, C-H), 2924 (w, C-H), 2855 (w), 1646 (s,
C=0), 1624 (s), 1608 (m), 1575 (s), 1438 (s), 1401 (s), 1367 (s), 1300 (s), 1235 (s), 1197 (s),
1135 (s), 1003 (m), 803 (s) cm™. Melting point: 89.8 — 92.5 °C (MeOH) , literature: 93.5 °C.3%
Crystal data for Ci11H1404 (M =210.22 g/mol): triclinic, space group P-1 (no. 2), a=
7.8320(8) A, b= 10.8772(11) A, ¢ = 12.7976(13) A, a = 107.084(3)°, = 91.175(3)°, y =
101.539(3)°, V= 1017.40(18) A%, Z= 4, T= 120K, w(MoKa)= 0.104 mm?, Dcalc =
1.372 g/cm®, 11705 reflections measured (4.372° < 20 < 49.996°), 3578 unique (Rint = 0.0309,
Rsigma = 0.0403) which were used in all calculations. The final R was 0.0424 (I > 26(I)) and
wR2 was 0.1161 (all data). Operator reference number: 19srv047.

General procedure for the oxidation of Veramoss (11) with sodium hypochlorite

To a mixture of compound 23 (9.9 g, 50 mmol, 1.0 eq.) in MeOH (13 mL), was added a5 M
solution of MeONa in MeOH (12 mL, 60 mmol, 1.2 eq.) at 0 °C. After 10 minutes of stirring,
polyphosphoric acid (26 g, 160 mmol, 3.2 eq.) was slowly added to the solution (The viscous
oil was first heated to 80 °C for the dropwise addition). An 18%uw solution of NaOCI was

added to the mixture at 0 °C until disappearance of starting material 7 was determined by TLC
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(Eluent: Hexane:AcOEt 8:2; Rf of 23 = 0.16, Rf of CI-23 = 0.45). The resulting yellow solution
was heated to 67 °C and stirred until disappearance of the chlorinated intermediate on TLC
(Eluent: Hexane:AcOEt 8:2; Rf of 11 = 0.56). The mixture was allowed to cool and then
concentrated under vacuum and a 5 grams portion of the batch was purified via flash
chromatography (Eluent: gradient Hexane:AcOEt 9:1 to 1:1) to yield Veramoss (11) (Rf =
0.45, 3 g, 64.5% yield) and additional by-products 111 (Rf = 0.67, 159 mg, 2.9% yield), 29 (Rf
=0.75, 57 mg, 1.1% yield), and 110 (Rf = 0.28, 173 mg, 3.1% yield).

OH
COzMe

HO
Cl

Methyl 3-chloro-4,6-dihydroxy-2,5-dimethylbenzoate (111):**® White solid (Rf = 0.67,
Hexane:AcOEt 8:2). 'H NMR (700 MHz, Chloroform-d) § 11.71 — 11.66 (m, 1H), 6.15 (s, 1H),
3.94 (s, 3H), 2.59 (d, J = 0.7 Hz, 3H), 2.17 (d, J = 0.8 Hz, 3H). 3C NMR (176 MHz,
Chloroform-d) 6 172.09, 161.04, 153.96, 135.80, 113.81, 110.65, 106.52, 52.33, 19.88, 8.87.
LC-MS (ESI+) Rt = 2.58 min m/z [M+H]* = 231.2(100%)/ 233.2 (30%). HR-MS calculated
for C10H1204%°C1231.0424, found 231.0411 (A = -1.3 mDa; -5.6 ppm).

OH

I
P
O

5 8

Methyl 3-chloro-2-hydroxy-3,6-dimethyl-4-oxocyclohex-1-ene-1-carboxylate (110): Yellow
oil (Rf = 0.28, Hexane:AcOEt 8:2). 'H NMR (700 MHz, Chloroform-d) & 12.42 (s, 1H, OH),
3.86 (s, 3H, 10), 3.28 (ddd, J = 12.9, 6.9, 0.6 Hz, 1H, 5), 3.16 (pd, J = 6.9, 2.2 Hz, 1H, 6), 2.37
(dd, J=12.9, 2.2 Hz, 1H, 5), 1.80 (s, 3H, 9), 1.00 (dd, J = 6.9, 0.6 Hz, 3H, 8). 3C NMR (176
MHz, Chloroform-d) & 200.30 (4), 172.06 (7), 167.06 (2), 104.21 (1), 62.61 (3), 52.55 (10),
41.74 (5), 27.96 (6), 22.08 (8), 21.50 (9). LC-MS (ESI+) Rt = 3.16 min m/z [M+H]" = 233.2
(100%)/ 235.2 (30%). HR-MS calculated for C10H1404CI*® 233.0581, found 233.0582 (A =0.1
mDa; 0.4 ppm).
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Methyl 3-chloro-3,6-dimethyl-2,4-dioxocyclohexane-1-carboxylate (109): Isolated as a white
solid directly from the reaction mixture before heating to reflux. Isolated as a 6:4 mixture
trans:cis isomer. cis-isomer: *H NMR (600 MHz, Chloroform-d) & 3.79 (s, 3H, 10), 3.42 (dd,
J=16.4, 5.3 Hz, 1H, 5), 3.36 (d, J = 7.0 Hz, 1H, 1), 2.96 (hd, J = 7.1, 5.3 Hz, 1H, 6), 2.36
(ddd, J = 16.4, 7.6, 0.7 Hz, 1H, 5), 1.70 (s, 3H, 9), 1.00 (d, J = 7.0 Hz, 3H, 8). 13C NMR (151
MHz, Chloroform-d) & 199.52 (4), 195.81 (2), 167.97 (7), 68.94 (3), 60.15 (1), 52.96 (10),
41.81 (5), 26.54 (6), 19.73 (8), 19.79 (9). trans-isomer: *H NMR (600 MHz, Chloroform-d) &
4.13 (d, J=12.5Hz, 1H, 1), 3.82 (s, 3H, 10), 3.15 (dd, J = 14.7, 13.6 Hz, 1H, 5), 2.64 (dd, J =
14.7, 4.3 Hz, 1H, 5), 2.32 — 2.22 (m, 1H, 6), 1.66 (s, 3H, 9), 1.17 (d, J = 6.3 Hz, 3H, 8). 1C
NMR (151 MHz, Chloroform-d) & 198.66 (4), 196.54 (2), 168.74 (7), 67.88 (3), 58.74 (1),
52.50 (10), 42.58 (5), 28.65 (6), 20.24 (8), 18.07 (9). LC-MS (ESI+) Rt = 3.15 min m/z
[M+H]*" = 233.2 (100%)/ 235.2 (30%). HR-MS calculated for C10H1404CI*® 233.0581, found
233.0583 (A = 0.2 mDa; 0.9 ppm).

General procedure for the oxidation of 23 to Veramoss (11) using di-chlorinated compounds
108

To a solution of compound 23 (4.96 g, 25 mmol, 1.0 eg.) in MeOAc (25 mL), was added
portion-wise TCCA (3.87 g, 15 mmol, 0.6 eq.). After stirring for 1 hour the mixture was filtered
and the solution added to a solution containing 23 (3.96 g, 20 mmol, 0.8 eq.) and triethylamine
(2.53 mL, 25 mmol, 1 eq.) in THF (20 mL). The combined mixture was stirred for 24 hours
and quenched with PPA (3.14 g, 40 mmol, 1.5 eq.). The THF was removed under vacuum and
the residue partitioned between EtOAc (50 mL) and water (50 mL). The organic layer was

washed with brine, dried over Na2SO4, and concentrated. The results are depicted in Table 15.
General procedure for the oxidation of compound 23 to Veramoss (11) using CuCl as catalyst

To a 250 mL round bottom flask containing a 1:1 mixture of MeCN:MeOH (100 mL),
compound 23 (1.98 g, 10 mmol, 1.0 eq.) and copper(l) chloride (50 mg, 0.5 mmol, 0.05 eq.)
were added in one portion. The clear light green solution was stirred for 3 hours at room

temperature. The mixture was concentrated in vacuo and the residue was partitioned between
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water (10 mL) and AcOEt (10 mL). The organic phase was removed and the aqueous phase
was extracted with AcOEt (2 x 10 mL). The combined organic phase was washed with brine
(10 mL), dried over Na,SO4 and concentrated to yield VVeramoss (11) as yellowish powder (294
mg, 15% yield).

H

@)
MeOO
o)

Methyl 3,6-dimethyl-(methylperoxy)-2,4-dioxocyclohexanecarboxylate (115): Was isolated by
quenching the reaction with PS-TsOH and the yellow solution concentrated under vacuum and
purified via flash chromatography (Eluent: Toluene:MeCN 9:1) to yield 115 (258 mg). Yellow
oil (Rf = 0.5, Toluene:MeCN 9:1). One compound was isolated pure. *H NMR (400 MHz,
Chloroform-d) & 3.87 (s, 3H), 3.34 — 3.22 (m, 1H), 2.80 (dd, J = 19.4, 6.5 Hz, 1H), 2.32 (s,
3H), 2.18 (dd, J = 19.4, 1.6 Hz, 1H), 1.34 (d, J = 7.0 Hz, 3H). *C NMR (101 MHz, Chloroform-
d)8200.59, 166.87, 163.26, 150.69, 149.58, 52.38, 41.33, 30.75, 20.44, 20.19. LC-MS (ESI+)
Rt = 2.0 min m/z [M+H]" = 245.3. HR-MS calculated for C11H1706 245.1025, found 245.1040
(A =1.5mDa; 6.1 ppm). The other compound was isolated as a mixture with the previous (Rf
=0.5-0.33, Toluene:MeCN 9:1, 631 mg). *H NMR (400 MHz, Acetonitrile-ds) & 3.88 (s, 3H),
3.04 (qd, J=6.9, 1.6 Hz, 1H), 2.69 (dd, J = 19.5, 6.5 Hz, 1H), 2.04 (dd, J = 19.5, 1.6 Hz, 1H),
1.25 (d, J = 6.9 Hz, 3H).

General procedure of photo-oxidation of compound 23 using rose Bengal

A solution of compound 23 (527 mg, 2.66 mmol, 1.0 eq.) and Rose bengal sodium salt (509
mg, 0.5 mmol, 0.19 eq.) in MeOH (100 mL) was pumped through the photoreactor (LED lamp
530 nm) at 5 mL min. The collected stream was concentrated under vacuum and analysed by
'H-NMR and LC-MS (ESI).

General procedure for methylation of 22-Et using CuCl as a catalyst

In Batch: To a suspension of 22-Et (400 mg, 2 mmol, 1.0 eq.) and copper(l) chloride (20 mg,
0.2 mmol, 0.1 eq.) in acetic acid (20 mL), was added tert-butyl peroxybenzoate (1.14 mL, 6
mmol, 3.0 eq.). The green mixture was stirred under reflux for 30 minutes and then allowed to

cool at room temperature. The solvent was removed in vacuo and the residue partitioned
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between DCM (5 mL) and a saturated NaHCO3 aqueous solution (5 mL). The organic phase
was removed and the agqueous phase was extracted with DCM (2 x 10 mL). The combined
organic phase was washed with water (10 mL), brine (10 mL), dried over Na,SO4 and
concentrated in vacuo to obatin a yellow oil. The crude was purified via flash chromatography
(Eluent: acetone:Et,O:hexane 1.4:0.6:8) to gain 116 (45 mg, 11% yield).

In Flow: In a 50 mL round bottom flask equipped with a stirring bar, a solution of 22-Et (400
mg, 2 mmol, 1.0 eq.) in AcOH or MeCN (20 mL) was placed. Copper(l) chloride (20 mg, 0.2
mmol, 0.1 eq.) and tert-butyl peroxybenzoate (1.14 mL, 6 mmol, 3.0 eq.) were added in one
portion to the mixture. The solution was pumped through a 10 mL-coil at 120 °C using a
peristaltic pump. The flow rate was set to allow the mixture to stay at 120 °C for 15, 30, 45 or
60 minutes. The collected green solution was concentrated under vacuum and analysed via *H-
NMR and GC-MS polar compounds (El).

o o
3 7079 1
o™ 3 KN

Trans-ethyl 2-methoxy-6-methyl-4-oxocyclohex-2-enecarboxylate (trans-116): Yellow oil (Rf
= 0.62, Acetone:Et;O:heaxne 1.4:0.6:8). *H NMR (700 MHz, Acetonitrile-ds) § 5.40 (d, J =
1.2 Hz, 1H, 3), 4.24 —4.14 (m, 2H, 9), 3.70 (s, 3H, 11), 3.23 (dd, J = 8.8, 1.2 Hz, 1H, 1), 2.51
—2.44 (m, 1H, 6), 2.40 (dd, J = 16.5, 4.4 Hz, 1H, 5), 2.09 (dd, J = 16.5, 10.7 Hz, 1H, 5), 1.25
(t, J = 7.1 Hz, 3H, 10), 1.05 (d, J = 6.7 Hz, 3H, 8). 13C NMR (176 MHz, Acetonitrile-d3) &
196.93 (4), 173.38 (2), 170.59 (7), 102.42 (3), 61.07 (9), 56.14 (11), 53.16 (1), 42.68 (5), 32.19
(6), 18.53 (8), 13.46 (10). GC-MS (EIl) Rt = 4.83 min m/z [M]* = 212.1 HR-MS calculated for
C11H1704 213.1127, found 213.1130 (A = 0.3 mDa; 1.4 ppm).

Cis-ethyl 2-methoxy-6-methyl-4-oxocyclohex-2-enecarboxylate (cis-116): Yellow oil (Rf =
0.62, Acetone:Et;O:heaxne 1.4:0.6:8). *H NMR (700 MHz, Acetonitrile-ds) & 5.42 (s, 1H, 3),
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4.23 - 4.14 (m, 2H, 9), 3.70 (s, 3H, 11), 3.35 (d, J = 5.6 Hz, 1H, 1), 2.54 — 2.44 (m, 1H, 6),
2.39 (dd, J = 16.6, 13.6 Hz, 1H, 5), 2.20 (dd, J = 16.6, 4.4 Hz, 1H, 5), 1.25 (t, J = 7.1 Hz, 3H,
10), 1.05 (d, J = 6.9 Hz, 3H, 8). 13C NMR (176 MHz, Acetonitrile-ds) 5 198.03 (4), 174.10 (2),
169.43 (7), 103.00 (3), 61.12 (9), 56.08 (11), 50.51 (1), 40.54 (5), 30.63 (6), 17.46 (8), 13.54
(10). GC-MS polar compounds (El) Rt = 4.89 min m/z [M]* = 212.1 HR-MS calculated for
C11H1704 213.1127, found 213.1130 (A = 0.3 ppm; 1.4 ppm).

General Procedure for the preparation of compound 23 employing methyl acetate as the

solvent (route A)

To a heterogeneous mixture of MeONa (5.5 g, 102 mmol, 0.4 eq.) in methyl acetate (68.5 mL),
was slowly added to the reaction mixture methyl propionylacetate (27) (32 mL, 255 mmol, 1.0
eq.). After the addition, methyl crotonate (20) (27.1 mL, 255 mmol, 1.0 eq.) was slowly added
(the reaction was exothermic and warmed the reaction to 50 °C). The reaction was then warmed
to 55 — 61 °C and stirred until no more starting materials were detected by GC-MS nonpolar
compounds (El) (Rt of 27 = 2.53 min, Rt of 121 = 4.13 min) (around 6 hours). The reaction
cooled to 45 °C and MeONa (8.3 g, 153 mmol, 0.6 eq.) was added portion-wise. The mixture
was then warmed to 55 - 61 °C and stirred for 3 hours or until no more intermediate 121 was
detected in the GC-MS nonpolar compounds (EI). The reaction was then allowed to cool to 40
— 45 °C, water (5 mL) and polyphosphoric acid (21.3 g, 255 mmol, 1.0 eq.) was added to the
mixture. The white precipitate formed was filtered and washed with water until the mother

liquor was neutral.

General Procedure for the preparation of compound 23 employing methyl acetate as solvent

(route B)

To a heterogeneous mixture of MeONa (5.5 g, 102 mmol, 0.4 eq.) in methyl acetate (69.1 mL),
was slowly added dimethyl malonate (26) (29.1 mL, 255 mmol, 1.0 eq.) at room temperature.
Slow addition of 4-hexen-3-one (25) (29.1 mL, 255 mmol, 1.0 eq.) caused an exothermic
heating of the reaction to 50 °C. The reaction was warmed to 55 — 61 °C and stirred until no
more starting materials were detected in the GC-MS nonpolar compounds (El) (Rt of 25 =2.40
min, Rt of 96 = 4.30 min) (around 1 hour). The reaction was cooled to 45 °C and MeONa (8.3
g, 153 mmol, 0.6 eq.) was added portion-wise. The mixture was warmed to 55 — 61 °C and
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stirred for 1 hour or until no more intermediate 96 was detected in the GC-MS nonpolar
compounds (EI). The reaction was cooled to 40 — 45 °C, water (5 mL) and polyphosphoric acid
(21.3 g, 255 mmol, 1.0 eq.) were added in the mixture. The white precipitate was filtered and

washed with water until neutralisation of the mother liquor.

Procedure for the one-pot preparation of Veramoss (11) from compounds 25 and 26 employing

TCCA

To a heterogeneous mixture of MeONa (21.6 g, 400 mmol, 0.4 eq.) in methyl acetate (271 mL),
was slowly added dimethyl malonate (26) (114.4 mL, 1 mol, 1.0 eqg.) at room temperature.
Next, 4-hexen-3-one (25) (114.2 mL, 1 mol, 1.0 eq.) was slowly added which caused an
exothermic heating to 50 °C. The reaction was then heated to 55 — 61 °C and stirred until no
more starting materials were detected in the GC-MS nonpolar compounds (El) (Rt of 25 = 2.40
min, Rt of 96 = 4.30 min) (around 1 hour). The reaction was cooled to 45 °C and MeONa (32.4
g, 600 mmol, 0.6 eq.) was added portion-wise. The mixture again was warmed to 55 - 61 °C
and stirred for 1 hour or until no more intermediate 96 was detected in the GC-MS nonpolar
compounds (EI). The reaction was then allowed to cool to 40 — 45 °C, water (35 mL) and
polyphosphoric acid (117 g, 1.4 mol, 1.4 eq.) were added to the mixture. The reaction was
cooled to 12.5 °C and a 0.9 M solution of TCCA (83.7 g, 325 mmol, 0.325 eq.) in methyl
acetate (361 mL) was slowly added to the mixture at a flow rate of 2 mL/min over 3 hours.
After the addition, the mixture was warm to reflux and stirred for 16 hours. The reaction was
allowed to cool to room temperature and the solid filtered off from the mixture. The red solution
was then concentrated under vacuum and the residue washed with water until neutralisation of
the mother liquor (around 6.5 L). The pale yellow solid was then washed with toluene (1 L) to
gain a white material which was dried under vacuum overnight. The material was then
crystallised from MeOH (195 mL plus 2 g of tartaric acid) at 55 °C slowly adding water (142
mL) over 4 hours and cooling the mixture over 6 hours to room temperature to gain pure
Veramoss (11) (110 g, 55% yield).

JMP data output for Definitive Screening Design performed on Veramoss oxidation
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Figure 52. Comparison between the actual yield and the yield predicted by the model. RMSE
and Rsq are depicted below the graph.

Table 32. Estimates for each term involved in the model.

Term Estimate Std Error t Ratio Prob>|t|

Intercept 87.427586 2.719351 32.15 <.0001

addition time (h)(1,5) 4.6928571 0.897891 5.23 0.0012
TCCA (eq.)(0.25,0.4) -13.27143 0.897891 -14.78 <.0001
addition Temperature (°C)(0,25) 47928571 0.897891 5.34 0.0011
PPA (eq.)(0.1,0.7) 4.3428571 0.897891 4.84 0.0019

H20 (mL in 50 mmol)(0.5,3) 4.7857143 0.897891 5.33 0.0011
[TCCA](0.3,0.9) 6.4285714 0.897891 7.16 0.0002
[TCCAJ*[TCCA] -8.62069 2.205685 -3.91 0.0058

addition Temperature
(°C)*addition Temperature (°C)
TCCA (eq.)*TCCA (eq.) -0.82069 2.205685 -0.37 0.7208

-7.47069 2.205685 -3.39 0.0116

Table 33. Effect summary of the model predicted by the JMP.

Source LogWorth PValue

TCCA (eq.)(0.25,0.4) 5.809 0.00000
[TCCA](0.3,0.9) 3.736 0.00018

addition Temperature (°C)(0,25) 2.967 0.00108

H20 (mL in 50 mmol)(0.5,3) 2.964 0.00109

addition time (h)(1,5) 2.915 0.00122

PPA (eq.)(0.1,0.7) 2.725 0.00188
[TCCA]*[TCCA] 2.234 0.00584

addition Temperature (°C)*addition Temperature (°C) 1.934 0.01165
TCCA (eq.)*TCCA (eq.) 0.142 0.72084
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General procedure for the synthesis of the complexes 122-130

To a solution of compound 11 (70% purity, 28 g, 100 mmol, 1.0 eq.) in AcOEt (100 mL) or
MeOH (50 mL), was added the desired base (2.0 eq.) in one portion. The dark purple mixture
was then stored at -20 °C for 24 hours and the solid formed filtered. The solid was then

crystallised from the required solvent.
General procedure for the recovery of 11 from the complexes 122-130

After having obtained a clear solution of compounds 129 or 130 (roughly 100 mmol) in MeOH
(50 mL or 500 mL) heated under reflux, the mixture was allowed to cool to 40 °C. Water (200
mL or 500 mL) was then added to the warm solution over 30 minutes. Once the addition had
finished, the mixture was allowed to cool to room temperature and filtered. The solid residue
was washed with water (200 mL) and dried under vacuum to yield Veramoss 11 as a white

crystal.

iPro,NH-Veramoss Complex (123): White crystal (2.1 g, 7% yield). *H NMR (600 MHz,
Chloroform-d) & 6.17 (s, 1H), 3.89 (s, 3H), 3.02 (sept, J = 6.3 Hz, 2H), 2.42 (s, 3H), 2.08 (s,
3H), 1.11 (d, J = 6.4 Hz, 12H). C NMR (151 MHz, Chloroform-d) § 172.83, 163.35, 160.13,
139.72, 111.34, 109.53, 104.26, 51.74, 45.55, 24.31, 8.09. LC-MS (ESI+) Rt = 2.14 min m/z
[M+H]" = 197.6. HR-MS calculated for C1oH1304 197.0814, found 197.0837 (A = 2.3 mDa;
11.7 ppm). IR (neat) v 2980 (CH, w), 2930 (CH, w), 2881 (CH, w), 2731 (CH, w), 2731 (CH,
w), 2436 (w), 1625 (C=0, s), 1531(m), 1448 (m), 1396 (m), 1385 (m), 1317 (m), 1290 (m),
1266 (s), 1189 (m), 1149 (m), 1127 (m), 1103 (m), 1028 (m), 883 (w), 802 (s), 637 (s) cm™.
Melting point: 84.7 — 89.1 °C (MeOH). Crystal structure data for C1sH27NO4 (M =297.38
g/mol): triclinic, space group P-1 (no. 2),a= 7.8043(3)A, b= 9.5260(4)A, c=
11.4834(5) A, a = 77.2244(17)°, p = 73.9230(17)°, y = 80.1805(17)°, V = 794.56(8) A3, Z =
2, T= 120K, w(Mo Ka)= 0.088 mm?, Dcalc = 1.243 g/cm?, 14528 reflections measured
(3.756° < 20 < 59.994°), 4626 unique (Rint = 0.0331, Rsigma = 0.0412) which were used in all
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calculations. The final R1 was 0.0545 (I > 20(I)) and wR2 was 0.1323 (all data). Operator

reference number: 20srv228.

Morpholine-Veramoss Complex (128): Brown pale crystal (8.4 g, 7% vyield). *H NMR (600
MHz, Chloroform-d) 6 6.16 (s, 2H), 3.91 (s, 6H), 3.77 — 3.71 (m, 4H), 2.98 — 2.91 (m, 4H),
2.44 (s, 6H), 2.09 (s, 6H). 3C NMR (151 MHz, Chloroform-d) & 172.76, 163.34, 158.92,
140.09, 110.76, 109.00, 104.98, 67.72, 51.89, 46.03, 24.28, 7.90. LC-MS (ESI+) Rt = 2.68 min
m/z [M+H]"=197.5. HR-MS calculated for C1oH1304 197.0814, found 197.0817 (A =0.3 mDa;
1.5 ppm). FT-IR (neat) v 3194 (NH, w), 2954 (CH, w), 2874 (CH, w), 1642 (C=0, s), 1619
(C=0, m), 1596 (C=0, m), 1454 (m), 1432 (m), 1364 (w), 1305 (m), 1269 (m), 1188 (w), 1155
(m), 1110 (w), 1078 (m), 1062 (w), 1027 (w), 840 (w), 801 (s), 771 (m), 584 (m) cm™*. Melting
point: 81.6 — 93.3 °C (MeOH). Crystal structure data for C24H33sNOg (M =479.51 g/mol):
triclinic, space group P-1 (no. 2), a= 8.3185(4) A, b = 8.5365(4) A, ¢ = 9.5699(4) A, a =
73.188(2)°, f = 72.091(2)°, y = 63.816(2)°, V = 570.82(5) A%, Z = 1, T = 120 K, p(Mo Ko) =
0.107 mm™, Dcalc = 1.395 g/cm?, 13387 reflections measured (4.548° < 20 < 69.984°), 4935
unique (Rint = 0.0328, Rsigma = 0.0427) which were used in all calculations. The final Ry was

0.0446 (1> 20(I)) and WR2 was 0.1249 (all data). Operator reference number: 20srv227.
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DABCO-Veramoss Complex (129): (25 g, 99% vyield; Veramoss recovery: 20 g, 98% yield).
'H NMR (400 MHz, DMSO-ds) & 6.28 (s, 2H), 3.84 (s, 6H), 2.62 (s, 12H), 2.36 (s, 6H), 1.93
(s, 6H). 3C NMR (101 MHz, DMSO-ds) § 171.88, 161.71, 160.14, 138.76, 110.58, 108.15,
103.97, 51.98, 46.81, 23.53, 8.04. LC-MS (ESI+) Rt= 2.13 min m/z [M+H]* = 197.4. HR-MS
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calculated for C10H1304 197.0814, found 197.0814 (A = 0.0 mDa; 0.0 ppm). FT-IR (neat) v
2949 (CH, w), 2879 (CH, w), 1641 (C=0, m), 1432 (m), 1305 (m), 1269 (s), 1192 (m), 1157
(m), 1120 (m), 1057 (w), 1027 (w), 990 (w), 806 (m), 776 (s), 623 (w), 582 (w) cm™*. Melting
point: 159.4 — 171.9 °C (MeOH). Crystal structure data for C26H3sN20s (M = 504.57 g/mol):
monoclinic, space group C2/c (no. 15),a= 19.3807(11) A, b= 8.9434(5) A, c=
15.1513(9) A, B = 102.306(2)°, V = 2565.8(3) A%, Z = 4, T = 230 K, w(MoKa) = 0.097 mm"
! Dcalc = 1.306 g/cm®, 18132 reflections measured (4.302° < 20 < 50.03°), 2256 unique
(Rint = 0.0441, Rsigma = 0.0454) which were used in all calculations. The final Ry was 0.0465 (I
> 206(I)) and wR2 was 0.1275 (all data). Operator reference number: 20srv078.

TMEDA-Veramoss Complex (130): (22.6 g, 89% yield; Veramoss recovery: 11 g, 60% yield).
'H NMR (599 MHz, DMSO-ds) § 6.28 (s, 2H), 3.84 (s, 6H), 2.36 (s, 6H), 2.29 (s, 4H), 2.12 (s,
12H), 1.94 (s, 6H). 13C NMR (151 MHz, DMSO-ds) 6 171.86, 161.70, 160.11, 138.74, 110.57,
108.15, 103.99, 57.02, 51.93, 45.45, 23.48, 8.01. LC-MS (ESI+) Rt = 2.68 min m/z [M+H]* =
197.6. HR-MS calculated for C10H1304 197.0814, found 197.0835 (A = 2.1 mDa; 10.7 ppm).
FT-IR (neat) v 3395 (OH, w), 2957 (CH, w), 2935 (CH, w), 2885 (CH, w), 2866 (CH, w), 2564
(w), 1635 (C=0, m), 1594 (C=0, m), 1447 (m), 1403 (m), 1305 (s), 1272 (s), 1191 (s), 1160
(s), 1022 (s), 989 (m), 941 (m), 799 (s), 727 (m), 623(m), 576 (m) cm™. Melting point: 117.5
—125.4 °C (MeOH). Crystal structure data for C2sH40N20g (M = 508.60 g/mol): triclinic, space
group P-1 (no. 2), a = 8.1679(3) A, b = 9.0206(4) A, ¢ = 10.0181(4) A, a = 99.8117(17)°, 5 =
109.5448(17)°, y = 96.0334(18)°, V = 674.90(5) A3, Z = 1, T = 200 K, w(Mo Ka) = 0.092 mm"
! Dcalc = 1.251 g/cm?®, 10748 reflections measured (4.422° < 20 < 56.996°), 3406 unique
(Rint = 0.0250, Rsigma = 0.0264) which were used in all calculations. The final Ry was 0.0499 (I
> 206(I)) and wR2 was 0.1433 (all data). Operator reference number: 20srv218.
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4.2. Ambertonic

2,7a-anti-3a,7a-anti-1,1,2,3,3-pentamethyloctahydro-4H-inden-4-one (39): *H NMR (600
MHz, Methanol-ds) 6 2.25 — 2.20 (m, 2H, 9), 2.18 (dd, J = 13.9, 1.3 Hz, 1H, 2), 2.06 (ddq, J =
12.7,6.3,3.3 Hz, 1H, 8), 1.89 — 1.80 (m, 1H, 7), 1.65 - 1.55 (m, 2H, 8 & 6), 1.41 (qd, J = 12.5,
3.8Hz, 1H, 7),1.25 (d, J = 7.6 Hz, 1H, 4), 1.10 (s, 3H, 10/11), 0.97 (s, 3H, 12/13), 0.96 (s, 3H,
10/11), 0.77 (d, J = 7.6 Hz, 3H, 14), 0.72 (s, 3H, 12/13). 3C NMR (151 MHz, Methanol-ds) &
213.85 (1), 64.03 (2), 56.09 (4), 54.82 (6), 43.11 (9), 42.67 (5), 40.07 (3), 28.54 (10/11), 27.95
(12/13), 26.84 (8), 26.79 (10/11), 25.88 (7), 16.43 (12/13), 9.12 (14). LC-MS (ESI+) Rt =3.79
min m/z [M+H]* = 209.3. HR-MS calculated for C14H250 209.1905, found 209.1924 (A =1.9
mDa; 9.1 ppm). FT-IR (neat) v 2946 (s, CH), 2866 (s), 1697 (s, C=0), 1454 (m), 1385 (w),
1367 (m) cm™.

1,1,2,3,3-pentamethyl-1,2,3,5,6,7-hexahydro-4H-inden-4-one (38): H NMR (400 MHz,
Chloroform-d) 6 2.40 — 2.15 (m, 5H, 8 & 9), 1.96 (ddt, J = 13.3, 7.6, 5.6 Hz, 2H, 7), 1.58 (q, J
= 7.4 Hz, 1H, 4), 1.20 (s, 3H, 10/11), 1.03 (s, 3H, 10/11), 1.00 (s, 3H, 12/13), 0.91 (s, 3H,
12/13), 0.86 (d, J = 7.4 Hz, 3H, 14). *C NMR (101 MHz, Chloroform-d) § 198.62 (1), 170.45
(6), 141.84 (2), 53.17 (4), 47.74 (5), 45.44 (3), 39.27 (9), 27.80 (10/11), 26.65 (12/13), 23.67
(7), 22.95 (8), 22.01 (10/11), 21.76 (12/13), 7.95 (14). LC-MS (ESI+) Rt = 3.58 min m/z
[M+H]" = 207.8. HR-MS calculated for C14H230 207.1749, found 207.1777 (A = 2.8 mDg;
13.5 ppm). FT-IR (neat) v 2948 (m, CH), 2865 (m, CH), 1646 (s, C=0), 1621 (m, C=C), 1450
(m, CH), 1383 (m, CH), 1361 (m, CH), 1329 (w),1176 (w), 963 (w), 891 (w, C=C) cm™.
Melting point: 35.2 — 37.5 °C. Crystal structure data for C14H220O (M = 206.31 g/mol):
monoclinic, space group P2l/c (no. 14),a= 13.2412(6) A, b= 6.9936(3) A, c =
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13.9513(7) A, p =104.352(2)°, V = 1251.62(10) A3, Z =4, T = 120 K, p(MoKa) = 0.066 mm’
! Dealc = 1.095 g/lcm?®, 24924 reflections measured (6.078° <20 < 58.262°), 3366 unique (Rint =
0.0713, Rsigma = 0.0476) which were used in all calculations. The final R1 was 0.0495 (I >
20(1)) and wr2 was 0.1304 (all data). Operator reference number: 19srv064.

General procedures for the synthesis of compound 131 using solid alkoxides and other bases

In a three-necked round bottom flask, a mixture of the base (1.2 eq.) in the required volume of
dry hexane was prepared under nitrogen. The methyl formate (1.2 — 3 eq.) was then added
dropwise at 0 °C to this mixture. After 5 minutes, a solution of 39 (1.0 eq.) in the required
volume of dry was added over 30 minutes at the same temperature. After 10 minutes, the ice
bath was removed and the reaction was stirred at room temperature overnight. The mixture was
then guenched with ice-cooled water and the two phases separated. The aqueous phase then
acidified with concentrated hydrochloric acid (38%) and extracted with chloroform (x 3). The
combined organic phase was washed with brine, dried over Na,SO4 and concentrated in vacuo
to gain compound 131. In an alternative work-up performed, the reaction mixture was filtered
and the solid washed with small amount of water and hexane until the slurry material becomes
a nice powdery solid. The solid was then acidified in the smallest amount of water as possible
and extracted with ethyl acetate as above described.

OH O F411 12

13 14 13 14

1,1,2,3,3-pentamethyl-4-oxooctahydro-1H-indene-5-carbaldehyde (131): Trans-isomer: H
NMR (400 MHz, Chloroform-d) & 14.77 (d, J = 5.5 Hz, 1H, OH), 8.22 — 8.16 (m, 1H, 10),
2.46 (ddd, J = 15.2, 5.7, 1.8 Hz, 1H, 8), 2.40 — 2.29 (m, 1H, 8), 2.26 (d, J = 13.4 Hz, 1H, 2),
1.85-1.77 (m, 1H, 7), 1.53 — 1.44 (m, 1H, 6), 1.34 (g, J = 7.5 Hz, 1H, 4), 1.30 — 1.17 (m, 1H,
7), 1.12 (s, 3H, 11/12), 1.00 (s, 3H, 13/14), 0.94 (s, 3H, 13/14), 0.77 (dd, J = 7.5, 1.1 Hz, 3H,
15), 0.63 (s, 3H, 11/12). 13C NMR (101 MHz, Chloroform-d) § 194.39 (10), 180.48 (1), 109.60
(9), 57.98 (2), 55.47 (4), 49.08 (6), 41.10 (5), 39.61 (3), 27.64 (12/13), 27.39 (11/12), 27.13
(11/12), 25.11 (8), 22.86 (7), 15.94 (12/13), 9.10 (15). LC-MS (ESI-) Rt = 3.89 min m/z [M-
H] = 235.1. HR-MS calculated for C1sH230, 235.1698, found 235.1708 (A = 1.0 mDa; 4.3
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ppm). FT-IR (neat) v 2947 (s, O-H), 2868 (s), 1713 (s, C=0), 1633 (s), 1584 (s), 1382 (s), 1342
(s), 1142 (s), 1010 (s), 907 (m), 827 (m), 595 (m) cm™™.

Cis-isomer: *H NMR (700 MHz, Chloroform-d) & 8.75 (s, 1H, 10), 2.54 (d, J = 9.9 Hz, 1H, 2),
2.37 (ddd, J = 14.7, 4.3, 3.8 Hz, 1H, 8), 2.19 — 2.13 (m, 1H, 8), 1.89 (ddd, J = 13.1, 9.9, 5.1
Hz, 1H, 6), 1.77 (ddt, J = 13.1,5.1, 3.8 Hz, 1H, 7), 1.44 (q, J = 7.3 Hz, 1H, 4), 1.37 — 1.30 (m,
1H,7), 1.22 (s, 3H, 11/12), 1.02 (s, 3H, 13/14), 0.86 (s, 3H, 13/14), 0.80 — 0.77 (m, 6H, 11/12
& 15). 3C NMR (176 MHz, Chloroform-d) & 188.35 (10), 185.99 (1), 110.20 (9), 55.61 (4),
53.31 (2), 48.03 (6), 46.50 (3), 41.34 (5), 34.20 (13/14), 30.92 (11/12), 24.40 (7), 23.89 (8),
20.79 (13/14), 18.50 (11/12), 8.51 (15). LC-MS (ESI-) Rt =3.89 min m/z [M-H] = 235.1. HR-
MS calculated for C15sH2302 235.1698, found 235.1683 (A = -1.5 mDa; -6.4 ppm). FT-IR (neat)
v 2947 (s, O-H), 2868 (s), 1713 (s, C=0), 1633 (s), 1584 (s), 1382 (s), 1342 (s), 1142 (s), 1010
(s), 907 (m), 827 (m), 595 (m) cm™.

ONa O

“~ H
H

Sodium (2)-(1,1,2,3,3-pentamethyl-4-oxohexahydro-1H-inden-5(6H)-ylidene)methanolate
(Na-131): A small portion of pink solid was taken before quenching with hydrochloric acid.
The solid was a 70%ww in 39, and a mixture of cis and trans isomers (cis:trans: 3:7). The peaks
reported are the ones which are not overlapping.

Trans-isomer: *H NMR (400 MHz, Methanol-ds) § 9.09 (s, 1H), 2.65 — 2.57 (m, 1H), 2.19 —
2.07 (m, 1H), 2.05 (d, J = 13.3 Hz, 1H), 1.81 (dd, J = 12.0, 6.1 Hz, OH), 1.52 (ddd, J = 13.3,
12.1, 2.3 Hz, 1H), 1.31 (q, J = 7.8 Hz, 1H), 1.22 — 1.12 (m, 1H), 1.22 — 1.12 (m, 1H), 1.12 (s,
4H), 1.00 (s, 3H), 0.96 (s, 3H), 0.80 (d, J = 7.5 Hz, 3H), 0.66 (s, 3H). 13C NMR (101 MHz,
Methanol-d4) 6 200.14, 177.90, 111.73, 60.17, 55.44, 50.36, 40.34, 39.15, 26.82, 26.53, 26.49,
23.29, 22.79, 15.00, 7.99. Cis-isomer: *H NMR (400 MHz, Methanol-ds) & 9.21 (s, 1H), 2.35
(d, J = 9.8 Hz, 1H), 1.99 — 1.90 (m, 1H), 1.04 (s, 3H), 0.91 (d, J = 0.9 Hz, 4H), 0.73 (s, 3H).
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(2)-5-(hydroxymethylene)-1,1,2,3,3-pentamethyl-2,3,6,7-tetrahydro-1H-inden-4(5H)-one
(152): *H NMR (700 MHz, Chloroform-d) § 7.33 (d, J = 1.1 Hz, 1H, 10), 2.46 — 2.33 (m, 2H,
8), 2.32 — 2.26 (m, 1H, 7), 2.23 — 2.15 (m, 1H, 7), 1.65 (q, J = 7.4 Hz, 1H, 4), 1.26 (s, 3H,
11/12), 1.10 (s, 3H, 11/12), 1.06 (s, 3H, 13/14), 0.91 (s, 3H, 13/14), 0.89 (d, J = 7.4 Hz, 3H,
15). BC NMR (176 MHz, Chloroform-d) § 190.65 (1), 169.13 (6), 163.09 (10), 141.78 (2),
109.13 (9), 53.46 (4), 47.94 (5), 45.67 (3), 27.79 (11/12), 26.97 (13/14), 24.06 (8), 22.24 (7),
22.09 (11/12), 21.61 (13/14), 7.91 (15). LC-MS (ESI-) Rt = 3.82 min m/z [M-H] = 233.3. HR-
MS calculated for C15H2102 233.1542, found 233.1541 (A =-0.1 mDa; -0.4 ppm). FT-IR (neat)
v 2955 (m, CH), 2871 (m, CH), 1631 (s, C=0), 1414 (m), 1363 (m), 1327 (m), 1225 (m), 1187
(m), 1178 (m), 1156 (m), 950 (s), 872 (m), 837 (w), 555 (m) cm™.

Procedure for the synthesis of compound 131 using formate ester 137 as the solvent

In a round bottom flask, a solution of compound 39 (2.08 g, 10 mmol, 1.0 eq.) in methyl formate
(137) (10 mL) was prepared. A 5 M solution of MeONa in MeOH (2.4 mL, 12 mmol, 1.2 eq.)
was added dropwise to the reaction mixture at 0 °C. The reaction was stirred for 2 hours and
the resulting solid filtered. The solid was dried under vacuum and revealed to be a mixture of
trans-Na-131:138 (1:1, 800 mg). The filtrate was quenched with a concentrated hydrochloric
acid (38%) at 0 °C and extracted with ACOEt (2 x 50 mL). The organic phase was washed with
brine (20 mL), dried over Na2SO4 and concentrated under vacuum to yield 131 as 3:1 mixture
with 39 (401 mg, 17% vyield).

(2R,7aS)-4-hydroxy-1,1,2,3,3-pentamethyl-2,3,7,7a-tetrahydro-1H-inden-5(6H)-one ~ (138):
Crystallized from a 1:1 MeOH:water mixture (356 mg, 16% yield). 'H NMR (600 MHz,
Chloroform-d) & 5.98 (s, 1H, OH), 2.63 (ddd, J = 17.0, 4.2, 2.4 Hz, 1H, 8), 2.50 — 2.45 (m, 1H,
6), 2.35 (dddd, J = 17.0, 14.8, 5.0, 0.7 Hz, 1H, 8), 1.92 (dddd, J = 12.6, 5.0, 4.2, 2.4 Hz, 1H,
7), 1.64 (dddd, J = 14.8, 12.6, 11.8, 4.2 Hz, 1H, 7), 1.53 (g, J = 7.3 Hz, 1H, 4), 1.21 (s, 3H,
10/11), 1.20 (s, 3H, 10/11), 0.99 (s, 3H, 12/13), 0.86 (d, J = 7.3 Hz, 3H, 14), 0.68 (s, 3H, 12/13).
13C NMR (151 MHz, Chloroform-d) & 195.73 (9), 149.16 (2), 141.96 (1), 54.66 (4), 52.13 (6),
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43.10 (5), 42.81 (3), 35.96 (8), 27.71 (10/11), 27.11 (12/13), 23.42 (7), 20.85 (10/11), 17.29
(12/13), 7.98 (14). LC-MS (ESI+) Rt = 3.67 min m/z [M+H]* = 223.7. HR-MS calculated for
C14H2302 223.1698, found 223.1693 (A = -0.5 mDa; -2.2 ppm). FT-IR (neat) v 3391 (s, OH),
2953 (m, CH), 2871 (m, CH), 1705 (m), 1665 (s, C=0), 1641 (s, C=0), 1454 (m), 1389 (m),
1351 (s), 1327 (s), 1141 (s), 879 (w), 650 (s), 637 (s) cm™. Melting point: decomposition at
113.8 °C (MeOH). Crystal structure data for C14H2202 (M = 222.31 g/mol): triclinic, space
group P-1, a= 6.4281(4) A, b= 7.8823(8) A, c= 13.5995(14) A, o = 82.685(9)°, =
85.889(8)° ,y = 66.813(11)° V = 628.07(11) A3, Z= 2, T = 120 K, p(CuKo) = 0.076 mm™,
Dcalc = 1.176 g/cm?, 7925 reflections measured (6.042° < 20 < 58.998°), 3483 unique (Rint =
0.0469, Rsigma = 0.0654) which were used in all calculations. The final Ry was 0.0530 (1> 2o(1))

and wR2 was 0.1366 (all data). Operator reference number: 19srv121.
Procedure for the synthesis of Ambertonic™ from 131

In a 50 mL round bottom flask, compound 131 (2.36 g, 10 mmol, 1.0 eq.), sodium sulfate (1.46
g, 10 mmol, 1 eq.) and formamide (5 mL) were placed. The mixture was heated at 210 °C and
stirred for 1 hour. The reaction was then allowed to cool to room temperature and water (40
mL) was added. The aqueous phase was removed and the remained brown sticky oil was
dissolved in chloroform (20 mL) and washed first with brine (2 x 10 mL) and then with water
(10 mL). The organic phase was washed again with brine (10 mL), dried over Na>SO4 and

concentrated under vacuum.

7,7,8,9,9-pentamethyl-6,6a,7,8,9,9a-hexahydro-5H-cyclopenta[h]quinazoline (37): Purified
via flash chromatography (Eluent: toluene:MeCN 97.5:2.5). Trans-isomer: White crystal (Rf
= 0.25, toluene:MeCN 97.5:2.5). 'H NMR (600 MHz, Chloroform-d) & 8.93 (s, 1H, 11), 8.38
(s, 1H, 10), 2.92 — 2.86 (m, 1H, 8), 2.85 — 2.77 (m, 1H, 8), 2.66 (dd, J = 13.2, 1.9 Hz, 1H, 2),
1.97 (ddt, J=12.4,6.1, 1.9 Hz, 1H, 7), 1.59 (td, J = 13.2, 2.3 Hz, 1H, 6), 1.46 — 1.39 (m, 2H,
7 & 4), 1.31 (s, 3H, 12/13), 0.99 (s, 3H, 14/15), 0.95 (s, 3H, 12/13), 0.84 (d, J = 7.5 Hz, 3H,
16), 0.70 (s, 3H, 14/15). *C NMR (151 MHz, Chloroform-d) & 169.65 (1), 155.62 (10), 155.11
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(11), 131.03 (9), 55.98 (4), 55.40 (2), 49.77 (6), 41.17 (5), 40.17 (3), 27.52 (14/15), 27.47
(12/13), 27.45 (8), 27.24 (12/13), 22.25 (7), 16.23 (14/15), 9.29 (16). FT-IR (neat) v 2956 (S),
2871 (s), 1574 (s), 1537 (s), 1449 (s), 1396 (s), 1382 (m), 1366 (s), 1280 (w), 1265 (w), 1228
(w), 1216 (w), 1164 (w), 1081 (w), 928 (m), 849 (w), 803 (m) cm™. LC-MS (ESI+) Rt= 3.49
min m/z [M+H]* = 245.9 HR-MS calculated for C1sH2sN2 245.2018, found 245.2030 (A = 1.2
mDa; 4.9 ppm). Melting point: 45.0 — 54.1 °C (toluene). Crystal structure data for
Ci6H2sN2 (M = 244.37 g/mol): monoclinic, space group P21/n (no. 14), a = 7.9439(6) A, b =
14.7710(11) A, c = 12.0646(9) A, B = 99.752(3)°, V = 1395.20(18) A3,Z= 4, T= 120K,
n(MoKa) = 0.068 mm™, Dcalc = 1.163 g/cm?, 30363 reflections measured (4.398° < 20 <
59.998°), 4063 unique (Rint = 0.0503, Rsigma = 0.0350) which were used in all calculations. The
final Ry was 0.0547 (I > 20(I)) and wR> was 0.1515 (all data). Operator reference number:
13srv003.

Cis-isomer: Colourless oil (Rf = 0.17, toluene:MeCN 97.5:2.5). 'H NMR (400 MHz,
Chloroform-d) & 8.98 (s, 1H, 11), 8.39 (s, 1H, 10), 3.00 (d, J = 9.7 Hz, 1H, 2), 2.76 (dt, J =
16.2, 4.2 Hz, 1H, 8), 2.56 (dddd, J = 16.2, 12.0, 4.2, 1.1 Hz, 1H, 8), 2.12 (ddd, J = 12.7, 9.7,
5.2 Hz, 1H, 6), 1.89 (dtd, J = 13.3, 4.9, 3.6 Hz, 1H, 7), 1.64 — 1.43 (m, 2H, 7 & 4), 1.41 (s, 3H,
12/13),1.09 (s, 3H, 14/15), 0.91 (s, 3H, 14/15), 0.82 (d, J = 7.3 Hz, 3H, 16), 0.53 (s, 3H, 12/13).
13C NMR (101 MHz, Chloroform-d) § 168.43 (1), 155.80 (10), 155.39 (11), 131.34 (9), 55.68
(4), 52.75 (2), 48.68 (6), 47.31 (3), 41.29 (5), 34.39 (14/15), 31.31 (12/13), 26.68 (7), 23.04
(8), 20.90 (14/15), 19.04 (12/13), 8.90 (16). LC-MS (ESI+) Rt = 3.35 min m/z [M+H]" = 245.0
HR-MS calculated for C1sH25N2 245.2018, found 245.2030 (A = 1.2 mDa; 4.9 ppm). FT-IR
(neat) v 2945 (s), 2866 (s), 1663 (m, C=N), 1576 (s, C=C), 1539 (s), 1449 (s), 1396 (s), 1366
(s), 806 (m), 721 (m) cm™™,

l)d;/ /Q“)}Q' ; f

(5Z,5°E)-5,5 -(azanediylbis(methanylylidene))bis(1,1,2,3,3-pentamethylhexahydro-1H-inden-
4(2H)-one) (trans-143): *H NMR (700 MHz, Chloroform-d) § 11.26 (q, J = 11.8 Hz, 1H, NH),
7.37 (d, J=13.0 Hz, 1H, 10), 6.64 (dd, J = 10.9, 1.4 Hz, 1H, 10°), 2.66 — 2.57 (m, 1H, 8), 2.51
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—2.43 (m, 2H, 8°), 2.37 —2.25 (m, 1H, 8), 2.09 (d, J = 13.8 Hz, 1H, 2°), 2.01 (dd, J =13.7,1.5
Hz, 1H, 2), 1.96 — 1.92 (m, 1H, 7), 1.84 — 1.78 (m, 1H, 7°), 1.61 — 1.52 (m, 2H, 6 & 6°), 1.33
—1.24(m,4H,4 & 4°,7 & 7°), 1.11 (s, 3H, 11°/12°), 1.08 (s, 3H, 11/12), 1.00 (s, 3H, 11°/12°),
0.97 (s, 3H, 11/12), 0.94 (s, 3H, 13°/14°), 0.93 (s, 3H, 13/14), 0.80 — 0.72 (m, 6H, 15 & 15°),
0.64 (s, 3H, 13/14), 0.62 (s, 3H, 13°/14°). C NMR (176 MHz, Chloroform-d ) § 203.68 (1°),
200.30 (1), 142.79 (10°), 138.14 (10), 114.04 (9), 110.56 (9°), 62.68 (2°), 62.30 (2), 55.05 (4°),
54.95 (4), 49.58 (6/6°), 49.57 (6/6), 41.19 (5), 41.03 (5°), 39.54 (3), 39.45 (3°), 29.20 (8°),
27.68 (11°/12°), 27.66 (11/12), 27.25 (13°/14°), 27.22 (13/14), 27.02 (11°/12°), 27.00 (11/12),
24.67 (8), 23.61 (7°), 22.48 (7), 15.89 (13/14), 15.78 (13°/14°), 8.81 (15 & 15°). FT-IR (neat)
v 3659 (NH, br), 2981 (CH, s), 2975 (s), 2972 (s), 1667 (C=0, s), 1649 (m), 1561 (s), 1445
(m), 1419 (m), 1382 (s) 1370 (m), 1365 (m), 1336 (w), 1268 (w), 1239 (w), 1158 (s), 1125 (w),
1108 (m), 1090 (s), 1077 (), 927 (w), 813 (m) cm™™. LC-MS (ESI+) Rt = 4.49 min m/z [M+H]*
=454.3. HR-MS calculated for C3oH4sNO2 454.3685, found 454.3692 (A = 0.7 mDa; 1.5 ppm).
Melting point: decomposition at 162.6 °C (1,4-dioxane). Crystal structure data for C3oH47NO>
(M = 453.68 g/mol): monoclinic, space group 12/a (no. 15), a = 28.950(5) A, b = 6.4490(12) A,
c=29.056(8) A, p=91.888(7)°, V =5422(2) A%, Z=8, T = 120 K, p(CuKa) = 0.518 mm™,
Dcalc = 1.112 g/cm?®, 18282 reflections measured (6.086° < 20 < 115.79°), 3700 unique (Rint
= 0.2689, Rsigma = 0.1938) which were used in all calculations. The final R1 was 0.0979 (I >
26(1)) and WR2 was 0.2930 (all data). Operator reference number: 18srv303.

General procedure for the synthesis of compound 147 from compound 39

To a heterogeneous mixture of compound 39 (2.08 g, 10 mmol, 1.0 eq.) in formamide (10 mL),
was added sodium sulfate (1.5 g). The mixture was heated and stirred at 210 °C for 4 hours.
The reaction was then allowed to cool to room temperature and partitioned between brine (20
mL) and chloroform (20 mL). The organic phase was washed with water (20 mL) and again
with brine (20 mL). The brown solution was then dried over Na>SO4 and concentrated in vacuo.
The residue was purified via flash chromatography (Eluent: hexane:AcOEt 7:3) to gain
compound 147 (1.35 g, 57% yield) and 37 (195 mg, 8% vyield).
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N-(1,1,2,3,3-pentamethyloctahydro-1H-inden-4-yl)formamide (147): Yellowish crystals (Rf =
0.33, hexane:AcOEt 7:3). Isolated as a mixture 6:4 of two diastereoisomers. Major isomer
(1,2-anti-2,6-anti): In the NOESY experiment the signal at 6 1.24 (2) shows a strong
correlation with the signal at § 3.81 (1). *H NMR (600 MHz, Acetonitrile-ds) § 8.01 (10), 3.81
(1),1.85(9), 1.75 (8), 1.63 (7), 1.26 (8), 1.24 (2), 1.19 (4), 1.08 (6 & 9), 0.96 (7), 0.94 (11/12),
0.88 (13/14), 0.84 (11/12), 0.76 (15), 0.65 (13/14). 3C NMR (151 MHz, Acetonitrile-ds) &
159.94 (10), 55.29 (2 & 4), 52.43 (6), 48.49 (1), 41.36 (5), 39.15 (3), 35.01 (9), 27.03 (11/12),
26.64 (13/14), 25.78 (11/12), 25.03 (7), 24.89 (8), 15.68 (13/14), 8.23 (15). Minor isomer (1,2-
syn-2,6-anti): In the NOESY experiment the signal at 6 1.38 (2) shows no correlation with the
signal at  4.41 (1). *H NMR (600 MHz, Acetonitrile-ds) 8.00 (10), 4.41 (1), 1.72 (8), 1.65 (7),
1.61(9),1.39 (9), 1.38 (2), 1.37 (7), 1.35(6), 1.19 (4), 1.06 (8), 0.91 (13/14), 0.87 (11/12), 0.85
(11/12), 0.77 (15), 0.63 (13/14). *C NMR (151 MHz, Acetonitrile-ds) 160.18 (10), 54.89 (4),
53.90 (2), 47.92 (6) 43.66 (1), 41.31 (5), 39.57 (3), 33.41 (7), 26.93 (11/12), 26.86 (13/14),
26.56 (11/12), 26.12 (8), 20.46 (9), 15.50 (13/14), 7.83 (15). FT-IR (neat) v 3287 (br, N-H),
2928 (m, C-H), 2867 (m, C-H), 1655 (s, C=0), 1532 (m), 1459 (m), 1380 (m), 1372 (m), 1366
(m), 1214 (w) cmt. LC-MS (ESI+) Rt = 2.92 min m/z [M+H]" = 238.3 HR-MS calculated for
CisH2sNO 238.2171, found 238.2176 (A = 0.5 mDa; 2.1 ppm). Melting point: 62.5 — 77.7 °C.
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Crystal structure data for C15H27NO (M =237.37 g/mol): triclinic, space group P-1 (no. 2), a =
13.0853(12) A, b = 13.2624(12) A, ¢ = 15.6921(18) A, a = 77.213(5)°, S = 65.399(3)°, y =
62.276(3)°, V = 2190.5(4) A%, Z =6, T = 120 K, p(MoKa) = 0.066 mm, Dcalc = 1.080 g/cm?,
34010 reflections measured (4.42° < 20 < 50.054°), 7732 unique (Rint = 0.0530, Rsigma =
0.0573) which were used in all calculations. The final R1 was 0.0668 (I > 2¢(I)) and WR2 was

0.1879 (all data). Operator reference number: 18srv5009.
General procedure for the synthesis of the compound 151 from Ambertonic™ (37)

A mixture of trans-Ambertonic 37 (50 mg, 0.2 mmol), formamide (200 uL) and calcium
chloride (50 mg) was heated at 180 °C for 4 hours. The mixture was cooled to room temperature
and extracted with toluene (10 mL) and brine (2 mL). The organic phase was dried over Na;SO4
and concentrated in vacuo to gain 151 (Conversion: 77%). Characterisation was performed on

the crude mixture.

7,7,8,9,9-pentamethyl-8,9-dihydro-7H-cyclopenta[h]quinazoline (151): *H NMR (700 MHz,
Chloroform-d) 6 9.31 (s, 1H, 10), 9.27 (s, 1H, 11), 7.77 (d, J =8.2 Hz, 1H, 8), 7.49 (d, J = 8.2
Hz, 1H, 7), 2.03 (q, J = 7.4 Hz, 1H, 4), 1.73 (s, 3H, 12/13), 1.39 (s, 3H, 12/13), 1.37 (s, 3H,
14/15), 1.11 (s, 3H, 14/15), 1.07 (d, J = 7.4 Hz, 3H, 16). **C NMR (176 MHz, Chloroform-d)
5 160.29 (10), 157.66 (6), 154.19 (11), 147.81 (1), 145.52 (2), 126.91 (8), 125.08 (9), 123.64
(7), 54.88 (4), 46.72 (3), 45.94 (5), 28.97 (12/13), 28.76 (14/15), 25.63 (14/15), 23.40 (12/13),
8.30 (16). GC-MS polar compounds (EI) Rt = 5.17 min m/z [M]" = 240.2.

General procedure for the one-pot synthesis of Ambertonic™ (37) and Sinfonide (153)

In a three-necked round bottom flask, a suspension of MeONa (1.3 g, 24 mmol, 1.2 eq.) in dry
hexane (10 mL) was prepared under nitrogen and cooled to 0 °C. To this mixture was added
dropwise methyl formate (137) (1.5 mL, 24 mmol, 1.2 eq.). After 5 minutes, a solution of
compound 38 (4.13 g, 20 mmol, 1 eq., for Sinfonide) or a solution of compound 39 (4.16 g, 20
mmol, 1 eq., for Ambertonic) in dry hexane (10 mL) was added over 30 minutes at the same
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temperature. After 10 minutes, the ice bath was removed and the reaction was stirred at room
temperature overnight. Formamide (139) (20 mL) was added to the reaction mixture and PPA
(2.0g9,24 mmol, 1.2 eq.) at 0 °C. The hexane was removed by distillation (addition of a vacuum
pump when needed). Once >90% of the hexane was removed, calcium chloride (6 g) was added
in one portion and the mixture was heated to 180 °C and stirred for 4 hours. The reaction was
then allowed to cool to room temperature. The mixture was extracted with toluene (200 mL)
and brine (10 mL). The organic phase was dried over Na2SO4 and concentrated in vacuo. The
mixture was distilled under vacuum and at 180 °C & 10 mbar to yield Ambertonic™ (37) in
95% purity (3.0 g, 58% vyield) or Sinfonide (153) in 95% purity (2.6 g, 51% vyield).

7,7,8,9,9-pentamethyl-6,7,8,9-tetrahydro-5H-cyclopenta[h]quinazoline (153): *H NMR (599
MHz, Chloroform-d) 6 8.91 (s, 1H, 11), 8.31 (d, J = 0.9 Hz, 1H, 10), 2.84 — 2.74 (m, 2H, 8),
2.37 (ddd, J =17.0, 7.2, 5.1 Hz, 1H, 7), 2.26 (ddd, J = 17.0, 12.5, 8.1 Hz, 1H, 7), 1.73 (q, J =
7.4 Hz, 1H, 4), 1.37 (s, 3H, 12/13), 1.23 (s, 3H, 12/13), 1.10 (s, 3H, 14/15), 0.94 (d, J = 7.4 Hz,
3H, 16), 0.92 (s, 3H, 14/15). °C NMR (151 MHz, Chloroform-d) § 160.20 (1), 158.95 (6),
156.99 (11), 153.23 (10), 139.64 (2), 127.93 (9), 54.09 (4), 47.29 (5), 46.35 (3), 27.74 (12/13),
27.60 (14/15), 24.80 (8), 21.90 (12/13), 21.55 (14/15), 20.19 (7), 8.07 (16). LC-MS (ESI+) Rt
= 3.63 min m/z [M+H]* = 243.8. HR-MS calculated for C16H23N> 243.1861, found 243.1855
(A =-0.6 mDa: -2.5 ppm). FT-IR (neat) v 2972 (s, CH), 2885 (m, CH), 1629 (w, CN), 1576
(m), 1534 (w), 1451 (s), 1402 (s), 800 (s), 671 (m) cm™. Melting point: 78.3 — 80.4 °C.

General procedure for the synthesis of compounds 155a

Basic condition:?® In a 100 mL round bottom flask compound 131 (1.18 g, 5 mmol, 1 eq.),
guanidine hydrochloride (157a) (1.91 g, 20 mmol, 4 eqg.) and sodium hydroxide (1.4 g, 35
mmol, 7 eq.) were dissolved in EtOH (50 mL). The pale orange mixture was heated under
reflux for 3 hours. After cooling to room temperature, the crude orange mixture was
concentrated in vacuo and partitioned between water (10 mL) and AcOEt (10 mL). The phases

were separated and the aqueous phase was again extracted with AcOEt (2 x 10 mL). The
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combined organic phase was washed with brine (10 mL), dried over Na2SO4 and concentrated
to gain a yellow solid which was analyzed by GC-MS polar compounds (EI) and *H-NMR
spectra. The results are depicted in Scheme 58.

General procedure for the synthesis of compounds 155b

Basic condition:?% In a 100 mL round bottom flask compound 131 (1.18 g, 5 mmol, 1 eq.),
urea (157b) (1.20 g, 20 mmol, 4 eqg.) and sodium hydroxide (600 mg, 15 mmol, 3 eq.) were
dissolved in EtOH (50 mL). The pale orange mixture was heated under reflux for 3 hours. After
cooling to room temperature, the crude orange mixture was concentrated in vacuo and
partitioned between water (10 mL) and AcOEt (10 mL). The phases were seperated and the
aqueous phase was again extracted with AcOEt (2 x 10 mL). The combined organic phase was
washed with brine (10 mL), dried over Na.SO4 and concentrated to gain a yellow solid which
was analyzed by GC-MS polar compounds (EI) and *H-NMR spectra. The results are depicted
in Scheme 58.

General procedure for the synthesis of compounds 155¢

Basic condition:?%® In a 100 mL round bottom flask compound 131 (1.18 g, 5 mmol, 1 eq.),
thiourea (157¢) (1.52 g, 20 mmol, 4 eq.) and sodium hydroxide (600 mg, 15 mmol, 3 eq.) were
dissolved in EtOH (50 mL). The pale orange mixture was heated under reflux for 3 hours. After
cooling to room temperature, the crude orange mixture was concentrated in vacuo and
partitioned between water (10 mL) and AcOEt (10 mL). The phases were seperated and the
aqueous phase was again extracted with AcOEt (2 x 10 mL). The combined organic phase was
washed with brine (10 mL), dried over Na.SO4 and concentrated to gain a yellow solid which
was analyzed by GC-MS polar compounds (El) and *H-NMR spectra. The results are depicted

in Scheme 58.

Neutral condition: To a solution of compound 131 (2.36 g, 10 mmol, 1.0 eq.) in EtOH (10 mL),
thiourea (157c¢) (3.04 g, 40 mmol, 4.0 eq.) was added. The reaction was heated under reflux
and then stirred for 5 days. After cooling to room temperature, the solids were filtered and the
orange solution was concentrated under vacuum. The residue was purified via flash
chromatography (Eluent: DCM:MeOH 99:1) to gain E-cis-159 (139 mg, 15% vyield), Z-cis-159
(215 mg, 8% yield), and trans-158 (353 mg, 12% yield). The results are depicted in Table 25
(Entry 1).
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(2,3-anti,2,7-syn,E)-5-(ethoxymethylene)-1,1,2,3,3-pentamethyloctahydro-4H-inden-4-one
(E-cis-159): Yellow oil (Rf =0.89, DCM:MeOH 99:1). In the NOESY experiment the signals
at & 2.61 and 2.05 (8) shows correlation with the signal at § 7.23 (10). *H NMR (700 MHz,
DMSO-des) 6 7.23 (dd, J = 2.8, 1.6 Hz, 1H, 10), 4.11 — 3.98 (m, 2H, 16), 2.60 (ddt, J = 16.3,
5.6, 1.6 Hz, 1H, 8), 2.05 (dddd, J = 16.3, 12.9, 6.4, 2.8 Hz, 1H, 8), 1.90 (d, J = 13.8 Hz, 1H,
2),1.75(ddt, J=10.9,6.4, 2.6 Hz, 1H, 7), 1.50 (ddd, J = 13.8, 12.1, 2.6 Hz, 1H, 6), 1.22 - 1.16
(m, 4H, 4 & 17), 0.96 (s, 3H, 11), 0.89 (s, 3H, 11/12), 0.88 (s, 3H, 13/14), 0.69 (d, J = 7.5 Hz,
3H, 15), 0.57 (s, 3H, 13/14). 1*C NMR (176 MHz, DMSO-ds) § 200.08 (1), 156.01 (10), 115.42
(9), 70.10 (16), 62.23 (2), 54.75 (4), 49.50 (6), 41.24 (5), 39.37 (3), 27.96 (11/12), 27.52
(13/14), 27.21 (11/12), 23.66 (8), 22.65 (7), 16.23 (13/14), 15.80 (17), 9.18 (15). LC-MS
(ESI+) Rt = 4.08 min m/z [M-H] = 265.1. HR-MS calculated for C17H290, 265.2168, found
265.2196 (A = 2.8 mDa; 10.6 ppm).

(2,3-anti,2,7-syn,Z)-5-(ethoxymethylene)-1,1,2,3,3-pentamethyloctahydro-4H-inden-4-one (Z-
cis-159): Yellow oil (Rf = 0.82, DCM:MeOH 99:1). In the NOESY experiment the signals at
5 2.60 and 1.96 — 1.89 (8) shows correlation with the signal at § 7.26 (10). *H NMR (700 MHz,
DMSO-ds) 6 7.26 (dd, J = 2.5, 1.1 Hz, 1H, 10), 4.11 — 4.03 (m, 2H, 16), 2.60 (dtd, J = 15.6,
3.8, 1.1 Hz, 1H, 8), 2.35 (d, J = 10.3 Hz, 1H, 2), 2.01 (ddd, J = 13.4, 10.3, 5.0 Hz, 1H, 6), 1.96
~1.89 (m, 1H, 8), 1.73 (dq, J = 13.4, 3.8 Hz, 1H, 7), 1.29 (q, J = 7.3 Hz, 1H, 4), 1.19 (m, 4H,
7&17),1.11 (s, 3H, 11/12), 0.97 (d, J = 4.2 Hz, 3H, 13/14), 0.79 (s, 3H, 13/14), 0.70 (d, J =
7.3 Hz, 3H, 15), 0.66 (s, 3H, 11/12). 3C NMR (176 MHz, DMSO-ds) & 201.13 (1), 155.53
(10), 116.07 (9), 70.17 (16), 58.69 (2), 54.99 (4), 49.38 (6), 46.70 (3), 41.63 (5), 34.21 (13/14),
31.27 (11/12), 24.65 (7), 23.17 (8), 21.04 (13/14), 18.90 (11/12), 15.75 (17), 8.64 (15). LC-MS
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(ESI+) Rt = 3.67 min m/z [M+H]" = 265.1. HR-MS calculated for C17H290, 265.2168, found
265.2188 (A = 2.0 mDa; 7.5 ppm).

S

1-((1,1,2,3,3-pentamethyl-4-oxohexahydro-1H-inden-5(6H)-ylidene)methyl)thiourea (trans-
158): Yellow oil (Rf =0.21, DCM:MeOH 99:1). Isolated as a mixture 7:3 E:Z. ASAP (MeCN)
m/z [M+H]*= 295.2. HR-MS calculated for C16H27N20S 295.1844, found 295.1840 (A = -0.4
mDa; -1.4 ppm).E-isomer: *H NMR (700 MHz, DMSO-ds) & 9.51 (d, J = 11.7 Hz, 1H, NH),
8.54 (s, 2H, NH), 8.16 (dd, J = 11.7, 2.3 Hz, 1H, 10), 2.54 (ddt, J = 16.1, 5.7, 1.7 Hz, 1H, 8),
2.19 (dddd, J = 16.1, 12.6, 6.4, 2.3 Hz, 1H, 8), 1.93 (d, J = 13.8 Hz, 1H, 2), 1.86 — 1.79 (m,
1H, 7), 1.58 — 1.47 (m, 1H, 6), 1.27 — 1.18 (m, 2H, 4 & 7), 0.98 (s, 3H, 12/13), 0.89 (s, 3H,
14/15), 0.88 (s, 3H, 12/13), 0.69 (d, J = 7.5 Hz, 3H, 16), 0.58 (s, 3H, 14/15). 3C NMR (176
MHz, DMSO-ds) § 199.03 (1), 182.17 (11), 134.97 (10), 114.75 (9), 61.76 (2), 54.34 (4), 48.71
(6), 40.82 (5), 39.03 (3), 27.54 (14/15), 27.10 (12/13), 26.71 (12/13), 24.79 (8), 22.11 (7), 15.80
(14/15), 8.75 (16). Z-isomer: *H NMR (700 MHz, DMSO-ds) § 9.73 (d, J = 11.8 Hz, 1H, NH),
8.67 (s, 2H, NH), 8.21 - 8.17 (m, 1H, 10), 2.54 — 2.51 (m, 1H, 8), 2.47 — 2.43 (m, 1H, 8), 2.10
(d,J=13.9 Hz, 1H, 2), 1.82 - 1.73 (m, 1H, 7), 1.63 — 1.59 (m, 1H, 6), 1.31 — 1.24 (m, 2H, 4 &
7),1.04 —1.03 (m, 3H, 12/13), 0.97 (s, 3H, 12/13), 0.92 — 0.91 (m, 3H, 14/15), 0.72 — 0.68 (m,
3H, 16), 0.60 (s, 3H, 14/15). 13C NMR (176 MHz, DMSO-ds) 6 203.18 (1), 182.10 (11), 135.02
(10), 111.14 (9), 62.19 (2), 54.45 (4), 48.97 (6), 40.65 (5), 38.81 (3), 29.18 (8), 27.51 (12/13),
27.03 (14/15), 26.59 (12/13), 23.25 (7), 15.65 (14/15), 7.99 (16).

Acidic condition: To a solution of compound 131 (2.36 g, 10 mmol, 1.0 eq.) in EtOH (10 mL),
was added thiourea (157c) (3.04 g, 40 mmol, 4 eq.) and sulfuric acid (53 pL, 1 mmol, 0.1 eq.).
The reaction mixture was heated at reflux with stirring for 1 hour. After cooling to room
temperature, the solids were filtered and the orange solution was concentrated in vacuo to gain
an orange residue, which was analyzed by GC-MS polar compounds (EI). The results are
depicted in Table 25 (Entry 2).
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Acidic conditions in SFC: To compound 131 (2.36 g, 10 mmol, 1.0 eq.), was added thiourea
(157¢) (761 mg, 10 mmol, 1 eq.) and sulfuric acid (53 uL, 1 mmol, 0.1 eq.) and the reaction
was heated at 150 °C for 1 hour. The reaction mixture was allowed to cool to room temperature
before being partitioned between chloroform (10 mL) and water (10 mL). The organic phase
was washed with water (10 mL), brine (10 mL), dried over NaxSO4 and concentrated under
vacuum. The orange residue was then analyzed by GC-MS polar compounds (EI). The results
are depicted in Table 25 (Entry 3).

Neutral condition using microwave irradiation: Thiourea (157c) (3.04 g, 40 mmol, 4 eq.) was
added in one portion to a solution of compound 70 (2.36 g, 10 mmol, 1.0 eq.) in 1,4-dioxane
(10 mL). The 20 mL microwave vial was sealed and heated under microwave irradiation for 1
hour (Biotage synthesizer) (Two individual experiments were performed at different
temperatures: 160 °C or 181 °C). The reaction mixture was allowed to cool to room temperature
and was concentrated under vacuum. The reaction was analysed via GC-MS polar compound
(EI). The results are depicted in Table 25 (Entries 4&5).

General procedure for the synthesis of compounds 155d

Basic condition:?®® In a 100 mL round bottom flask compound 131 (1.18 g, 5 mmol, 1 eq.),
aminoguanidine bicarbonate (157d) (2.72 g, 20 mmol, 4 eq.) and sodium hydroxide (1.4 g, 35
mmol, 7 eq.) were dissolved in EtOH (50 mL). The pale orange mixture was heated under
reflux for 3 hours. After cooling to room temperature, the crude orange mixture was
concentrated in vacuo and partitioned between water (10 mL) and AcOEt (10 mL). The organic
phase was removed and the aqueous phase was further extracted with AcOEt (2 x 10 mL). The
combined organic phase was washed with brine (10 mL), dried over Na2SO4 and concentrated
to gain a yellow residue which was analyzed by GC-MS polar compounds (El) and *H-NMR

spectra. The results are depicted in Scheme 58.
General procedure used to attempt the synthesis of compound 164

To a solution of compound 131 (1.18 g, 5 mmol, 1.0 eq.) in the required solvent (toluene 1 M,
tetrahydrofuran 0.5 M), was slowly added thionyl chloride or chloroacetyl chloride (1.2 eg. or
0.8 eq. respectively), then DMF (10 pL). The resultant yellow solution was stirred for 3 hours
at either room temperature (thionyl chloride) or at 0 °C (chloroacetyl chloride). The solvent
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was removed under reduced pressure and the residue was purify via flash chromatography
(Eluent: toluene:MeCN 99:1) to gain 165 (888 mg, 70% yield).

Cl O "
10 2 12
des
’ 6 14
13
5-(chloromethyl)-1,1,2,3,3-pentamethyl-2,3,6,7-tetrahydro-1H-inden-4(5H)-one (165):

Orange oil (Rf = 0.45, toluene:MeCN 99:1). Isolated as a 1:1mixture of isomers. ASAP m/z
[M+H]" =255.1 (100%)/ 257.1 (30%). HR-MS calculated for C1sH240CI 255.1516, found
255.1500 (A = -1.6 mDa; -6.3 ppm).

Isomer A: *H NMR (700 MHz, Chloroform-d) & 3.94 (dd, J = 11.0, 3.7 Hz, 1H, 10), 3.71 (dd,
J=11.0, 7.8 Hz, 1H, 10), 2.53 (ddt, J = 12.0, 8.0, 4.1 Hz, 1H, 9), 2.45 - 2.23 (m, 3H, 7 & 8),
1.95-1.88 (m, 1H, 8), 1.65 — 1.56 (m, 1H, 4), 1.22 (s, 3H, 11/12), 1.07 (s, 3H, 13/14), 0.99 (s,
3H, 11/12), 0.93 (s, 3H, 13/14), 0.87 (dd, J = 7.4, 1.2 Hz, 3H, 15). 1°C NMR (176 MHz,
Chloroform-d) 6 195.96 (1), 170.63 (6), 141.43 (2), 53.30 (4), 48.91 (9), 47.46 (5), 45.43 (3),
44.47 (10), 28.07 (11/12), 26.55 (13/14), 26.20 (8), 21.94 (13/14), 21.57 (7), 21.41 (11/12),
7.75 (15).

Isomer B: *H NMR (700 MHz, Chloroform-d) § 3.98 (dd, J = 11.2, 3.7 Hz, 1H, 10), 3.62 (dd,
J=11.2, 8.0 Hz, 1H, 10), 2.66 — 2.59 (m, 1H, 9), 2.45 — 2.22 (m, 2H, 7 & 8), 1.85 (tdd, J =
12.7,9.6, 6.5 Hz, 1H, 8), 1.65 — 1.55 (m, 1H, 4), 1.19 (s, 3H, 11/12), 1.03 (s, 3H, 13/14), 1.01
(s, 3H, 11/12), 0.94 (s, 3H, 13/14), 0.87 (dd, J = 7.4, 1.2 Hz, 3H, 15). 3C NMR (176 MHz,
Chloroform-d) & 196.43 (1), 170.47 (6), 141.60 (2), 53.30 (4), 48.91 (9), 47.46 (5), 45.43 (3),
44.47 (10), 27.65 (8), 27.11 (11/12), 26.38 (13/14), 22.32 (7), 22.21 (11/12), 21.30 (13/14),
7.84 (15).

Procedure for the Synthesis of compound 146

To a 0.5 M solution of ammonia in 1,4-dioxane (40 mL, 20 mmol, 2 eq.), was added in one
portion compound 131 (2.36 g, 10 mmol, 1 eq.) and the reaction was stirred for 3 hours at room
temperature. The solvent was removed in vacuo and the residue was purified via flash
chromatography (Eluent: toluene:MeCN 95:5) to gain 146 (1.32 g, 56% yield).
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5-(aminomethylene)-1,1,2,3,3-pentamethylhexahydro-1H-inden-4(2H)-one (146):  Yellow
powder (Rf = 0.42, toluene:MeCN 95:5). Isolated as a mixture 1:1 E:Z. FT-IR (neat) v 3439
(NH), 3333 (NH), 3289 (NH), 3223 (NH), 2945 (CH, s), 2934 (CH, s), 2927 (CH, s), 2872
(CH, s), 1653 (C=0, s), 1631 (C=0, s), 1618 (C=C, s), 1551 (s), 1534 (m), 1509 (s), 1484 (m),
1458 (s), 1443 (m), 1379 (s), 1364 (m), 1306 (m), 1293 (s), 1190 (s), 973 (C=C, s), 694 (C=C,
s) cm®. LC-MS (ESI+) Rt = 2.88 min m/z [M+H]" = 236.2. HR-MS calculated for C1sH2sNO
236.2014, found 236.1998 (A = -1.6 mDa; -6.8 ppm).

Z-isomer: In the NOESY experiment the signals at 6 2.38 — 2.34 (8) shows correlation with the
signal at § 6.70 (10). *H NMR (599 MHz, Acetonitrile-ds) & 6.70 (tt, J = 10.7, 1.0 Hz, 1H, 10),
2.38 — 2.34 (m, 2H, 8), 2.04 (d, J = 13.7 Hz, 1H, 2), 1.76 (ddq, J = 12.3, 4.8, 2.4 Hz, 1H, 7),
1.57 — 1.51 (m, 1H, 6), 1.30 — 1.22 (m, 2H, 4 & 7), 1.08 (s, 3H, 11/12), 0.95 (s, 3H, 11/12),
0.93 (s, 3H, 13/14), 0.77 (d, J = 7.5 Hz, 3H, 15), 0.63 (s, 3H, 13/14). C NMR (151 MHz,
Acetonitrile-d3) 6 201.97 (1), 149.51 (10), 104.01 (9), 62.27 (2), 56.13 (4), 50.76 (6), 41.63 (5),
40.02 (3), 29.70 (8), 28.08 (1), 27.69 (13/14), 27.56 (11/12), 24.92 (7), 16.25 (13/14), 9.32
(15).

E-isomer: In the NOESY experiment the signals at 6 2.37 — 2.34 (8) shows no correlation with
the signal at & 7.40 (10). *H NMR (599 MHz, Acetonitrile-ds) & 7.40 (tt, J = 11.2, 1.9 Hz, 1H,
10), 2.37 —2.34 (m, 1H, 8), 2.12 — 2.05 (m, 1H, 8), 1.94 — 1.90 (m, 1H, 2), 1.90 — 1.85 (m, 1H,
7),1.57 - 1.51 (m, 1H, 6), 1.31 —1.22 (m, 2H, 4 & 7), 1.05 (s, 3H, 11/12), 0.94 (s, 3H, 13/14),
0.92 (s, 3H, 11/12), 0.77 (d, J = 7.5 Hz, 3H, 15), 0.64 (s, 3H, 13/14). 3C NMR (151 MHz,
Acetonitrile-dz) 6 198.92 (1), 143.00 (10), 107.85 (9), 61.99 (2), 55.94 (4), 50.54 (6), 41.73 (5),
40.09 (3), 28.02 (11/12), 27.58 (13/14), 27.50 (11/12), 24.34 (8), 23.47 (7), 16.29 (13/14), 9.23
(15).

Attempt for the synthesis of compound 155¢ from compound 146

Potassium thiocyanate (360 mg, 1.53 mmol, 1 eq.) and ammonium chloride (82 mg, 1.53 mmol,

1 eq.) were added to a solution of compound 131 (360 mg, 1.53 mmol, 1 eq.) in the required
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solvent (1.5 mL, 1 M). The reaction mixture was stirred under reflux for 6 hours. The mixture
was allowed to cool to room temperature and then concentrated under vacuum. The mixture
was analysed by LC-MS (ESI) and *H-NMR. The results are depicted in Scheme 61.

General procedure for the attempted synthesis of compound 166

In a round bottom flask was prepared a solution of compound 39 (2.08 g, 10 mmol, 1.0 eq.) in
THF (10 — 100 mL). To the solution was added, in order, paraformaldehyde (600 mg, 20 mmol,
2 eq.), the required base (diisopropylamine, pyrrolidine, or N,N-diethylethylendiamine, 10
mmol, 1.0 eq.) and trifluoroacetic acid (839 uL, 11 mmol, 1.1 eq.). The reaction was stirred
under reflux for 4 hours and then a further portion of paraformaldehyde (600 mg, 20 mmol, 2
eq.) was added to the reaction mixture and the heating continued. After 24 hours the reaction
was allowed to cool to room temperature and the reaction analysed via GC-MS polar
compounds (El) and *H-NMR spectra. The results are depicted in Scheme 63. The reaction
using diisopropylamine as the base was purified via flash chromatography (Toluene: DCM
97.5:2.5) to gain compound 168 (1.10 g, 50% yield).

1,1,2,3,3,5-hexamethyl-1,2,3,5,6,7-hexahydro-4H-inden-4-one (168): Pale yellow oil (Rf =
0.35, Toluene: DCM 97.5:2.5) Isolated as a mixture of isomers. Isomer A: *H NMR (599 MHz,
Chloroform-d) 6 2.39 — 2.17 (m, 2H, 7 & 9), 2.11 — 2.00 (m, 1H, 8), 1.72 — 1.63 (m, 1H, 8),
1.61 — 1,56 1.58 (m, 1H, 4), 1.18 (s, 3H, 11/12), 1.09 (d, J = 6.8 Hz, 3H, 10), 1.02 (s, 3H,
13/14), 1.01 (s, 3H, 11/12), 0.92 (s, 3H, 13/14), 0.86 (d, J = 7.5 Hz, 3H, 15) 3C NMR (151
MHz, Chloroform-d) § 201.06 (1), 169.13 (6), 141.49 (2), 53.45 (4), 47.44 (5), 45.49 (3), 42.16
(9), 32.36 (8), 27.41(11/12), 26.63 (13/14), 22.61 (7), 22.36 (11/12), 21.53 (13/14), 15.04 (10),
8.04 (15). LC-MS (ESI+) Rt = 3.60 min m/z [M+H]* = 221.3 HR-MS calculated for C15H250
221.1905, found 221.1917 (A = 1.2 mDa; 5.4 ppm). Under the stated LC-MS conditions, the

two isomers could not be resolved, thus the HR-MS was acquired on the mixture.

Isomer B: *H NMR (599 MHz, Chloroform-d) § 2.38 — 2.17 (m, 3H, 7 & 9), 2.11 — 2.01 (m,
1H, 8),1.73-1.63 (m, 1H, 8), 1.61 — 1.56 1.58 (m, 1H, 4), 1.22 (s, 3H, 11/12), 1.12 (d,J = 6.9
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Hz, 3H, 10), 1.05 (s, 3H, 13/14), 0.99 (s, 3H, 11/12), 0.91 (s, 3H, , 13/14), 0.86 (d, J = 7.5 Hz,
3H, 15). 3C NMR (151 MHz, Chloroform-d) & 200.99 (1), 169.26 (6), 141.07 (2), 53.29 (4),
47.57 (5), 45.39 (3), 42.44 (9), 31.08 (8), 28.30 (11/12), 26.81 (13/14), 22.05 (11/12), 21.82
(13/14), 21.69 (7), 15.38 (10), 7.98 (15). H-3C HMBC experiment shows correlation between
the carbonyl peaks at 200 ppm with the methyl peaks at 1.12 and 1.09 ppm. *H-*C HSBC
experiment also shows correlation between the quaternary carbons at 141 and 170 ppm with

the signals in the 1.25 — 0.85 ppm range (not with signals at 1.09 and 1.12 ppm).
General procedure for the synthesis of compound 37 via Hetero-Diels-Alder reaction

To a round bottom flask, was added compound 39 (416 mg, 2 mmol, 2.0 eq.) in DMSO (2.5
mL). To the solution was added 1,3,5-triazine (81.1 mg, 1 mmol, 1.0 eq.) and the desired base
(prolinamide, pyrrolidine, morpholine, benzylamine, 0.2 mmol, 0.2 eq.). The reaction mixture
was heated to 90 °C for 24 hours. The mixture was allowed to cool to room temperature and
was partitioned between chloroform (10 mL) and brine (2 mL). The aqueous phase was
extracted with chloroform (2 x 10 mL) and the combined organic phase dried over Na,SO4 and
concentrated under vacuum. The crude residue was analysed via *H-NMR and GC-MS polar

compounds (EI). The results are depicted in Table 26.
General procedure for the synthesis of compound 175

To an ice-cooled solution of ethyl chloroformate (8.05 mL, 100 mmol, 0.5 eq.) in DCM (8 mL),
was added a solution of o-toluidine (21.2 mL, 200 mmol, 1.0 eg.) in DCM (20 mL) over 30
minutes and keeping the temperature around 10 — 15 °C. The mixture was then stirred at room
temperature for 3 hours. The mixture was then washed with water (10 mL), brine (10 mL),
dried over Na,SO4 and concentrated in vacuo to yield 175 (15.0 g, 85% vyield).

N._OEt
g

o)

Ethyl o-tolylcarbamate (175):34° Pinkish solid. *H NMR (400 MHz, Chloroform-d) § 7.79 (s,

1H), 7.24 — 7.12 (m, 2H), 7.02 (t, J = 7.5 Hz, 1H), 6.37 (5, 1H), 4.23 (qd, J = 7.2, 1.1 Hz, 2H),

2.26 (s, 3H), 1.32 (td, J = 7.1, 1.1 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) § 154.03,

136.06, 130.50 (2C), 127.01, 124.14, 121.00, 61.41, 17.81, 14.70. FT-IR (neat) v 3296 (S),

2983 (W), 2927 (), 1692 (s), 1590 (), 1527 (s), 1491 (s), 1484 (s), 1471 (s), 1456 (s), 1389
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(m), 1289 (s), 1237 (s), 1197 (w), 1191 (w), 1121 (w), 1068 (s), 941 (M), 845 (m), 772 (s), 753
(s) cm™. LC-MS (ESI+) Rt = 2.50 min m/z [M+H]" = 180.6 HR-MS calculated for C10H14NO;
180.1025, found 180.1030 (A = 0.5 mDa; 2.8 ppm). Melting point: 39.3 — 40.2 °C (DCM),
literature: 44 — 45 °C 34

General procedure for the attempted synthesis of 174 from 172

In a 50 mL round bottom flask, o-toluidine (172) (535 mg, 10 mmol, 1 eq.), calcium chloride
(1.46 g) and formamide (10 mL) were placed. The mixture was heated at 180 °C and stirred
for 4 hours. The reaction was then allowed to cool to room temperature and water (40 mL) was
added. The aqueous phase was separated and the remained brown sticky oil was dissolved in
chloroform (20 mL) and washed first with brine (2 x 10 mL) and then with water (10 mL). The
organic phase was washed again with brine (10 mL), dried over Na2SO4 and concentrated under
vacuum. The residue was then analysed through *H-NMR spectra. The results are depicted in
Scheme 65.

General procedure for the synthesis of compound 173342

The reagents o-toluidine (172) (1.07 g, 20 mmol, 1 eq.) and ethyl formate (14.4 mL, 180 mmol,
9.0 eq.) were introduced to a 25 mL round bottom flask and heated at 90 °C for 3 days. The
reaction was allowed to cool to room temperature and partitioned between chloroform (10 mL)
and a 1 M aqueous solution of HCI (10 mL). The organic phase was collected, washed with
brine (10 mL), dried over Na>2SO4 and concentrated in vacuo to obtain compound 173 as a
black solid (20.6 g, 85% vyield).

o

N

H” “NH

>l

N-o-tolylformamide (173):34? Black solid. *H NMR (600 MHz, Chloroform-d) § 8.56 — 8.39
(m, 1H), 7.91 — 7.73 (m, 1H), 7.24 — 7.05 (m, 4H), 2.28 (d, J = 12.0 Hz, 3H). 13C NMR (151
MHz, Chloroform-d) 6 163.33, 159.17, 135.09, 134.74, 131.39, 130.70, 129.73, 128.58,
127.29, 127.02, 126.19, 125.65, 123.12, 120.75, 17.83. The complexity of the NMR spectra is

due to isomerism on the amide bond as described in literature.®? FT-IR (neat) v 3194 (br, N-
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H), 3100 (br, N-H), 3045 (w), 2962 (w, C-H), 2880 (w), 1666 (s, C=0), 1586 (s), 1541 (s),
1514 (m), 1506 (s), 1475 (m), 1455 (s), 1398 (s), 1301 (s), 1283 (s), 1274 (s), 1105 (w), 1042
(m), 996 (w), 873 (w), 815 (w), 790 (w) cm™. LC-MS (ESI+) Rt = 1.35 min m/z [M+H]" =
136.4. HR-MS calculated for CgH10NO 136.0762, found 136.0763 (A = 0.1 mDa; 0.7 ppm).
Melting point: 53.4 — 58.2 °C (CHClIs), literature: 53 °C.342

General procedure for the synthesis of quinazoline compound 174 in flow

A solution of compound 175 (358 mg, 2 mmol, 1.0 eq.) and HMTA (177) (280 mg, 2 mmol,
1.0 eq.) in TFA (6.7 mL) was charged to a 10 mL sample loop (Vapourtec R2/R4 unit) and
pumped at 2 mL min into a 20 mL PTFE reactor coil at 110 °C. The collected reaction mixture
was concentrated under vacuum and analysed with *H-NMR and LC-MS. The crude reaction
mixture prepared using compound 175 was purified via flash chromatography (Eluent:
Hexane:AcOEt 8:2) to obtain compound 181 (104 mg, 25% vyield).

0]

EtO” 'NH

CHO

Ethyl (4-formyl-2-methylphenyl)carbamate (181):3*® Yellow solid (Rf = 0.44, Hexane:AcOEt
8:2). 'H NMR (700 MHz, Chloroform-d) & 9.86 (s, 1H), 8.19 (d, J = 8.4 Hz, 1H), 7.74 — 7.68
(m, 1H), 7.67 (dd, J = 1.9, 1.0 Hz, 1H), 6.70 (s, 1H), 4.25 (g, J = 7.1 Hz, 2H), 2.30 (s, 3H),
1.32 (t,J =7.1 Hz, 3H). 13C NMR (176 MHz, Chloroform-d) & 191.38, 153.21, 142.16, 131.53,
131.36, 130.11, 125.91, 118.86, 61.90, 17.63, 14.58. FT-IR (neat) v 3293 (w, N-H), 2985 (w,
C-H), 1729 (s, C=0), 1674 (s, C=0), 1578 (s), 1524 (s), 1496 (m), 1441 (s), 1379 (m), 1315
(m), 1274 (m), 1206 (s), 1166 (s), 941 (m), 842 (m),778 (m) cmL. LC-MS (ESI+) Rt = 1.93
min m/z [M+H]* = 208.7. HR-MS calculated for C11H14NOz 208.0974, found 208.0990 (A =
1.6 mDa; 7.7 ppm).

4.3. Galbascone

General procedure for the synthesis of compound 197
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A solution of cyclohexanone (195) (25.8 mL, 250 mmol, 1 eq.) and morpholine (196) (31 mL,
360 mmol, 1.44 eq.) in cyclohexane (30 mL) was heated at reflux in a Dean-Stark apparatus
for 4 days until disappearance of the starting material by GC-MS nonpolar compounds (EI) (Rt
of 195 = 2.89 min, Rt of 197 = 4.27 min). The red solution was then allowed to cool to room
temperature and concentrated under vacuum to gain compound 197 in 92% purity (46.7 g, 88%
yield).

®
S

4-(cyclohex-1-en-1-yl)morpholine (187):*** Red oil. *H NMR (400 MHz, Chloroform-d) & 4.66
(tt, J = 3.8, 1.1 Hz, 1H), 3.75 — 3.69 (m, 4H), 2.80 — 2.71 (m, 4H), 2.13 — 1.99 (m, 4H), 1.74 —
1.61 (m, 2H), 1.59 — 1.48 (m, 2H). *C NMR (101 MHz, Chloroform-d) & 145.53, 100.57,
67.13, 48.54, 26.97, 24.52, 23.32, 22.87. FT-IR (neat) v 2932 (CH, m), 2854 (CH, m), 1708
(CH, s), 1646 (C=C, w), 1449 (m), 1265 (w), 1203 (w), 1117 (CO, s), 1097 (CO, s), 898 (w),
788 (W) cm™. LC-MS (ESI+) Rt = 0.96 min m/z [M+H]* = 168.3. HR-MS calculated for
C10H18NO 168.1388, found 168.1396 (A = 0.8 mDa; 4.8 ppm).

General procedure for the attempt of the synthesis of compound 198

To a solution of compound 197 (10.0 g, 60 mmol, 1.0 eq.) and triethylamine (TEA) (12.5 mL,
90 mmol, 1.5 eq.) in dry DCM (30 mL), a solution of acetyl chloride (5.5 mL, 78 mmol, 1.3
eg.) in dry DCM (20 mL) was slowly added at 35 — 40 °C. After stirring overnight, the reaction
mixture was cooled and concentrated in vacuo. The residues were taken up in diethyl ether and
the triethylamine hydrochloride was filtered off and the yellow solution was concentrated under
vacuum. The residue (11.7 g) was split into 3.2-grams aliquots where attempts of purifications
via vacuum distillation (section 2.3.1), and chromatography (Eluent: hexane:AcOEt 9:1 & 3%
TEA) were performed. Through flash chromatography, the compounds 202 (180 mg) and 204
(360 mg) were isolated.
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4-methyl-5,6,7,8-tetrahydro-2H-chromen-2-one (202): White solid (Rf = 0.3, hexane:AcOEt
9:1 & 3% TEA). 'H NMR (400 MHz, Chloroform-d) & 6.04 (d, J = 0.8 Hz, 1H), 2.51 (it, J =
6.4, 1.7 Hz, 2H), 2.42 (tt, J = 6.2, 1.8 Hz, 2H), 2.21 (d, J = 0.8 Hz, 3H), 1.86 — 1.74 (m, 2H),
1.74 — 1.64 (m, 2H). *C NMR (101 MHz, Chloroform-d) & 179.80, 164.56, 163.40, 121.74,
112.88, 27.46, 21.98, 21.61, 20.72, 19.91. FT-IR (neat) v 3065 (w), 2939 (CH, m), 2926 (CH,
m), 2883 (CH, w), 1664 (C=0, s), 1595 (C=0, s), 1416 (s), 1355 (m), 1201 (w), 1181 (m),
1130 (m), 1046 (m), 976 (s), 874 (s), 753 (w), 721 (m), 598 (m), 578 (w), 505 (w) cm™. LC-
MS (ESI+) Rt = 2.17 min m/z [M+H]* = 165.6. HR-MS calculated for C1oH1302 165.0916,
found 165.0913 (A = -0.3 mDa; -1.8 ppm).

OH O

o

1-(2-hydroxycyclohex-1-en-1-yl)ethan-1-one (204):3* Yellow oil (Rf = 0.25, hexane:AcOEt
95:5). 'H NMR (400 MHz, Chloroform-d) & 15.92 (s, 1H), 2.36 — 2.27 (m, 4H), 2.12 (s, 3H),
1.68 (qd, J = 3.9, 1.6 Hz, 4H). 3C NMR (101 MHz, Chloroform-d) 5 199.34, 182.03, 107.20,
31.19, 25.16, 24.40, 22.92, 21.76. FT-IR (neat) v 2936 (CH, m), 2862 (CH, m), 1593 (C=O0, s),
1412 (s), 1363 (s), 1308 (s), 1237 (s), 1174 (m), 953 (), 879 (m), 824 (w), 679 (w) cmt. LC-
MS (ESI+) Rt = 2.09 min m/z [M+H]* = 141.4. HR-MS calculated for CsH130, 141.0916,
found 141.0910 (A = -0.6 mDa; -4.3 ppm).

General procedure for the synthesis of compound 204

To a solution of compound 197 (20.0 g, 110 mmol, 1.0 eq.) and triethylamine (18.4 mL, 132
mmol, 1.2 eq.) in dry DCM (143 mL) maintained at 35 — 40 °C was added slowly a solution of
acetyl chloride (8.6 mL, 121 mmol, 1.1 eq.) in DCM (60 mL). After stirring overnight, a 6 M
aqueous solution of hydrochloric acid (55 mL) was added to the mixture and the solution heated
to reflux for 2 hours. After cooling to room temperature, the pH was adjusted to 5 — 6 with a 2
M aqueous solution of NaOH (~100 mL) and the aqueous phase was extracted with DCM (3 x
50 mL). The combined organic phase was washed with brine (100 mL), dried over Na>SOs,
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and concentrated under vacuum. The residue was purified by column chromatography
(hexane:AcOEt 95:5) to gain compound 204 (10.3 g, 67% vyield). The analysis data was

identical to the previously prepared material.
General procedure for the synthesis of compounds 24 and 25

To a solution of compound 204 (338 mg, 2.41 mmol, 1.0 eq.) in MeOH (5 mL), was added a
solution of NHz (7 M in MeOH, 1.4 mL, 2.41 mmol, 4 eq.). The mixture was stirred overnight
and then concentrated under vacuum. The residue was purified via flash chromatography
(Eluent: gradient: hexane:AcOEt, 85:15 to 1:1) to obtain compounds 207 (212 mg, 60% yield)
and 208 (71 mg, 20% yield).

NH, O L}\f\' | 43){;

1-(2-aminocyclohex-1-en-1-yl)ethan-1-one (207): White solid (Rf = 0.35, hexane:AcOEt,
85:15). *H NMR (400 MHz, Chloroform-d) § 9.82 (s, 1H), 4.72 (s, 1H), 2.36 — 2.28 (m, 2H),
2.27 —2.21 (m, 2H), 2.10 (s, 3H), 1.71 — 1.55 (m, 4H). $3C NMR (101 MHz, Chloroform-d) &
198.84, 158.22, 101.93, 31.02, 28.04, 25.69, 23.62, 21.90. FT-IR (neat) v 3290 (NH, br), 3149
(NH, br), 2928 (CH, m), 1602 (C=0, s), 1489 (s), 1367 (m), 1253 (s), 1228 (s), 1174 (s), 1056
(m), 1014 (m), 951 (m), 824 (w) cm™. LC-MS (ESI+) Rt = 1.50 min m/z [M+H]" = 140.4. HR-
MS calculated for CgH140 140.1075, found 140.1062 (A = -1.3 mDa; -9.3 ppm). Melting point:
95.5-105.6 °C (EtOAC). Crystal structure data for CgH13NO (M =139.19 g/mol): monoclinic,
space group P2:i/n (no. 14), a= 10.1126(4) A, b= 12.3037(4) A, ¢ = 13.0794(5) A, =
108.3649(14)°, V = 1544.49(10) A3, Z= 8, T= 120 K, p(Mo Ka)= 0.079 mm™, Dcalc =
1.197 g/cm®, 23509 reflections measured (4.472° < 20 < 55.992°), 3730 unique (Rint = 0.0507,
Rsigma = 0.0359) which were used in all calculations. The final Ry was 0.0498 (I > 2o(I))

and wR2 was 0.1174 (all data). Operator reference number: 20srv294.
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(2)-2-(1-aminoethylidene)cyclohexan-1-one (208): White solid (Rf = 0.33, hexane:AcOEt,
7:3). *H NMR (400 MHz, Chloroform-d) & 10.84 (s, 1H), 5.12 (s, 1H), 2.31 (q, J = 5.8 Hz, 4H),
1.93 (s, 3H), 1.69 (gp, J = 7.0, 2.7 Hz, 4H). *C NMR (101 MHz, Chloroform-d) & 197.18,
160.96, 101.41, 38.49, 26.22, 24.00, 23.13, 21.31. FT-IR (neat) v 3236 (NH, br), 3089 (NH,
br), 2934 (CH, w), 2856 (CH, w), 1594 (C=0, s), 1482 (CH, s), 1440 (s), 1370 (s), 1290 (s),
1264 (s), 1200 (s), 1159 (s), 1083 (m), 1030 (m), 963 (m), 817 (w), 678 (s), 639 (s) cm™. LC-
MS (ESI+) Rt = 1.69 min m/z [M+H]" = 140.5. HR-MS calculated for CsH140 140.1075, found
140.1059 (A = -1.6 mDa; -11.4 ppm). Melting point: 109.6 — 114.3 °C (EtOAc). Crystal

\ \C g C 1

structure data for CgH1sNO (M =139.19 g/mol): monoclinic, space group P2:/n (no. 14), a =
11.4750(4) A, b =8.4528(3) A, ¢ =17.0975(6) A, 5 =105.0287(14)°, V = 1601.66(10) A3, Z =
8, T = 120K, u(Mo Ko) = 0.076 mm™, Dcalc = 1.154 g/cm®, 19884 reflections measured
(3.858° <20 < 54.998°), 3669 unique (Rint = 0.0449, Rsigma = 0.0359) which were used in all
calculations. The final Ry was 0.0563 (I > 2o(I)) and wR> was 0.1249 (all data). Operator
reference number: 20srv295.

General procedure for the reduction of 204 employing sodium borohydride

To an ice-cooled solution of compound 204 (1.4 g, 10 mmol, 1.0 eqg.) in MeOH (50 mL) was
added portion-wise sodium borohydride (454 mg, 12 mmol, 1.2 eq.). After the addition, the
mixture was allowed to warm to room temperature with stirring. The mixture was sampled
after 1, 4, and 24 hours and monitored via LC-MS (ESI). Additional sodium borohydride (378
mg, 10 mmol, 1.0 eg.) was added after 30 hours of stirring and a further sample was taken for
monitoring. The mixture was cooled to 0 °C and quenched with a 1 M solution of hydrochloric
acid (30 mL). The organic solvent was removed in vacuo and the remaining aqueous layer
extracted with EtOAc (3 x 15 mL). The combined organic phase was washed with water, brine,
dried over Na2SOs, and concentrated to yield a pale yellow oil which was analysed via LC-MS

(ESI) and NMR spectroscopy. The results are depicted in Scheme 78 and Figure 43.

General procedure for the reduction of compound 204 employing baker’s yeast
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Dry baker’s yeast (8 g), water (152 mL), glucose (8 g), and allyl alcohol (4.1 mL, 60 mmol, 30
eq.) were mixed and warmed at 50 °C for 30 minutes. The mixture was cooled to 30 °C and a
solution of compound 204 (280 mg, 2 mmol, 1.0 eq.) in Et2O:hexane (1:1, 2 mL) was added.
The reaction was monitored via LC-MS (ESI). The results are depicted in Scheme 78.

General procedure for the hydrogenation of 207

Flow mode (Thales Nano H-Cube)®: A solution of compound 207 (18.8 mg, 0.135 mmol, 1
eq.) in MeOH (1.5 mL) was pumped at a flow rate of 0.5 to 1 mL min? through a H-Cube®
apparatus containing a Pd/C (or PtOy) cartridge. Fours different experiments were performed
changing the flowrate, temperature, and hydrogen pressure. Two experiments were run at r.t.
and 1 bar of hydrogen varying the flowrate between 0.5 and 1 mL min, and two at 50 °C under
a pressure of 10 bar of hydrogen varying the flowrate between 0.5 and 1 mL min™. The
mixtures were collected and analysed by TLC (Eluent: hexane:EtOAc 85:15, Rf of 207 = 0.35).
The results are depicted in Scheme 79.

Batch mode: To a solution of compound 207 (18.8 mg, 0.135 mmol, 1 eq.) in MeOH (1.5 mL),
was added in one portion PtO2 (1 mg, 0.004 mmol, 0.03 eq.) or 5% Pd/C (3 mg, 0.00135 mmol,
0.01 eq.). A balloon filled with hydrogen was used to purge the sealed round bottom flask.
Once purged, the vent needle was removed, a second filled hydrogen balloon was added and
the mixture was stirred for 3 days at room temperature. The mixture was heated at reflux for a
further 2 days and monitored via TLC (Eluent: hexane:EtOAc 85:15, Rf of 207 = 0.35).

General procedure for the synthesis of 189

A solution of acrylonitrile (185) (2.62 mL, 40 mmol, 1 eq.), 5-methyl-hexan-2-one (184) (56
mL, 400 mol, 10 eq.), and TBADT (210) (2.66 g, 0.8 mmol, 0.02 eq.) in acetonitrile (39 mL)
was prepared and pumped at a flow rate of 208 uL min through a 10 mL PFA coil reactor
cooled to 20 °C (Run through a Vapourtec easy-photochem E-series equipped with a 365 nm
16 W Gen-2 LED). The collected mixture was concentrated under vacuum and the residue was
purified via column chromatography (Eluent: hexane:AcOEt 85:15) to yield compound 189 as
a 95:5 mixture with 211 (4.44 g, 63% vyield).
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4,4-Dimethyl-7-oxooctanenitrile (189):3%* Colourless oil (Rf = 0.32, hexane:AcOEt 85:15). *H
NMR (400 MHz, Chloroform-d) 6 2.42 — 2.35 (m, 2H), 2.31 - 2.24 (m, 2H), 2.16 (s, 3H), 1.64
—1.56 (M, 2H), 1.53 - 1.45 (m, 2H), 0.89 (s, 6H). 1*C NMR (101 MHz, Chloroform-d) § 208.63,
120.44, 38.52, 37.30, 34.44, 32.41, 30.22, 26.21, 12.47. FT-IR (neat) v 2962 (CH, m), 2936
(CH, w), 2874 (CH, w), 2246 (CN, w), 1712 (C=0, s), 1472 (w), 1423 (w), 1369 (m), 1356
(m), 1163 (m), 755 (w) cm™. LC-MS (ESI+) Rt = 1.81 min m/z [M+H]" = 168.6. HR-MS
calculated for C10H1sNO 168.1388, found 168.1413 (A = 2.5 mDa; 14.9 ppm).

Procedure A for the attempted synthesis of compound 190 employing potassium hydroxide3®

To a solution of compound 189 (1.0 g, 6 mmol, 1.0 eq.) in ethanol (12 mL), was added in one
portion potassium hydroxide (337 mg, 6 mmol, 1.0 eq.) and the mixture was heated at reflux.
After 18 hours at reflux, the reaction was allowed to cool to room temperature. The mixture
was concentrated under vacuum and partitioned between water (15 mL) and Et,O (15 mL). The
aqueous phase was extracted with EtoO (2 x 15 mL) and the combined organic layers were
washed with brine, and dried over Na.SQO4, and concentrated in vacuo. The residue was purified
by column chromatography (Eluent: gradient: Toluene:MeCN 9:1 to 7:3) to isolate the
compounds 190 (20.1 mg, 2% yield), 212 (20.1 mg, 40% vyield), 213 (510 mg, 57% vyield),
214-A (44.5 mg, 4% yield), 214-B (55.6 mg, 5% yield).

220



1-(2-amino-5,5-dimethylcyclohex-1-en-1-yl)ethan-1-one (190): White crystal (Rf = 0.45,
Toluene:MeCN 9:1). *H NMR (400 MHz, Chloroform-d) § 2.26 (tt, J = 6.7, 1.0 Hz, 2H), 2.10
(s, 5H), 1.39 (t, J = 6.8 Hz, 2H), 0.96 (s, 6H). 1*C NMR (101 MHz, Chloroform-d) § 198.97,
157.22, 101.04, 39.77, 34.27, 29.81, 28.26, 28.24, 28.14. FT-IR (neat) v 3285 (NH, m), 3137
(NH, m), 2950 (CH, m), 2918 (CH, m), 2866 (CH, w), 1603 (C=0, s), 1493 (s), 1420 (m), 1384
(m), 1360 (m), 1224 (m), 1215 (s), 1040 (m), 1063 (m), 988 (w), 928 (w), 623 (s), 580 (s) cm"
1 LC-MS (ESI+) Rt = 2.09 min m/z [M+H]* = 168.6. HR-MS calculated for CioH1sNO
168.1388, found 168.1408 (A = 2.0 mDa; 11.9 ppm). Melting point: 85.6 — 92.1 °C (AcOEt).
Crystal structure data for C10H17NO (M =167.24 g/mol): triclinic, space group P-1 (no. 2), a =
9.5895(6) A, b= 9.6078(6) A, c= 22.7528(13) A, 0= 93.765(2)°, p= 93.596(2)°, y =
103.257(2)°, V= 2029.5(2) A3,Z= 8, T= 120K, p(Mo Ka)= 0.070 mm-1, Dcalc =
1.095 g/cm3, 21990 reflections measured (4.37° <20 < 50.054°), 7175 unique (Rint = 0.0483,
Rsigma = 0.0622) which were used in all calculations. The final R1 was 0.0643 (I > 25(1))
and wR2 was 0.1475 (all data). Operator reference number: 21srv023.

O NH,

1-(2-amino-5-isopropylcyclopent-1-en-1-yl)ethan-1-one (212): Yellow oil (Rf = 0.35,
Toluene:MeCN 9:1). *H NMR (600 MHz, Chloroform-d) & 8.63 (brs, 1H), 4.71 (brs, 1H), 2.87
(dddd, J = 8.9, 3.6, 1.7, 0.9 Hz, 1H), 2.58 — 2.50 (m, 1H), 2.35 — 2.24 (m, 1H), 2.08 (s, 3H),
1.92-1.85(m, 1H), 1.85-1.78 (m, 1H), 1.70 (ddt, J = 13.0, 8.8, 1.9 Hz, 1H), 0.94 (d, J = 6.8
Hz, 3H), 0.73 (d, J = 6.8 Hz, 3H). 1*C NMR (151 MHz, Chloroform-d) & 195.78, 164.75,
110.07, 49.18, 34.42, 32.36, 27.76, 22.23, 21.70, 16.53. LC-MS (ESI+) Rt = 2.09 min m/z
[M+H]" = 168.4. HR-MS calculated for C10H1sNO 168.1388, found 168.1391 (A = 0.3 mDa;
1.8 ppm).

CN
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2,5,5-trimethylcyclohex-1-ene-1-carbonitrile (213): Yellow oil (Rf = 0.72, Toluene:MeCN
9:1). 'H NMR (400 MHz, Chloroform-d) § 2.13 (ddt, J = 6.6, 5.5, 1.1 Hz, 2H), 1.99 (s, 5H),
1.38 (t, J = 6.4 Hz, 2H), 0.92 (s, 6H). 3C NMR (101 MHz, Chloroform-d) & 152.43, 119.60,
105.46, 40.59, 34.53, 29.45, 28.61, 27.73, 22.62. FT-IR (neat) v 2954 (CH, s), 2917 (CH, s),
2870 (CH, s), 2214 (CN, m), 1647 (m), 1447 (s), 1447 (m), 1424 (m), 1387 (m), 1367 (m),
1229 (w), 1162 (w), 943 (w), 839 (w) cm™. LC-MS (ESI+) Rt = 2.97 min m/z [M+H]* = 150.3.
HR-MS calculated for C1oH1sN 150.1283, found 150.1312 (A = 2.9 mDa; 19.3 ppm).

2-hydroxy-2,5,5-trimethylcyclohexane-1-carboxamide (214): Two isomers isolated. Isomer A:
White crystal (Rf = 0.20, Toluene:MeCN 8:2). *H NMR (400 MHz, CD3CN) § 6.52 (s, 1H),
5.88 (s, 1H), 4.66 (s, 1H), 2.29 (ddd, J = 13.3, 3.8, 0.9 Hz, 1H), 2.23 (s, 1H), 1.69 (t, J = 13.1
Hz, 1H), 1.61 (ddd, J = 12.9, 11.1, 7.3 Hz, 1H), 1.43 (d, J = 3.3 Hz, 1H), 1.40 (t, J = 3.4 Hz,
1H), 1.24 (ddd, J = 12.9, 3.8, 2.5 Hz, 1H), 1.13 (s, 2H), 0.92 (s, 3H), 0.91 (s, 3H). *3C NMR
(101 MHz, CDsCN) 6 180.54, 69.18, 47.74, 39.87, 35.41, 34.69, 32.90, 30.44, 29.50, 24.20.
FT-IR (neat) v 3299 (OH, w), 3166 (NH, w), 2963 (CH, m), 2902 (CH, m), 1655 (C=0, m),
1409 (s), 1375 (s), 1294 (s), 1265 (s), 1146 (s), 1083 (m), 981 (m), 705 (m), 673 (m) cm™. LC-
MS (ESI+) Rt = 1.81 min m/z [M+H]* = 168.9. HR-MS calculated for C10H1sNO 168.1388,
found 168.1414 (A = 2.6 mDa; 15.5 ppm). Crystal structure data for C10H19NO, (M = 185.26
g/mol): monoclinic, space group P21/c (no. 14),a= 8.5511(2) A, b= 11.7165(3) A, c =
11.6031(3) A, p = 106.1754(9)°, V = 1116.48(5) A3,Z = 4, T = 200K, p(Mo Ka) = 0.076
mm-1, Dcalc = 1.102 g/cm3, 19399 reflections measured (5.044° < 20 < 63.996°), 3868
unique (Rint = 0.0349, Rsigma = 0.0276) which were used in all calculations. The final R1 was
0.0466 (1> 20(I)) and wR2 was 0.1257 (all data). Operator reference number: 20srv238.

Isomer B: White solid (Rf = 0.32, Toluene:MeCN 8:2). *H NMR (600 MHz, Chloroform-d) &
9.40 (s, 1H), 3.36 (s, 1H), 2.50 (s, 1H), 2.40 (s, 3H), 1.74 (t, J = 13.1 Hz, 1H), 1.65 (td, J =
13.6, 4.4 Hz, 1H), 1.57 — 1.44 (m, 2H), 1.38 (ddd, J = 12.9, 3.5, 2.3 Hz, 1H), 1.26 (s, 3H), 1.18
(ddd, J = 13.4, 4.1, 2.3 Hz, 1H), 0.96 (s, 3H), 0.93 (s, 3H). **C NMR (151 MHz, Chloroform-
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d) 6 173.02, 69.17, 38.86, 35.60, 33.85, 32.50, 30.14, 29.08, 25.61, 23.98. FT-IR (neat) v 3482
(OH, w), 3246 (NH, w), 3161 (NH, w), 2965 (CH, m), 2936 (CH, m), 2869 (CH, w), 1732
(C=0,s), 1675 (m), 1510 (s), 1390 (s), 1204 (m), 1197 (s), 1182 (s), 981 (W), 914 (W), 546 (W)
cm™. LC-MS (ESI+) Rt = 1.81 min m/z [M+H]" = 168.9. HR-MS calculated for C1oH1sNO
168.1388, found 168.1414 (A = 2.6 mDa; 15.5 ppm).

Procedure B for the attempted synthesis of compound 190

To a solution of compound 189 (1.34 g, 8.02 mmol, 1.0 eq.) in dry toluene (4 mL) under a
nitrogen atmosphere was slowly added potassium t-butoxide (1.08 g, 9.62 mmol, 1.2 eq.). The
reaction was heated at reflux for 3 hours and then allowed to cool to room temperature. The
mixture was quenched with saturated aqueous solution of ammonium chloride (15 mL) and the
aqueous phase extracted with toluene (2 x 15 mL). The combined organic layers were washed
with water (30 mL), brine (30 mL), and dried over Na>SO4. The residue was purified by column
chromatography (Eluent: Hexane:AcOEt 9:1, Rf = 0.42) to yield 213 (658 mg, 55% yield).

Procedure C for the attempted synthesis of compound 19031

A solution of copper(l) iodide (69 mg, 0.36 mmol, 0.2 eq.) and 2,2’-bipyridine (62.5 mg, 0.4
mmol, 0.22 eq.) in dry DMF (3.6 mL) was stirred for 10 minutes before slowly adding
compound 189 (300 mg, 1.8 mmol, 1.0 eq.) and sodium t-butoxide (808 mg, 7.2 mmol, 4.0 eq.)
at room temperature. The mixture was then heated at 80 °C for 15 hours. After cooling to room
temperature the reaction was quenched with a saturated solution of ammonium chloride (15
mL). The aqueous solution was extracted with AcOEt (3 x 15 mL) and the combined organic
layer was washed with water (20 mL), brine (20 mL), and dried over Na>SO4. The residue was
analysed via *H-NMR spectra.

General procedure for the synthesis of compound 193

A solution of acrolein (215) (371 uL, 5 mmol, 1 eq.), 5-methyl-hexan-2-one (184) (7.04 mL,
50 mol, 10 eq.), and TBADT (210) (332 g, 0.1 mmol, 0.02 eq.) in acetonitrile (50 mL) was
prepared and pumped at a flow rate of 208 uL min* through a 10 mL PTFE coil reactor
maintained at 20 °C. The collected reaction mixture was concentrated under reduced pressure
and the residue was purified via column chromatography (Eluent: hexane:AcOEt 85:15) to
yield compound 193 (213 mg, 25% yield).
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4,4-dimethyl-7-oxooctanal (193):3* Colourless oil (Rf = 0.35, hexane:AcOEt 85:15). 'H NMR
(400 MHz, Chloroform-d) § 9.76 (t, J = 1.7 Hz, 1H), 2.43 — 2.32 (m, 4H), 2.16 — 2.11 (m, 3H),
1.53—1.42 (m, 4H), 0.84 (s, 6H). 3C NMR (101 MHz, Chloroform-d) & 209.18, 202.71, 39.32,
38.76, 34.92, 33.20, 31.95, 30.13, 26.64. FT-IR (neat) v 2958 (CH, m), 2933 (CH, m), 2870
(CH, m), 1705 (C=0, s), 1367 (W), 1296 (W), 1163 (w), 1128 (W), 913 (w) cm™®. LC-MS (ESI+)
Rt =1.78 min m/z [M+H]*=171.1. HR-MS calculated for C10H190, 171.1385, found 171.1390
(A=0.5mDa; 2.9 ppm).

General procedure for the synthesis of compound 221

A solution of methyl acrylate (220) (1.72 mL, 20 mmol, 1.0 eq.), 5-methyl-hexan-2-one (184)
(28.18 mL, 200 mol, 10.0 eq.), and TBADT (210) (1.33 g, 0.4 mmol, 0.02 eq.) in acetonitrile
(50 mL) was prepared and pumped at a flow rate of 208 uL min™ through a 10 mL PTFE coil
reactor maintained at 20 °C. The collected mixture was concentrated under reduced pressure
and the residue was purified via column chromatography (Eluent: hexane:AcOEt 9:1) to yield
221 (2.28g, 57% yield) and isolate 222 (1.43 g, 50% yield).

0
MeO,C

methyl 4,4-dimethyl-7-oxooctanoate (221): Colourless oil (Rf = 0.45, hexane:AcOEt 9:1). *H
NMR (400 MHz, Chloroform-d) & 3.66 (d, J = 1.2 Hz, 3H), 2.44 — 2.33 (m, 2H), 2.32 — 2.20
(m, 2H), 2.15 (dt, J = 1.1, 0.6 Hz, 3H), 1.57 — 1.50 (m, 2H), 1.50 — 1.43 (m, 2H), 0.85 (d, J =
1.2 Hz, 6H). 3C NMR (101 MHz, Chloroform-d) § 209.37, 174.79, 51.78, 38.83, 36.29, 34.92,
32.08, 30.16, 29.41, 26.62. FT-IR (neat) v 2956 (CH, m), 2874 (CH, m), 1735 (C=0, s), 1714
(C=0, s), 1437 (m), 1367 (m), 1296 (m), 1200 (m), 1163 (s), 1129 (m), 993 (w) cm™. LC-MS
(ESI+) Rt = 2.14 min m/z [M+H]" = 201.4. HR-MS calculated for C11H»103201.1491, found
201.1499 (A = 0.8 mDa; 4.0 ppm).
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MeOZC
MeOZC

dimethyl 2-(2,2-dimethyl-5-oxohexyl)pentanedioate (222): Yellow oil (Rf = 0.25,
hexane:AcOEt 9:1). *H NMR (600 MHz, Chloroform-d) & 3.66 (s, 3H), 3.65 (d, J = 0.7 Hz,
3H), 2.45 (tdd, J = 9.4, 5.4, 2.4 Hz, 1H), 2.36 (ddd, J = 8.5, 6.8, 4.8 Hz, 2H), 2.28 (t, J = 7.6
Hz, 2H), 2.14 (s, 3H), 1.90 — 1.74 (m, 3H), 1.44 (ddd, J = 10.1, 6.7, 2.1 Hz, 2H), 1.19 (dd, J =
14.3, 2.4 Hz, 1H), 0.83 (s, 3H), 0.82 (s, 3H). 3C NMR (151 MHz, Chloroform-d) § 209.23,
177.08, 173.35, 51.82, 51.79, 43.94, 40.69, 38.85, 35.34, 32.81, 31.71, 30.11, 29.97, 26.86,
26.72. FT-IR (neat) v 2954 (CH, m), 2872 (CH, m), 1732 (C=0, s), 1715 (C=0, s), 1436 (m),
1367 (m), 1195 (m), 1158 (s), 1053 (w) cm™. LC-MS (ESI+) Rt = 2.32 min m/z [M+H]* =
287.6. HR-MS calculated for C15H2705 287.1858, found 287.1858 (A = -0.2 mDa; -0.7 ppm).

General procedure for the synthesis of compound 223 from compound 221

To an ice-cooled solution of compound 221 (1.5 g, 7.5 mmol, 1 eq.) in dry THF (15 mL) under
a nitrogen atmosphere was added portion-wise potassium t-butoxide (1.3 g, 11.25 mmol, 1.5
eq.). The reaction was stirred at room temperature for 12 hours. The reaction was quenched
with a 1 M solution of HCI (15 mL) and the THF was removed under reduced pressure. The
aqueous phase was extracted with AcOEt (3 x 20 mL), and the combined organic phase was
washed with water (20 mL), brine (20 mL), dried over Na2SO4 and concentrated under reduced
pressure. The residue was purified by column chromatography (Eluent: Hexane:AcOEt 95:5)
to yield 223 (1.26 g, quant. yield).

OH O

1-(2-hydroxy-5,5-dimethylcyclohex-1-en-1-yl)ethan-1-one (223):** Yellow oil (Rf = 0.35,
hexane:AcOEt 95:5). *H NMR (700 MHz, Chloroform-d) § 2.35 (tt, J = 6.8, 1.1 Hz, 2H), 2.11
(s, 3H), 2.09 (d, J = 1.1 Hz, 2H), 1.46 (t, J = 6.8 Hz, 2H), 0.98 (s, 6H). *C NMR (176 MHz,
Chloroform-d) 6 199.44, 181.27, 106.03, 38.44, 34.24,29.59, 28.45, 25.15. FT-IR (neat) v 2953
(CH, m), 2927 (CH, m), 2867 (CH, m), 1594 (C=0, s), 1447 (m), 1417 (s), 1363 (), 1300 (s),
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1289 (m), 1244 (s), 1209 (s), 949 (m), 931 (w) cm™®. LC-MS (ESI+) Rt = 2.64 min m/z [M+H]*
= 169.3. HR-MS calculated for C10H1702 169.1229, found 169.1231 (A = 0.2 mDa; 1.2 ppm).

General procedure for the synthesis of compound 190 from compound 223

A 7 M solution of ammonia in methanol (4 mL, 28 mmol, 4.0 eq.) was slowly added to a
solution of compound 223 (1.18 g, 7 mmol, 1.0 eq.) in methanol (10 mL). The reaction mixture
was stirred overnight and then concentrated under reduced pressure. The residue was purified
by column chromatography (Eluent: hexane:AcOEt 8:2) to yield compound 190 (Rf = 0.35,
715 mg, 57% vyield).

General procedures for the hydrogenation of 190

Flow mode (Thales Nano H-Cube®): A solution of compound 190 (22.6 mg, 0.135 mmol) in
MeOH (1.5 mL) was pumped at a flow rate of 0.5 to 1 mL min™* through the H-Cube® apparatus
containing a Pd/C (or PtO>) cartridge. Fours different experiments were performed changing
the flowrate, temperature, and hydrogen pressure. Two experiments were run at r.t. and 1 bar
of hydrogen varying the flowrate between 0.5 and 1 mL min™, and two at 50 °C under a
pressure of 10 bar of hydrogen varying the flowrate between 0.5 and 1 mL min. The mixtures
were collected and analysed by TLC (Eluent: hexane:EtOAc 8:2, Rf of 190 = 0.40).

Batch mode: To a solution of compound 190 (22.6 mg, 0.135 mmol, 1 eq.) in MeOH (1.5 mL),
was added in one portion PtO2 (1 mg, 0.004 mmol, 0.03 eq.) or 5% Pd/C (3 mg, 0.00135 mmol,
0.01 eq.). A balloon filled with hydrogen was used to purge the sealed round bottom flask.
Once purged, the vent needle was removed and a second filled balloon of hydrogen was added
and the mixture was stirred for 3 days at room temperature. The mixture was heated at reflux
for a further 2 days and monitored via TLC (Eluent: hexane:EtOAc 8:2, Rf of 190 = 0.40).

General procedure for the reduction of compound 190 employing sodium borohydride and
acetic acid

To a suspension of sodium borohydride (974 mg, 25.76 mmol, 4.0 eq.) in dry THF (19 mL)
cooled to -10 °C, was added slowly over 10 minutes acetic acid (18.8 mL, 328 mmol, 51.0 eq.).
The mixture was stirred for 30 minutes at room temperature and then compound 190 (1.08 g,

6.44 mmol, 1 eq.) was slowly added over 1 hour. The mixture was stirred at room temperature
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for 48 hour and then monitored through LC-MR (ESI) and NMR spectra. The results are
depicted in Scheme 87.

General procedure for the hydrogenation of compound 186 to compound 191322

To asolution of 3-carene (186) (19.6g, 129 mmol, 1 eq.) in propionic acid (200 mL) was added
20% Pd/C (2 g, 0.03 eq.). The reaction was heated to 100 °C for 4 days under hydrogen. The
reaction mixture was cooled with an ice bath and a 6 M NaOH solution was slowly added until
a pH 14. The aqueous phase was extracted with DCM (3 x 25 mL), and the combined organic
phase was washed with brine (50 mL), dried over Na2SO4, and concentrated under vacuum to
yield the product 191 in 90% purity (13.1 g, 65% vyield).

1,1,4-trimethylcycloheptane (191):322348 Colourless oil. *H NMR (600 MHz, Chloroform-d) &
1.79 — 1.73 (m, 1H), 1.52 — 1.37 (m, 3H), 1.37 — 1.21 (m, 5H), 1.18 — 1.11 (m, 1H), 0.97 (dtd,
J=138,10.9, 2.9 Hz, 1H), 0.88 (d, J = 6.7 Hz, 3H), 0.87 (s, 3H), 0.87 (s, 3H). 3C NMR (151
MHz, Chloroform-d) & 42.43 (2), 40.41 (5), 39.89 (6), 36.86 (4), 33.39 (1), 31.69 (3), 31.19
(9), 30.62 (9), 24.07 (8), 22.31 (7). 3C NMR assignment based on literature data.>*® GC-MS
nonpolar compounds (El) Rt = 2.58 min m/z [M+H]" = 140.2. FT-IR (neat) v 2950 (CH, s),
2911 (CH, s), 2855 (CH, m), 1464 (m), 1364 (w), 1185 (w), 953 (w) cmL.

Procedure A&B for the attempted synthesis of compound 229324

To a solution of 191 (1.4 g, 8.9 mmol, 1.0 eqg.) in a mixture MeCN:H.0 (10:1, 100 mL) at 8 -
10 °C, was added six portions of sodium bicarbonate (1.68 g, 20 mmol, 2.0 eq.), oxone (3.07
g, 10 mmol, 1.0 eq.), and 1,1,1-trifluoroacetone (3 mL, 33 mmol, 3.0 eq.) or acetone (1.55 mL,
33 mmol, 3.0 eq.) were added every hour over a period of 6 hours. The reaction was then
warmed to room temperature, diluted with water (50 mL) and extracted with DCM (3 x 25
mL). The combined organic phase was washed with brine (25 mL), dried over Na>SO4, and
concentrated under vacuum. The residue was purified via chromatography (Eluent:
hexane:AcOEt 9:1) to gain 229 in (505 mg, 36% yield, when TFA was employed).
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Procedure C for the attempted synthesis of compound 229

To asolution of compound 191 (1.40 g, 10 mmol) in tBuOMe (62.5 mL) at -78 °C, was bubbled
ozone for a period of 1 hours. The blue solution was sampled and analysed by LC-MS (ESI).
The results are depicted in Table 29.

Procedure D for the attempted synthesis of compound 229

To a solution of compound 191 (1.4 g, 8.9 mmol, 1.0 eq.) in chloroform (22 mL) was added
m-CPBA (3.45 g, 1.0 eg.). The mixture was heated at reflux for 18 hours or until disappearance
of compound 191 as determined by GC-MS nonpolar compounds (EI). The mixture was then
quenched with a 10% aqueous solution of Na2S203 (20 mL), and washed with a 1 M solution
of NaOH (20 mL). The organic layer was washed with water (20 mL), brine (20 mL), dried
over NapSOs, and concentrated under reduced pressure. The residue was purified via
chromatography (Eluent: hexane:AcOEt 9:1) to obtain compound 229 (393 mg, 28% yield).

1,4,4-trimethylcycloheptan-1-ol (229):3* Colourless oil (Rf = 0.45, hexane:AcOEt 9:1). H
NMR (600 MHz, Chloroform-d) & 1.65 (dd, J = 12.9, 8.0 Hz, 1H), 1.60 — 1.45 (m, 6H), 1.41
(dd, J = 14.0, 9.0 Hz, 1H), 1.33 — 1.23 (m, 2H), 1.22 (d, J = 1.3 Hz, 3H), 1.20 — 1.12 (m, 1H),
0.90 (d, J = 1.3 Hz, 3H), 0.88 (d, J = 1.3 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) § 73.34
(4), 45.16 (5), 43.36 (7), 36.56 (3), 34.79 (2), 33.04 (1), 31.67 (8), 30.66 (9), 30.53 (9), 19.32
(6). *C NMR assignment based on literature data.3*® GC-MS nonpolar compounds (El) Rt =
3.17 min m/z [M+H]*= 156.2. FT-IR (neat) v 3355 (OH, br), 2951 (CH, m), 2922 (CH, m),
2865 (CH, w), 1467 (W), 1364 (W), 1275 (w), 1166 (C-O, s), 1111 (C-O, s) cm™.

General Procedure for the Amine-Catalysed Irregular Nitro-Aldol reaction to 38

A mixture of 3,3-dimethylcyclohexanone (68) (40.0 g, 0.305 mol, 1.0 eq.), N,N-
diethylethylenediamine (75) (4.3 mL, 10 mol%), EtOAc (30 mL) and nitroethane (214 mL, 10
eq.) was heated in a Dean-Stark apparatus (pre-filled with EtOAc). After 3 hours, a second
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portion of N,N-diethylethylenediamine (75) (4.3 mL, 10 mol%) was added and a third portion
(4.3 mL, 10 mol%) was added after a further 3 hours. After a total of 22 hours the reaction was
cooled to room temperature and the nitroethane and EtOAc were removed under reduced
pressure. EtOAc (100 mL) was added and the amine residues were extracted by washing with
a 1 M solution of HCI (2 x 100 mL). The organic solution was concentrated in vacuo to give

the crude product which was purified according to the methods indicated below.

For monitoring: a 40 uL sample of the reaction mixture was diluted into a 50 mL volumetric
flask and made up to volume with chloroform. The sample was analysed using calibrated GC-

MS polar compounds (EI).

General Procedure for the continuous-flow Amine-Catalysed Irregular Nitro-Aldol reaction to
compound 77

A stock solution of compound 68 (0.2 M) and nitroethane (0.25 — 2 M) in AcOEt was pumped
via an HPLC pump through a series of two sequential Omnifit glass columns (150 mm x 25
mm) each filled with 13 g of a mixture (2:3) ethylendiamine-functionalised silica gel (247) and
molecular sieves 3A. A 3-way valve mixer was employed to dose the amount of solution
employed for the investigation. For each screening the mixer was used to pump the solution
for 240 min (Total volume 15.36 mL) and then was switched to a solvent stream. The reaction
stream was collected for over 12 hours after the solvent switch. The solution was concentrated
in vacuo and analysed via GC-MS polar compounds (EI) and *H-NMR spectra. The results are
depicted in Table 31.

5,5-Dimethyl-1-(1-nitroethyl)cyclohex-1-ene (77):1** Obtained by reaction of nitroethane with
3,3-dimethyl cyclohexanone (68) as a pale yellow liquid (0.305 mol scale, 43.3 g, 78% yield,
77:76 = 5.4:1), isolated by vacuum distillation as a mixture of the two isomers (b.p. 105-110
°C & 10 mbar). *H NMR (400 MHz, Chloroform-d) & 5.90 (m, 1H, 1), 5.00 (q, J = 7.6 Hz, 1H,
8), 2.14 (m, 2H, 6), 1.88 — 1.71 (qq, J = 18.9, 2.0 Hz, 2H, 2), 1.62 (d, J = 6.8 Hz, 3H, 9), 1.39
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—1.33 (m, 2H, 3), 0.93 (s, 3H, 5), 0.91 (s, 3H, 5) ppm; *C NMR (101 MHz, Chloroform-d) &
132.0 (7), 128.4 (1), 88.3 (8), 37.8 (2), 34.4 (3), 28.8 (4), 28.3 (5), 27.4 (5), 23.2 (6), 16.9 (9)
ppm; FT-IR (neat) v 2918 (w) 2918 (w), 1545 (s), 1449 (w), 1384 (m), 1364 (w), 860 (w), 663
(w) cm™. GC-MS polar compounds (EI) Rt 3.71 min, m/z 137 [M-NO2]*; LC-MS (ESI+) Rt =
3.04 min m/z [M+H]* = 184.3. HR-MS calculated for C10H1sNO 184.1338, found 184.1366
(A = 2.8 mDa; 15.2 ppm). Under the stated LC-MS conditions, the two isomers could not be

resolved, thus the HR-MS was acquired on the mixture.

3,3-Dimethyl-1-(1-nitroethyl)cyclohex-1-ene (76):1** Obtained by reaction of nitroethane with
3,3-dimethyl cyclohexanone (68) as a pale yellow liquid (0.305 mol scale, 43.3 g, 78% vyield,
77:76 = 5.4:1), isolated by vacuum distillation as a mixture of the two isomers (b.p. 105 — 110
°C & 10 mbar). *H NMR (600 MHz, Chloroform-d) & 5.59 (s, 1H, 6), 4.92 (g, J = 7.0 Hz, 1H,
8), 2.02 -1.87 (m, 2H, 1), 1.67 — 1.62 (m, 2H, 2), 1.62 (d, J = 6.8 Hz, 3H, 9), 1.45 — 1.35 (m,
2H, 3), 0.98 (s, 3H, 5), 0.97 (s, 3H, 5) ppm; *C NMR (151 MHz, Chloroform-d) & 139.5 (6),
130.8 (7), 88.3 (8), 36.5 (3), 32.0 (4), 29.6 (5), 29.2 (5), 24.3 (1), 19.4 (2), 17.0 (9) ppm; FT-
IR (neat) v 2918 (W), 1545 (s), 1449 (w), 1384 (m), 1364 (w), 860 (w), 663 (w) cm™. GC-MS
Rt 3.61 min, m/z 137 [M-NO2]".
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