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Summary

This thesis explores the design and engineering of flow reactors to facilitate synthetic
organic transformations. The designs of these flow reactors are focussed on
manipulating and controlling reactive intermediates in situ and enabling the facile use of

acetylene gas; acyl ketenes; and biphasic systems, as useful synthetic tools.

Initially, this thesis explores the use of generating acetylene gas in situ without the use
of a resident gas cylinder from commercially available calcium carbide. The calcium
carbide is formulated into an applicable flow reagent for the safe generation of acetylene
gas in a continuous manner. Acetylene gas is intercepted via various organic
transformations thus constructing telescoped flow systems. The aim to generated and
harness acetylene gas in situ via intricate design of reactor has been met and

successfully explored.

Secondl vy, utilising flowds excellent abilit.y
ketene precursor is explored. In this section, a flow reactor is designed to thermally
decomposed an acyl ketene precursor thus liberate an acyl ketene in situ. This highly
reactive intermediate is explored andketoncept
esters/amides and functionalised novel coumarins. Post-functionalisation of the
sy nt he sketo ester fbedstocks are further explored by the Biginelli reaction
catalysed by pyridinium triflates in neat microwave conditions. Therefore, a tandem flow-
microwave processing system is designed to work towards the synthesis of a compound

library.

Finally, flow reactor design is explored to synthesise Civetone, a natural musk fragrance,
in continuous flow via a Dieckmann macrocyclisation. This transformation is commonly
biphasic (liquid-solid reaction mixture) and can therefore cause blockages in flow
processing. The use of Continually Stirred Tank Reactors (CSTRs) are explored to
facilitate the difficult handling of a biphasic flow reaction and promote the
macrocyclisation (and scale up) towards the synthesis of natural product, Civetone, via

O6mi mickeddéd dropwise addition in fl ow.

The chapters of this thesis primarily focus on how a flow reactor can be constructed to
enable and harness highly reactive intermediates and explore the chemical space of

these transformations.
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Chapter 1 - Introduction

1.1 General introduction to flow chemistry

This introduction will explore the literature and highlight a selection of examples that
demonstrate how careful reactor design has enabled the implementation of synthetic
chemistry under continuous flow process. Throughout this thesis, a set of common

symbols will be used to depict various components of flow equipment (Figure 1).

! >25°C " 25°C ' <25°C |
pump hot reactor r.t. reactor cold reactor T-piece
coil coil coil

phase _ acked bed
back-pressure X p
p sample loop aq. waste separation gas cylinder reactor
regulator tank
il & *ﬂq |
A
filtration membrane CSTR tube-in-tube multijet oscillating
device separator reactor disk reactor

Figure 1 - Common flow scheme symbols i 3" row of symbols are uncommon flow reactor components

The first two rows of symbols are in general circulation throughout the flow chemistry
community; however, the third row illustrates more complex reactors used in flow

chemistry which will be explored and detailed further in this introduction (Figure 1).

1.2 Reactor design enabling organic reactions

Flow chemistry for organic synthesis is an enabling technology that, initially, had been
used to overcome batch chemistry limitations, such as scaling up and integrated
telescoped transformations. However, (in the not-so-distant future) it seems that flow is
transitioning into a technique for automation using unique reactor design and machine
learning to support organic chemists with rapid screening and repetitive tasks. The
development of reactor design has enabled the use of difficult gaseous reagents to be
harnessed and analysed in flow; multiphasic reactions to process successfully without
blockages; and coupling multiple synthetic tools together such as, electro-
flow/microwave-flow/photo-flow.''® An overarching goal that drives the development of
flow chemistry reactors is to overcome the limitations and challenges of classical

synthesis techniques. To this extent, it is common to see in the literature how various
2



Chapter 1 - Introduction

flow techniques can deliver improvements compared to batch counterparts, which is why
this area of research has seen a rapid growth in development of complex flow systems
in relatively short order. The theme of this thesis is to explore how creative reactor design
has overcome batch limitations or created simplicity and ease for the organic chemist.
This introduction will aim to broadly illustrate the journey of reactor design from
streamlining multiple chemistry transformations to innovative couplings of technologies
ending on the future of automation and programmable chemical vending machines.®
Flow chemistry has been around for many decades, most commonly in the petrochemical
industry, and this thesis is documenting the miniaturisation of these industrial scale
techniques. When reactor design and engineering is discussed, great inspiration is taken

from these already established industrial practices, and we, as organic chemists, are

taking this equipment andscnalneidatfulroiws isnygn tthheesni

Research in flow chemistry has evolved to explore various reactor design for multiple
purposes. Depending on the desired system, different design considerations must be
incorporated; the more complex the system, the more design considerations there tend
to be. This introduction will explore different reactor designs and how they are

appropriate for the required chemistry in continuous flow (Figure 2).

Single Transformation Telescoped Intelligent Data-rich
Systems Systems Systems
s N e N s N

pumps

dilution o o
T-piece mixers o inline monitoring
solvent switching

temperature control o . computer control
inline quenching
columns robotics

inline purification
automated

tandem reaction manufacturing

A flow rates B compatibility c

\ J \ y, N\ J

increasing reactor complexit

Figure 2 - Reactor design considerations for various flow systems

catalysts

Reactor Design Considerations

Single transformation systems are most likened to batch conditions where it is
commonplace to translate batch transformations into a continuous process for scale up
or greater parameter control. These synthetic parameters, such as temperature,
equivalence, and mi xi ng, ar e al | fundament al
translating this chemistry into flow most often requires some careful reactor design
considerations such as: type of pumps used; use of flow columns; catalytic systems;
exotherms; and circumventing blockages (Figure 2, A). To integrate downstream

3
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Chapter 1 - Introduction

processing (workup/purification) or multi-step synthetic transformations, additional
consideration must be made to successfully handle a more complex reactor system
(Figure 2, B). Solvent compatibility, biphasic mixtures, and tandem reaction compatibility
are all additional factors that must be included when considering design of the continuous
reactor. Finally, to create a data-rich intelligent flow system requires the integration of in-
line analysis to monitor the reaction and programmable software to process the data
allowing the system to learn and adapt. This increases the complexity of the flow system
further as all previous considerations and parameters discussed, must also be included
(Figure 2, C).

Flow chemistry can facilitate chemical transformations and can be engineered to
overcome limitations that arise in both batch and flow. This introduction will explore how

scientists have overcome these limitations via innovative reactor design.

1.2.1 Single Transformation Systems

Perhaps the simplest reactor design to implement a flow process is that of a single pump
and coil process. Indeed, such a setup has been reported many times in the literature,
whereby reagents are carried in solvent via pumps through tubular reactor coils. Two
different reagent streams can be mixed, either within the reaction zone or pre-mixed via
a T-piece, which brings both reagent streams together. Reactor coils can vary in length
(and therefore reaction time) and due to the high surface area-to-volume ratio an external
heating/cooling source can efficiently influence the conditions within the tubular reactor.?
These are all important considerations when designing a flow system for a single
chemical transformation. In some systems, additional equipment is required to facilitate
chemistry to occur in continuous flow. This may include: flow columns, catalyst bed
reactors, gas handling flow equipment, passive/active mixers, and back-pressure
regulators. There are numerous examples of researchers using the above equipment to

perform single transformation chemistry.? 22

Thermal control
Precise thermal control of flow systems has been hailed as one of the excellent attributes

of flow chemistry and has been utilised over the past 10 years (Scheme 1).
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Chen, 2013

Kappe, 2010

in AcOH 51 gh™!
Scheme 17 Thermal control of flow systems to manage dangerous conditions

In 2013, Chen and co-workers performed a dinitration reaction on compound 1.1 using
a 16-channel microreactor. At a high flow rate, excellent mass and heat transfer was
achieved which created great mixing and precise thermal control which in turn improved
selectivity by suppression of side reactions. Any exothermic runaway reactions were
dissipated efficiently thus minimising safety risks when compared to the batch
counterpart. The micr or-te-eolurheorati® desigh auccgssfulls ur f a c
competes with large scale batch reactors with an excellent productivity of 13 kg per day
for compound 1.2.2% Kappe in 2010, used an X-Cube from ThalesNano which enabled
high temperature/pressure reactions to take place in continuous flow via a stainless steel
coil reactor. This design facilitated the synthesis of 2-methyl benzimidazole 1.4 from o-
phenylendiamine 1.3 in neat acetic acid. At 270 °C and 130 bar, 94% of the
benzimidazole was synthesised which was comparably better than the microwave
process they were exploring. The main limitation of this transformation in batch
microwave was the poor thermal control of a large reaction volume and therefore the
flow design brought an excellent alternative to scale and heat this reaction safely
(Scheme 1).24

Gaseous reagents

The use of gaseous reagents in chemistry has benefits such as good atom economy and
can be a readily available feedstock. However, handling gases in the lab can be difficult
and potentially dangerous if the gas is flammable or explosive and these risks are
significantly intensified by scale of reaction.?® Chapter 2 further describes examples of
how different reactor designs effectively facilitates the integration of gas into flow

systems.
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Catalyst bed reactors/flow cartridges

Polymer supported reagents and/or scavenger resins can be used in flow as useful
heterogenous tools in continuous synthesis. Isolating the solid reagents within a glass
flow column enables reactants to interact with the solid support and then continue to be
pumped away from the support minimising the need for purification. It is especially
beneficial to use solid supported columns for heterogeneous catalysis, where two
reagents subjected to the catalyst, react and then subsequently elute from the outlet of

the column without the catalyst (Figure 3).2°

[catalyst]

[reagent1] + [reagentZ) —I:I—»

Figure 31 Use of heterogenous catalyst to yield pure product in continuous flow

Hydrogenations in flow have become very prevalent due to its abundance in both
academia and industry and are an excellent example of a useful reactor design to enable
sometimes difficult-to-handle reductions. In 2017, Kobayashi and co-workers
demonstrated the use of silica supported palladium catalysis to selectively hydrogenate

nitriles to primary amines (Scheme 2).

e N
CNOH [DMPSi-Pd/Al,05] B 1.6 7
[Pd] = 0.36 mmol NH;ClI
OH

MeO” 7, |:|_.

0.1 M

10% dioxane in EtOH MeO
+

HCI H,

S 1.5 equiv. ) ©) NH,
OH IRA-900(OH)
Venlafaxine

precursor, 1.7
92% yield MeO

Scheme 27 Use of immobilised palladium catalysis to reduce the nitrile to a primary amine in flow

Using a poly(dimethylsilane)Pd/Al,Os solid catalyst, the authors could immobilise the
catalyst within a flow cartridge. This allowed a Venlafaxine (anti-depressant) precursor
1.7 to be synthesised in flow. Initially, the nitrile 1.5 was pre-mixed with HCI and with the
integration of hydrogen gas, via a mass flow controller, the nitrile was reduced over
palladium to give the ammonium chloride intermediate 1.6. Notably they utilised a second
cartridge filled with an ion-exchange resin (IRA-900(OH)) which acts as a solid base and
can mop up excess protons. This afforded the neutralise primary amine compound 1.7

which was later dimethylated in batch to afford Venlafaxine in a 95% average yield over

6



Chapter 1 - Introduction

the two processes. They tested the durability of the [Pd] cartridge over 300 h and found
trace amount of leaching and no drop off of reactivity.?” This process has highlighted that
solid support cartridges can also be used for in-line purification processes. This is
another excellent way a flow reactor can integrate purification into the continuous

process thus minimising the work required for the organic chemist after reaction.

In 2009, Ley and co-workers exhibited an innovative flow system that demonstrated the
use of solid polymer supported reagents and scavenger materials to facilitate reactions

and ensure the quality of the exiting product (Scheme 3).

®
N3/\©\ ©0=N ) ..

1.8 1.9

o o . Q"sos “100°c: ()7 NMey-Cul
)Hrg,OMe 2 equiv. @_III 0» I:I_
~OMe

N, /©/\OH PS-Ts-TEMPO Cssmin | A21Cul

v Ph 1.10 MeCN, 60 °C L ;

2 equiv.
- < KOtBu
in MeOH
=N

/©/1\/‘N O TNve, “UNH: ety
Ph ‘_l |_ ] _l |_

1.11
A-21 QP-BZA
55%, >95% pure | 7 SO4H 70 °C NH

S?NH,

Scheme 31 Use of solid support reagents as integral reaction components and in-line purification

This single pass system enabled multiple reaction steps to occur in tandem flow including
in-line purification. Initially, the benzyl alcohol 1.10 was oxidised using an immobilised
TEMPO oxidant to afford the aldehyde in situ at 60 °C. With the addition of KOtBu in
MeOH, the Bestmann-Ohira reagent 1.8 (already present) could react with the newly
formed aldehyde to yield the terminal alkyne in a 100 °C reactor coil. Notably, both the
4-fluorobenzyl azide 1.9 and Bestmann-Ohira reagent 1.8 were unaffected by the
oxidative conditions and shows the authors had considered the chemical compatibility of
this tandem system. In the presence of the solid supported copper catalyst (A-21 Cul)
the formed alkyne and available azide 1.9 could readily undergo a click reaction to form
the desired triazole 1.11. The four in-line scavenger flow columns were then used to
clean up the reaction. Quadrapure-thiourea (QP-TU) was used to mop up any leached
copper from the previously flow column. Quadrapure-benzylamine was heated to 70 °C
to react with any unreacted aldehyde via a condensation reaction and therefore removing

any residual benzyl alcohol 1.10. Amberlist-15 (A-15) is an acidic resin that removes

7



Chapter 1 - Introduction

excess base and phosphoric residues coming from the Bestmann-Ohira reagent 1.8.
Finally, the Amberlist-21 (A-21) is a basic resin that removes any remaining acid material.
This suite of reactor columns and in-line purification afforded the desired triazole 1.11 in
55% yield and pleasingly, >95% purity. This is another example where the design of this
flow system has reduced the work-load for the organic chemist and streamlined the

purification process, avoiding unnecessary wastage of workup/purification solvents.?®

Itis clear from the previous example that flow systems need to increase in complexity to
facilitate in-line purification. When introducing multiple reactions in tandem complex flow
systems are required, including additional design considerations. This means that the
organic chemist must engineer the whole process and relevant compatibility issues

rather than focussing solely on the desired synthetic transformation.

1.2.2 Telescoped Systems

The modular nature of flow chemistry enables the easy assembly of complex flow
systems. These systems can be efficiently used to facilitate multiple-stage chemistry in
one continuous process which can avoid intermediate purification and streamlines
chemistry to build complex molecules in one process. The complexity of reactor design
most certainly increases when building telescoped flow systems. A common
consideration is to be mindful of the increase in flow rate as additional pumps are
introduced into the flow. This required much larger tubular reactor volumes to increase

required reaction times.

In 2013, Ley and co-workers designed a telescoped flow system that enabled the
synthesis of (E/Z) Tamoxifen, an antiestrogenic breast cancer treatment drug (Scheme
4).
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O\/\N/ T )
/©/1.12 | :  gmgs .. gaass
Br : = :

0.5M
in THF

_/
n-BuLi
1.54 M in hex i 1
51.12 min
O 113 : - (TFAA NEt; | o o
Ph)krph 05 M : oM || 10w
CUnTHE) linTHF) &=

Et in THF 10.33 min

min

.......

(E/Z) - Tamoxifen, 1.14
antiestrogenic breast cancer treatment |
84%, 12.43 gover 80 mins N )

Scheme 47 Telescoped flow synthesis of (E/Z) i Tamoxifen

The basics of flow chemistry are present in Scheme 2, fundamentally pumps carry
various reagents in solvent through tube reactors which enables a reaction to take place.
However, additionally this telescoped flow system enabled the synthesis of (E/Z) i
Tamoxifen 1.14 in 84% which was scaled to yield 12 g over 80 minutes. This is a prime
example of a multi-step synthesis being streamlined into one process and due to the
continuous nature of flow chemistry, scale was dependent on time rather than vessel
volume. The Vapourtec E-series flow platform has the capacity to pre-cool and maintain
temperatures of -50 °C which was utilised for a controlled lithium-halogen exchange of
compound 1.12 and subsequent attack of ketone 1.13 in thermally controlled conditions.
The modular nature of flow chemistry easily allowed the inception of the reaction stream
thus with the addition of TFAA and subsequent EtsN, the product 1.14 was formed with
no intermediate purification required. However, the final reactor volumes had to be 10
mL and 20 mL, respectively, and with the large tubular volumes, the reaction times were
still short (<5 min) which raises limitations in applying this system to other examples that
may need longer reaction times. Furthermore, the use of organometallic reagents in flow
are very useful and managed well in flow, due to the thermal control instilled by the
technology. However, pumping these reagents in average HPLC pump is not possible
due to the incompatibility in the pump heads. The authors had to use specialised
peristaltic pumps to successfully pump the organometallic reagents. These pump heads
work by massaging flexible tubing in one direction thus moving the solvent mixture along
the tubing but without the mechanical pump heads being wetted by the
solvent/reagents.?® The need for specialised equipment in flow chemistry can be a major

limitation to developing telescoped flow systems for research. These considerations
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demonstrate why the complexity of designing more elaborate flow system require careful

planning and innovative enabling technology.

There has beenastrongpush for devel oping telescoped f

and natural products in succinct flow processes which favourably translate to industrial
scale up. For example, in 2015, Jamison and co-workers developed a flow process to
synthesise 83% Ibuprofen in 3 minutes with a productivity of 8 g/h.*° Lab-scale flow
systems are designed to illustrate the compatibility of the chemistry in an industrial
setting whilst also highlighting the benefits of no intermediate purification and tandem
reactivity thus saving on environment al

time_18,31'|' 36

In 2019, Jamison and co-workers designed a seven-step telescoped flow system to
synthesise Linezolid, an essential antibiotic. At the time of publication, this was the first
example of the highest number of synthetic steps in a continuous flow process with no
intermediate purification or solvent exchanges. This demonstrates that flow reactor
designs were evolving into more complex processes to achieve succinct and streamline

API syntheses (Scheme 5).

10
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L %)F
N o 3
0 \\\N . Cl IPA
_)> @ > (8.6 equiv.)
Cl
1.15 i
(2 equiv.)

MeCN (6.6 equiv.) )

BF3*OBu,
(2.2 equiv.)

@ p— g 7 E:]

(in 3:1 dloxane DMF,

9‘_9

_ teau) 23
( h 100 °C
1.17 0/\ 0.33 min separator NH,
NH L —
Tributylamine 0 4
(in 3:1 dioxane:DMF, Jl\
L 1 equiv.) ) N//\N N/\\N
HCI \=/ 118 \=/
0.1 M (in dioxane, 1 equiv.)
2:> »\o
Linezolid, 1.19
Antibiotic

73% Yield, 816 mg/h
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Scheme 571 Telescoped seven-step flow synthesis of Linezolid

The synthesis of Linezolid 1.19 starts with the commercially available (+)-epichlorohydrin
1.15 undergoing a Ritter-type reaction with acetonitrile for 5 minutes using BFzA O B as
a Lewis acid (intermediate 1, Scheme 5). Addition of isopropyl alcohol, at -35 °C, formed
the soluble boronic ester by-product and furthermore, formed the imidate through attack
of the nitrilium ion (intermediate 2, Scheme 5). The epoxide was reformed at -35 °C via
an excess addition of LiOtBu in 4 minutes (intermediate 3, Scheme 5). The integration
of DCE as cosolvent helped to solubilise the lithium chloride salts. Meanwhile, a
simultaneous separate synthetic pathway had been initiated. A successful SnAr reaction
was completed using morpholine 1.17 and 1,2-difluoro-4-nitrobenzene 1.16 supported
by tributylamine at 150 °C for 10 minutes. Using a mass flow controller, hydrogen gas
was introduced into the flow system and the nitro species was reduced over a palladium
flow column at 100 °C and no dehalogenation was found (intermediate 4, Scheme 5).

The hydrogen gas was scrubbed out of the reaction into a surge container by gravity and
11
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the reaction mixture directly pumped back into the flow system. Due to the presence of
water in the reaction from the hydrogenation, the imidate was hydrolysed and the newly
formed aniline attacked the epoxide intermediate to form an amino alcohol. The final
transformation used CDI 1.18 (as a phosgene alternative) to form the oxazolidinone ring
at 150 °C for 5 minutes. Upon addition of HCI, an in-line separation was installed to
removed aqueous soluble by-products and linezolid 1.19 was collected in an overall yield
of 73% in 27 minutes total run time. The use of an in-line separator that can spilt an
organic and aqueous phase is as very useful tool when installing downstream processing
to a flow system. There are various separator technologies available, but the two main
methods used are: using a semi-permeable material that allows passage of organic
solvent but not aqueous (Biotage phase-separator, for example); or using surface
tension membrane technology that has pores within a membrane that allow the passage
of organic solvents that have a low surface tension than aqueous media (Zaiput
continuous separator for example).®” The authors chose to use a Zaiput separator that
hasa0.lem PTFE membrane. This paper demonstrates,
for the synthesis of Linezolid, but also how to manage the chemical compatibility of
linking different reactions together in flow. Addition of solvents such as, DCE and DMF,
to manage potential solid forming by-products is an innovative way to maintain a durable
flow process without running the risk of blockages. It is evident that added design
complexity is required to achieve compressed telescoped synthesis as opposed to
multiple reactions in sequence in batch, most commonly requiring intermediate

workup/purification and/or solvent exchanges.3®

The development of flow systems for downstream processes is constantly evolving to
integrate purification and isolation of desired compounds into the continuous process. In
2018, Gruber-Wodlfler and co-workers designed an innovative and creative way to swap
solvents in-line to prepare for the re-crystallisation, and thus purification, of vitamin D3

1.20 in a continuous manner (Scheme 6).

A B
_ 18 Gauge
O e
ID=0.é4mm
<
Vitamin D3 <> B
in t-BME A
: s Ny
A 3 vitamin D,

condenser B crystals, 1.20 . ' \ vacuum
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Scheme 6 T New technology for solvent swapping in flow (A); Picture taken from literature showing the
evaporation of removed solvent (B).

This flow system introduced a stream of MeCN to Vitamin D3 dissolved in t-BME. Their
solvent-swap system was glassware kept at 40 °C and 280 mbar of reduced pressure
via a vacuum pump. After the solvents were combined in flow, the mixture was dropped
from a needle into the vacuum chamber. In the solvent-swap column, the t-BME
evaporated from the drop (and surrounding splashes) and was condensed and pumped
out of the system. The Vitamin D3 remained dissolved in the higher boiling point MeCN
and was collected, cooled for 1 min, and 50% wi/w crystals of Vitamin Dz 1.20 was
obtained via filtration.®® This carefully thought-out reactor design had pushed the

development of downstream processing into a sophisticated method to swap solvents.

Downstream processing in flow has multiple benefits and research and gone to great
lengths to explore the extent of processing compounds in-line.*® In 2013, Trout and co-
workers created an elaborate flow system that synthesised, purified, and formulated
tablets of Aliskiren hemifumarate (direct renin inhibitor) in one continuous process. They
integrated crystallisation, drying, powder blending, and tableting via continuous extrusion
to create an industrious 2.7 x 10° tablets per year with a plant footprint of 2.4 x 7.3 m2.
In 2013, this was the first example of end to end manufacturing for a pharmaceutical
product and illustrates the power that flow chemistry enables when thoughtful design is
executed.** An important point to note is that these developments in flow technology
have come under scrutiny for being an expensive methodology for problems that do not
exist. It is important to recognise that a balance must be applied and that most chemistry
functions very well in batch reactions. This was highlighted, in 2013, by Ley and co-
workers when they explored the telescoped synthesis of Meclinertant. They used
innovative flow synthesis where applicable and useful, and utilised efficient batch
techniques for the remaining synthesis rather than using technology for the sake of using

technology.*?

These examples have demonstrated that reactor design needs to increase in complexity
to deliver engineering solutions to common flow problems. All the designs, so far, have
relied heavily on the fl ow c¢hemifatirédpsosppctso bl e m
of flow chemistry have begun to develop toward automation and machine learning

through live data acquisition and remote chemical control.

1.2.3 Intelligent data-rich systems
The final section of this introduction will briefly explore the recent developments of flow

chemistry and the use of in-line monitoring and automation to streamline continuous

13
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synthesis. To achieve this, the design complexity must increase to support the integration

of live data recording/automatic control.

Highly complex automated telescoped systems with in-line monitoring are the front
runners of the flow community and have been shown to work impressively to synthesise
API compounds with minimal input from the organic chemist. Jensen and co-workers in
2016, published in Science detailing their fridge-sized API factory. The system used an
automated series of reactor modules that can interchange to effectively synthesise

compounds at a push of a button (Figure 4).
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Figure 4 1 Figure taken from paper detailing blueprints of automated API factory

The authors had created a multifunctional flow system that allowed the operator to
choose which drug they desired to be synthesised and the factory would automatically
activate the relevant reaction modules that create the synthetic pathway for the reaction
to successfully take place. They used in-line flow-IR monitoring to gauge consumption
of reactive intermediates (modules | to VI, Figure 4). The most complex synthetic flow
pathway is row D which takes DIBAL and 3-chloro-1-phenylpropan-1-one and reduces
the ketone in a 10 min reactor which was ultrasonicated to keep the aluminium salts
dissolved and extend the longevity of the reactor. The reaction was quenched in-line with
HCI for 3.3 minutes and the aqueous and organic phase was separated in flow using a

Zaiput surface tension membrane separator twice and the aqueous and gas waste
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removed. The 3-chloro-1-phenylpropan-1-ol was then mixed with aqueous MeNH: to
undergo an SyAr reaction at 135 °C for 10 min which was extracted into THF and washed
with NaClg and subsequently separated. The amino alcohol intermediate was passed
through a molecular sieve column to remove any water and pre-heated and combine
with the relevant reagents in a 140 °C coil for 2.6 min to afford the fluoxetine solution.
Water was added downstream to prevent KF precipitation and TBME was used to extract
the desired APl which was subsequently separated through gravity to yield fluoxetine in
43% yield. The API then entered the downstream processing compartment and, with the
addition of HCI, lead to the precipitation and recrystallisation of fluoxetine hydrochloride
to USP standards. Re-dissolving the fluoxetine hydrochloride could prepare 100-200
doses. The authors envisage a future where their fridge-sized factory could one day be
based in a hospital to produce drugs on demand for therapeutic uses. The versatility of
this system activates or deactivates flow modules depending on the require synthetic

tools needed to synthesise the API.*

It should be noted that this line of research does not aim to kick organic chemists out of
the lab; it wants to harness technology to undertake the manual work in a highly

repeatable and reliably manner to standardise synthetic methodologies.

To achieve such reactor complexity, monitoring reactions in-line is a vital insight into the
progress of reactions and thus illuminating the internal mechanisms of the reaction, in
turn, allowing data-lead decisions to drive optimisation. In 2020, Bourne and co-workers
optimised a multi-step process with respect to multiple objectives for a Claisen-Schmidt
condensation. This used a feedback system based on machine learning methods
(TSEMO algorithm) to learn from the data created from the reaction and self-optimise to

programmed objectives (Scheme 7).
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Scheme 71 Automatic self-optimising system
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This combination of the TSEMO algorithm and an automated flow platform enabled the
self-optimisation of a Claisen-Schmidt condensation (of benzaldehyde 1.21 and acetone)
to yield benzylideneacetone 1.22. The TSEMO algorithm was used to optimise multiple
objective problems by using the results of the reaction from the HPLC chromatogram
and the algorithm used that data to select which parameters to change and perform next.
This is repeated until the objective it met and for this reaction the authors were using the
algorithm to simultaneously maximise purity, space-time-yield, and reaction mass
efficiency. After 109 experiments it found optimal conditions for each objective, however,
all three objectives could not be optimised to the same degree. A compromise was found
that gave 82.8% purity, 166 kgm=h? STY, and a RME of 5.66 which is an approximate
equal compromise. The authors noted that due to the multi-step nature of this system,
thereaction shoul d be trédatxdd andayodbl zakm only see
output and thus a limitation was found that the data did not illuminate internal workings
of the reaction. More analytic tools would be required after each step to precisely know
the effects of changing the reaction parameters on each step.** Bourne and co-workers
have continuously developed self-optimising flow systems to assist the organic chemist
as a useful and time saving synthetic tool. Their reactor designs enable data-rich
reactions to illuminate chemical synthesis information that can assist in shortening

process development time and increase multi-step reaction efficiency.*'4’

This example is demonstrating that a multi-step flow reaction can be optimised without
the need of human intervention other than the programming required. Jensen and co-
workers have also explored the use of self-optimising flow systems and, for example,
have found to successfully optimise a Heck reaction in 19 automated experiments using
minimal reagents to then scale their system up 50-fold.*® The requirement of
computerised programming tools and algorithms shows that these flow systems are far
more complex than traditional single-pass flow reactions. In these examples the flow
chemist must design the reactor and the synthetic reaction to optimise through traditional

methods.

Jensen and co-workers have taken these automated systems a step further where the
system can create a synthetic route; design the experiment; synthesise and optimise the
reaction in flow; and finally purify and formulate a desired drug ready for use in one

contained flow unit (Figure 5).

16



Chapter 1 - Introduction

machine robotic flow drug
learning :> platform :> library

. 4 e -
Target ' S % 3 &
compound . = — (5l
_ 'v Platfor.m ! M ] J
Literature reconfig. ! g "
search 1 : =
Retro- Process Product | :
synthesis execution ‘
] tubing robotic
' reels arm
. /4 7 7
Condition ' reagents V/a Jreagent - ;
selection Scalabl_e : [ ! o orace
synthesis ' y JFese
FeaSIbIllty Recipe E screeE keyboard & mouse
estimation| 4,/ y/ation :

Figure 51 Workflow of Al system for planning drug synthesis and executing in flow (left); picture taken from
literature detailing the automated robotic system for synthesising drug library (right)

There have been great developments in literature exploring automated self-optimising
flow systems aided by reaction feed-back algorithms.*34%53 However, this system has
integrated computer-aided synthesis planning (CASP) coupled with robotically executed
chemical synthesis in flow. The authors demonstrated that the system could make a suite
of 15 medicinally relevant compounds. At the inception of process, the Al has access to
a database of millions of reactions from Reaxys and the US patent office. It could apply
a retrosynthetic analysis on the desired compound and pave a synthetic pathway

appropriate to a flow system. After identifying suitable reaction conditions and predicting

the economic and chemical feasibility of 1t he

file for the desired drug. The robotic arm builds the necessary flow system from a bank
of reactor modules and connects the pump inputs and outputs through a fluidic
switchboard. Thi s e x e mp lularftyoEflew chemistry ana howa
complex flow system can be constructed

After constructing the required reactor modules, the flow synthesis is performed to yield
the desired compound on scale on demand. An important feature of this platform is to
create reproduceable flow recipes for common drug syntheses which increases the
availability of reaction data into the research community. This is in the aim to relinquish
the laborious manual tasks of synthesis to give the organic chemist space for new
innovation and ideas.>* Leaps towards remote chemistry have been also been explored

where a chemist on his laptop in Brazil performed 12 hours of flow reactions in

and

easi

Notti ngham, UK t hr o & dgrhere dscal dsauskioncoh ehmethes thisy 0 .

technology is an expensive tools that could be done as efficiently as a synthetic chemist
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or a technology that could enhance our chemi cal facilit

creating reproduceable, reliable paths to synthetic targets.

Leroy Cronin has explored removing the organic chemist from the lab altogether by

A

€es

designing a 6chemputer d t hadproblansthdsameasaat e

organic chemist whilst also automatically synthesising the target compound in flow. The
aim of this research is to use Al to explore chemical space and therefore discover new
reactivity without bias. Using feed-back loops, as discussed previously, robotics can
quickly and efficiently, through trial and error, find optimal conditions and potential new
chemical reactivity for chemistry. Cronin and co-workers, in 2021, published an
automated fume hood that fused batch and flow chemistry including downstream

processes such as work up and use of a ro-vap (Figure 6).

Cartridge
carousel

Figure 6 i Picture taken from Croninandco-wor ker s publication il lustra

The enphut er 6 c o ul d-diazyimetinla eheapes manMeHMBIISt also stating
that the cost of the 6Chemputerd woul d

NHS-diazirine due to the high value product being synthesised efficiently. This Al system
not only explores chemical space to find new reactivity, but it also controls an automated

synthetic fume hood which firmly pushes the synthetic chemist out of the lab.5¢' €0

The digitisation of chemistry is an interesting topic of discussion and reactor design plays
a vital role in this development. Machine learning and automation stipulates its increase
in reproducibility and standardisation of chemical procedures. The examples shown in
this introduction demonstrate flow chemistry as a highly versatile enabling technology for
synthetic chemistry, but also a seed point for creativity.
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1.3 Conclusion

Reactor design has been shown to increase in complexity when more data-rich chemistry
is required. By careful considerations, continuous processing can be harnessed to
facilitate chemistry that is either unachievable via batch methods or increases the control

of variable reaction conditions.

This introduction has described how flow chemistry can implement high thermal control
due its high surface area-to-volume ratio and utilise fixed bed reactors to perform
heterogenous transformations in single pass systems. These examples required an
organic chemist to process and work up/purify the target compound after completion of
the reaction. By increasing the complexity of the flow reactor design, these work-up
processes can be integrated into the flow systems to leave the laborious tasks of
purification up to the flow system. The role of the organic chemist in these scenarios are
still fundamental in designing the reactions and optimising the flow systems are still
manually performed. The final section of this chapter alludes to the development of self-
contained flow systems that perform telescoped reactions, including downstream
processing, but with the added addition of self-optimisation. This increase of system
complexity in turn reduces the manual workload of the organic chemist. Rather than
relying on the scientistés chemical intuiti
automated algorithm efficiently works through trial and error to arrive at the desire

programmed objective.

Nevertheless, the outlook of these evolving technologies seems to be used as an
assistive synthetic tool to the organic chemist and not a replacement. The innovation and
creativity to design these elaborate reactors are due to the flow chemistry communit y 6 s
drive to solve chemical problems and increase efficiency of synthesis. As one
observation, the field has moved rapidly and has become multi-disciplinary and highly
complex even within the timeframe of this PhD project. There are indeed several
expertise and financial barriers to entering the field at the very front end with robotics
and advance machine learning algorithms, it will be exciting to see what emerges from

this potentially disruptive technology.
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1.4 Thesis outlook

This thesis will explore the development and use of novel reactor designs to facilitate
and implement the requirements or a series of synthetic methodology projects. The

thesis is spilt into three research chapters:

1) Chapter 2 - Utilisation and generation of acetylene gas in flow and how the
continuous system is engineered to successfully meet its target.

2) Chapter 37 This project explores the reactor design for the thermal generation
and use of acyl ketenes as a reactive intermediate under flow conditions.

3) Chapter 4 1 A collaborative project investigates the use of CSTRs to manage

precipitation in flow to successfully synthesise the natural product, Civetone.
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2.1 Introduction

The incorporation of gases in flow had not been previously explored in the Browne Group
for organic transformations. It was postulated that gases could be formed in situ from a
solid reagent, rather than installing a gas cylinder into the flow system. Gases are
excellent reagents for synthesis due to the atom economy and lower cost as reagent.
Installation of gases in flow sometimes require specialist equipment with additional safety
precautions for handling highly pressurised flow systems or gas cylinders.'? There are
multiple reactor designs that can incorporate gases into flow systems and this work is
focussed on designing a reactor that can integrate gas into a flow system from a solid

reagent.

2.1.1 Reactive gases in flow i with a resident gas cylinder
Like many flow reactions reagents are introduced via a pump, however, incorporation of
a gas phase into flow system must use a gas cylinder. There are two common methods

to incorporate gas into a flow system.

Tube-in-tube reactors
Teflon AF2400 tubing is a semi-permeable tubing that allows the diffusion of the gaseous

phase and not the liquid phase (Figure 7).

Figure 7 7 Cross-section of tube-in-tube reactor (left); illustration of semi-permeable tube inside non-
permeable tube (right)

This design of reactor requires a resident gas cylinder to create an atmosphere of gas to
surround the semi-permeable tubing. The reaction mixture, normally in organic solvent,
can be passed through the AF2400 tubing which is exposed to the surrounding gas. The
system can also be switched to have solvent in the outer tube and gas in the inner tube.
However, the AF2400 tubing can be expensive, and the installation of a gas cylinder
requires higher safety precautions. These limitations have not reduced the area research
incorporating gas into organic flow systems. In 2010, Steven V. Ley and co-workers

explored the use of the semi-permeable tubing (Scheme 8).3
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Vent

Ozone Quenched
0O, '_generator in PS-PPh3
(0]
1 mM ©)‘\
in MeOH 22
2.1 AF2400 tubing :

in ozone filled jar 83%

Scheme 81 Ozonolysis reaction using a semi-permeable tubing to form acetophenone

Leybs design involved using an ozone gener at
ozone was pumped into a jar that contained the AF2400 tubing. They successfully
synthesis acetophenone, 2.2, vi a o0z o nmethy styrene 201f withUan hour
residence time and a yield of 83%. The reaction was quenched with polymer supported
PPhs to remove any generated peroxide species for safety reasons. The use of tube-in-
tube reactors were heavily explored and utilised gas reagents safely in flow.! The Ley
group further demonstrated using various gases such as NHsz for pyrrole synthesis in
flow. In this example, the gaseous ammonia was pumped through the central AF2400

tubing and the liquid reagents pump around the outer tubing (Scheme 9).*

Y
'
1

! H
E 2.4

100%

Scheme 971 Paal-Knorr pyrrole synthesis using tube-in-tube reactor

Hexan-2,5-dione 2.3 was subjected to 3.5 bar of ammonia gas via a semi-permeable
membrane which was subjected to rigorous heating and thus afforded the 2,5-dimethyl
pyrrole 2.4, quantitatively. This is an innovative example illustrating the modular nature
of flow chemistry whereby a further reaction coil was required to drive the reaction to
completion. This is easily installed after the incorporation of ammonia gas. Both
examples presented above have created a homogenised system whereby the
incorporated gas is dissolved in the organic solvent. The other common methodology to

integrate gaseous reagents into flow is to create a biphasic liquid-gas mixture.

Segmented flow reactors

In segmented flow, alternative phases of gas and liquid are present in the flow tube.
Segmented flow can exhibit higher mass transfer between the phases due to vortices
created. These toroidal currents in the gas phase allow for efficient mixing and

incorporation of gaseous reagent into the reaction liquid media (Figure 8).°
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Figure 81 Segmented flow showing biphasic gas-liquid mixture and internal vortices created

When creating a flow system with a gaseous phase, a Mass Flow Controller (MFC) needs
to be used to control the rate of gas addition into the flow system. This allows a (gas)
flow rate to be set which can match the liquid flow rate and create the biphasic alternating
gas-liquid mixture. The MFC assists in controlling the stoichiometry of the gaseous
reagent, however, the MFC can be costly and still requires the presence of gas cylinder
as feed stock. Therefore, additional safety precautions will still be required for segmented

flow, much the same as tube-in-tube reactors.

Segmented flow has been widely explored to develop a range of organic transformations
by installing a gas cylinder, with pressure control, to incorporate various gases into a
contained flow system.®'8 In 2006, Ryu and co-workers developed a useful carbonylation
reaction showing how a MFC can incorporate carbon monoxide gas into a flow system

creating segmented flow (Scheme 10).

2.5 2.6
' Z
72
©/ * Ph/
(1 equiv.) (1.2 eguiv.) :'"1'2'6 °C o
+ Et3N (3.6 equiv.) . 12 min . %
e ) o
(1 mol%) ' : .
[bmim]PFG :‘ 14 mL ': 83%

.........

Scheme 107 Pd-catalysed carbonylation reaction using a multiphase microflow system

The coupling reaction of iodobenzene 2.5 and phenyl acetylene 2.6 took place at 120 °C
in 12 minutes to give the desired compound 2.7 in 83% vyield. The palladium in this
reaction is dissolved in an ionic liquid to solvate and homogenise the catalyst for the
reaction. This example demonstrates how a resident gas cylinder can be controlled to

deliver gas into an organic transformation continuously.
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The limitations of both (the tube-in-tube reactor and segmented flow reactor) flow
systems are the additional safety precautions required to handle dangerous gas

cylinders in the lab.

2.1.2 Reactive gases in flow i without a resident gas cylinder

Reducing the safety risks and need for specialist pressure equipment required when
handling gas cylinders in the lab has been a developing area of research. Gases can be
liberated from liquid/solid reagents and incorporated into flow systems for organic

transformations.

In situ generation of gas from liquids

In this style of system, two reactive liquid reagents are mixed to generate a gas in situ
which is consumed in the reaction. Tube-in-tube reactors can be used to generate the
reactive gas which can permeate through the tubing and be consumed by the reaction.®
This is an example of unmasking a reactive intermediate in situ which avoids the handling
of dangerous reagents and contains the reactivity within the flow reactor. In 2014, Kappe
and co-workers explored the generation of diazomethane in situ using a tube-in-tube

reactor (Scheme 11).%°

CbzHN._CO,H P i CZI:|1(I)\I I R \
2o GO2M~ [CoaNal 250 e
Ph”, BusN L 6.7 min | : b in Q
032 M) | : : CszN\:)]\/CI
CICO,Et E 1 5 Sph
(0.48 M) <>_ R ’ e B ' 2.9

Diazald
(0.6 M)

Scheme 11i Sy nt hesi s of -cleoro&eionds osigin situ generated diazomethane

In this example, a dangerous reactive gas, diazomethane 2.10, was liberated in situ from
relatively more stable liquid reagents, Diazald and aqueous KOH. This unmasked
reactive intermediate passed through the semi-permeable membrane, as a gas, and was
incorporated into the reaction stream containing the starting material 2.8 and the reaction
components. After a 27 min reaction and in-line acid quench, 8 7 % o f enantiop
chloro ketone 2.9 was synthesised. Generating a reactive gas without the use of a gas
cylinder avoids the dangerous handling of compressed gas in the lab. The liquid reagents
are easily handled and safe to use with additional precautions. Tube-in-tube technology
has allowed the generation and consumption of diazomethane to occur in a seal
contained system which greatly minimises the exposure of dangerous diazomethane to

the lab user through clever reactor design.
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Solid reagents can also circumvent the need for a gas cylinder. These solid reagents act
as a gas storage matrix that can be activated, via solvent, thus liberating the gas from

the solid reagent.

2.1.3 Solid gas storage matrix - calcium carbide

Acetylene gas is an excellent reagent which can deliver an alkyne unit to an organic
substrate in a highly economical manner and has many uses in organic synthesis.!
Acetylene gas is highly flammable and explosive which requires many additional safety
precautions to have a gas cylinder in the lab. Organic transformations in batch glassware
with acetylene gas also has limitations due to the nature of the gas collecting in the
headspace of the sealed flask requiring long reaction times for passive diffusion to occur

into the reaction mixture.!?

An alternative to a resident acetylene gas cylinder is an inert solid reagent, calcium

carbide. Calcium carbide, in 1862 by Wohler, was found to produce acetylene gas on

addition of water. In 1892, Thomas Willson attempted the synthesis of metal calcium in

an electric arc furnace, but unfortunately for Mr. Willson, pure crystalline calcium carbide

(CaCy) was synthesised through this method.*Wi | | sonés met hod was | ater
the US due to its commercial viability and its utility as a safe source of stored acetylene

gas. Calcium carbide is made by reacting calcium oxide with carbon to form calcium

carbide and carbon monoxide. Calcium carbide reacts instantaneously with excess water

to produce acetylene gas and calcium hydroxide (Scheme 12).

Electric arc

2000-2500 °C
CaO + 3C ———>» CaC, + CO

CaC, + 2H,0 ——» Cy,H, + Ca(OH),
Scheme 121 Calcium carbide formation (top); Hydrolysis of calcium carbide to acetylene (bottom)

Calcium carbide found many uses throughout history; it played a role in the mining
industry as carbide lamp fuel. The bottom cavity of the lamp held rocks of calcium carbide
and a reservoir of water above would slowly drip onto the rocks liberating acetylene gas
through a tube that could be ignited for underground lighting.

In situ generation of acetylene gas from calcium carbide for synthesis

Calcium carbide has experienced a recent renaissance and has been explored as a
reagent for chemical synthesis over the past 10 years.®?! The Ananikov group has
utilised calcium carbide as an acetylene generator in batch, where acetylene was used
to synthesise pyrazoles via 1,3-dipolar cycloadditions with nitrile imines, generated in
situ (from 2.11) (Scheme 13).
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Scheme 1371 1,3-dipolar cycloaddition of nitrile imines with acetylene to form pyrazoles

Specialist glassware was required to create an acetylene 2.13 atmosphere via calcium
carbide. In one chamber (reaction mixture A, Scheme 13), a solution of chloro imine 2.11
and triethylamine were dissolved in chloroform. In the other chamber (reaction mixture
B, Scheme 13), a mixture of water and calcium carbide were mixed. The vessel was
sealed, and the acetylene gas (2.13) generated filled the headspace of the flask and
passively dissolved and reacted with the in situ generated nitrile imine to form the desired
pyrazole 2.12 in a 95% vyield. Due to the presence of the water sensitive nitrile imines,
the water required to liberate the acetylene gas (2.13) could not be mixed with the organic
solvent. Therefore, a 2-chamber flask was required for the transformation which in turn
meant that long reaction times were needed for the passive diffusion of acetylene gas to
be effectively incorporated into the organic solvent chamber.? To deliver acetylene from
calcium carbide in organic reactions can be challenging due the undesirable mixing of
agueous and organic solvents and the insolubility of CaC itself. Water is required to
liberate acetylene and, although specialise glassware has been shown to work (Scheme
13), others have used a specialist fluorous solvent to separate the agueous and organic
solvents. Matsubara and co-workers targeted the azide click reaction with acetylene,
which used a single glass vessel that had CaC; on the bottom layer, then fluorous solvent
(Galden HT135), then a layer of water topped with a layer of organic solvent containing

the reagents and substrates (Scheme 14).22

2.14
A PR N; (1 mmol) —
Et;N (4 mL) \
9 AN\ -
Cul (10 mol%) 55 °C A 20h Ph N b
H,0 (12 equiv.) — > \—/
C Galden HT135 (2 mL) < 2.15
W 85%

D CaC, (4 equiv.)
Scheme 141 A quadriphasic system to incorporate acetylene gas into an azide click reaction

The quadriphasic solvent system used Galden HT135 fluorous solvent to separate the
water from the calcium carbide initially. After stirring the reaction, the water would pass

down through the fluorous solvent layer and liberate acetylene gas which would slowly
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bubble through the top reaction mixture layer and undergo a (3+2)-cycloaddition in the
presence of a copper catalyst. This elaborate solvent system allowed the controlled
release of acetylene gas into the reaction and after the reaction with benzyl azide 2.14
was complete, two solvent layers (EtsN and Galden HT135) were left which contained
target triazole 2.15 in 85% yield.

Both these papers aim to create systems that safely release acetylene gas in situ from
calcium carbide, however, they are limited by requiring specialised glassware or a
complex, bespoke mixture of solvents to prevent a violent reaction between water and
calcium carbide. Additionally, these systems require long reaction times due to creating
an acetylene atmosphere in the headspace of the glassware and are therefore restricted

by the passive diffusion of acetylene gas into the desired solvent system.

Calcium carbide as a reagent for organic synthesis in batch has been explored and
mostly requires special conditions to handle the release of gas or solubility of calcium
carbide. Throughout literature, unfavourable conditions such as: use of undesirable
solvents such as deep eutectic solvents or hazardous dipolar aprotic solvents like DMSO

and DMF; fluoride additives; and long reaction times under harsh conditions are required

to unlock the reactivity in this reagbasht .

nature and propensity to reactive violently with water releasing acetylene gas in an
uncontrolled manner.161921.23133 This posed the question whether a flow reactor design

could harness the reactivity of this useful cheap reagent.
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2.2 Project Aims and Objectives

The use of calcium carbide as a reagent in flow has not yet been explored which
underpins the aim of this project. It was postulated whether calcium carbide could be
used as a solid gas-storage matrix that could be activated, via water in flow, to liberate
acetylene gas in situ. To avoid undesirable long reaction times, flow chemistry has no
headspace in the tubing and can therefore create a homogenised reaction mixture of gas
and liquid reagents which would increase/improve mass transfer. Using solid calcium
carbide, as the acetylene source, would circumvent the use of a resident gas cylinder in
the lab and avoid unnecessary additional safety precautions regarding pressurised
flammable gases. Flow chemistry is becoming more ubiquitous in organic chemistry labs
and therefore more readily accessible than specialised glassware and equipment
commonly required. Handling a solid reagent is also more favourable for the lab user
than working with gas, thus providing a reduced labour-intensive process to incorporate
acetylene gas into a reaction. It was envisaged that calcium carbide could be loaded into
a flow cartridge and activated via a water miscible organic solvent thus liberating
acetylene gas in situ which could be consumed by various reaction conditions (Figure
9).

multistep applications

'easy-to-handle’' CaC, in flow cartridge: ‘module’ plugged-in to the following reactions:
= homogenised gas output = nitrile-oxide cycloadditions
= controlled liberation of acetylene = azide click reactions
= reproduceable methodology [:> = generation & use of Li-acetylide

acetylene ' acetylene

generating : generating
module ' module

Figure 97 Envisaged plan to create an acetylene generating module which is plugged into various reactions

Once the acetylene generating module has been established following the criteria
(Figure 9), the module could be plugged into various reaction conditions in flow exhibiting
a telescoped process. This would demonstrate the successful incorporation of acetylene
gas from calcium carbide in a safe contained manner without the need of a resident gas
cylinder. This transformation follows the theme on how flow reactor design facilitates

organic chemistry that would otherwise not function via standard synthetic methods.
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2.3 Results and Discussion

2.3.1 Calcium carbide

Calcium carbide arrived in the lab as large grey chunks which, for an organic flow
chemist, was unusable. It was imperative to create/employ a reagent that could be
translated to a flow system reliably and safely. As a warning, acetylene gas is extremely
flammable and great amounts of care must be taken when working with flammable

gases.

2.3.2 Creating the acetylene generator

It was found that on addition of water to the calcium carbide a strong fizz was observed
which was assumed to be acetylene gas. Firstly, the CaC: in its rock form was placed in
an adjustable flow column, any large rocks that did not fit in the column were broken

down into smaller pieces (Figure 10).

Figure 10 - CaC: in rock form stacked in column (left); First flow system to generate acetylene (right)

This was the first attempt to make and harness acetylene gas in a continuous flow. It
was found that neat water reacted too violently with the calcium carbide and therefore a
percentage of water in miscible acetonitrile was tested to see how much gas was
produced. This was a qualitive experiment because the outcome was determined by
counting bubbles passing the red line to gauge the appropriate percentage of water
needed in the organic solvent (Scheme 15).
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Ca02
rocks -t
in MeCN L———» H—H

Scheme 15 - Initial flow system to generate acetylene from CaC:

It was found that neat MeCN produced no acetylene; 2% H>O in MeCN produced 13
sporadic long bubbles across the red line; and 5% H->O produced >250 bubbles over a
5-minute period. This basic experiment was to find the minimum amount of water
required to effectively liberate acetylene gas in a controlled manner over a period of time.
It was also important to create a system that released enough acetylene gas to react but
not too quickly that the reaction window be too short for an organic transformation to take
place. 5% H>O in MeCN was therefore chosen as the activation solvent that liberates
acetylene gas from calcium carbide effectively. It was noted that the bubble formation
was non-uniform and produced large slugs of acetylene bubbles in the tubing which
caused the flow rate to fluctuate dramatically. The use of a back-pressure regulator
would increase the pressure within the tubing thus solvating the gas to create a

homogenised mixture of solvent and acetylene gas (Scheme 16).

CaC2

rocks
5% H,0 ( > |
in MeCN

Scheme 16 - Acetylene generating flow system with BPR addition with gas trap

[ 7 bar ]

No outgassing was observed when using the BPR which meant that the flow rate was
stable and unfluctuating. A crude water gas trap was used to collect the acetylene gas
at the outlet of the flow system, which was simply a water-filled inverted measuring
cylinder submerged in a tub of water. This used displacement to quantify the amount of
acetylene generated from the calcium carbide. Using the molar volume of a gas equation,
the number of moles of acetylene could be calculated due to the known volume of gas
collected in the gas trap. The number of moles were converted to a concentration and
after various repeats the calculated concentration fluctuated dramatically from 0.083 M
to 0.214 M. These inconsistent results were attributed to the various sizes of calcium
carbide rocks used, which were of different sizes and shapes and therefore different
surface areas. This meant that those rocks with a larger surface area would liberate more

acetylene gas. It was noted that the rocks would turn grey/white due to the formation of
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an outer layer of Ca(OH), which would in turn conceal the reactive surface. This
whitish/grey appearance would occur rather quickly when the calcium carbide was
exposed to air due to its reactivity with natural humidity. Three objectives were identified
to find a repeatable reliable source of CaC, that would solve the inconsistencies

mentioned above:

1) Uniform particle size of reactive CaC; that utilises the whole reagent and avoids
clogging of reactive surface.
2) Areproduceable process that is operationally simple.

3) Relatively stable in air and easy to handle in a lab environment.

The solution was likened to that of a sodium hydride suspension where a reactive
reagent is finely coated in oil and thus stable to air. The suspension oil can then be
washed off thus exposing the reactive reagent at the desired time. The choice of oil was
initially explored by mixing CaC. and the different oil sources in a mortar and pestle and

observing whether the oil source would dissolve in a desirable organic solvent (Table 1).

Table 1 - Exploring different sources of oil and its dissolution with organic solvent

Entry CaC: (9) Oil (2 mL) Observation
1 0.5 tea light wax no dissolution in MeCN
2 0.5 6oi | bat no dissolution in MeCN
o no dissolution in MeCN; separated
3 0.5 paraffin oil
from CaC
4 0.5 paraffin oil dissolved in THF

Paraffin oil coated the calcium carbide effectively and with the addition of THF the oil
dissolved thus being washed away, which pleasingly is also miscible with water and
therefore compatible with the acetylene generator (entry 4, Table 1). Milling via a mortar
and pestle is not completely reproduceable to the same degree every time and varies
depending on the lab user. Using an electric mixer mill with stainless steel jars and a ball
bearing represented a better, more consistent alternative. This allowed parameters to be
set and therefore repeated reliably. The ratio of paraffin oil to CaC, was explored

including different mixer mill conditions (Table 2).
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Table 2 7 Ratio of paraffin oil to CaC: plus milling parameters

CaC; Paraffin oil Time Frequency

Entry @) (mL) (min) (H2) Observation
1 0.5 0.1 5 5 no change to CaC
2 0.5 0.1 5 10 no change to CaC
3 0.5 0.1 5 15 fine dark powder
4 0.5 0.2 5 15 wet paste
5 0.52 0.15 5 15 wet paste
6 0.51 0.05 5 15 no change to CaC:
7 0.51 0.05 10 15 no change to CaC

25 mL stainless steel milling jar, 8 g stainless steel ball

The milling frequency was initially tested, a low frequency was first explored to minimise
the aeration of the calcium carbide and in turn minimise the deactivation. However, at a
low milling frequency the calcium carbide rocks were intact (entries 1 and 2, Table 2). At
15 Hz, a fine free-flowing powder was found that could be easily handled (entry 3, Table
2). Increasing the amount of paraffin oil was deemed beneficial to increase the
preservation of CaC,, this gave a very wet paste material which was undesirable and,
therefore, could not be easily funnelled into a flow column (entries 4 and 5, Table 2). To
test that the optimum conditions had been found, lower amounts of paraffin oil were
added, with increased milling time, and resulted in the CaC; rocks remaining intact
(entries 6 and 7, Table 2). These experiments had completed 2 out of 3 of the desired
criteria. A reproduceable process that delivered a uniform particle size of calcium carbide
had been found. These objectives had been greatly facilitated by the use of the ball mill

to create a uniform particle size in a reproduceable manner.

The preservation of reactivity needed to be tested to fulfil all three criteria. A qualitative
experiment was set up where 0.5 g CaC, was ground in a mortar and pestle with no
paraffin oil and 0.5 g CaC, was milled with paraffin oil in the mixer mill (entry 3, Table 2
conditions). Both powders were place in beakers and left exposed to air and observations

were taken (Table 3).
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Table 3 - Reactivity of CaC2 suspension

Time after CaC; Milled Mortar and Pestle

Entry Milling (h) suspension T no oil Evidence
V<
1 0 Remained dark purple Loss of colour ‘f:} -
2 1 Remained dark purple Grey/white

Grey 1 addition of White i addition of

3 24 water caused water caused no
aggressive fizzing fizzing
4 168 White i addition of n/a n/a

water caused no fizzing

Immediately after milling, it was apparent that the CaC, ground in the mortar and pestle
had lost some colour due to the increased surface area of the smaller particles reacting
with moisture in the air without any oil protecting that surface (entry 1, Table 3). After 1
hour, the CaC, milled suspension remained the same colour as it did when it came out
the milling jar, and the mortar and pestle sample displayed significant discolouration,
turning grey/white (entry 2, Table 3). The grey/white complexion was assumed to be
Ca(OH); as this is the know by-product of water and CaC.,. After 24 hours, both samples
had turned grey (the suspension was darker) and upon the addition of water, the CaC.
suspension fizzed aggressively and therefore was deemed very reactive. The mortar and
pestle sample caused no fizzing upon the addition of water and was therefore deemed
unreactive after 24 hours (entry 3, Table 3). The CaC; suspension sample was left for a
week to see the extent of its reactivity, unfortunately, upon the addition of water no fizzing
was observed (entry 4, Table 3). The pH of the water/milled suspension sample was 10-
11 which indicates the presence of a base thus implying Ca(OH), formation. With these
results in hand, all three criteria had been met where a reproduceable uniform particle
size of calcium carbide was formed that remains reactive on exposure to air for a

maximum of 24 hours as an easy-to-handle free flowing powder.

To translate this into a flow system, enough CaC; suspension must be made to fill a flow

column and therefore a mechanochemical scale up had to be explored (Table 4).
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Table 47 Scale up experiments

Paraffin oil  Time Frequency

Entry CaC:(g) (mL) (min) (H2) Observation

1 1.0 0.2 5 5 no change to CaC
2 1.0 0.2 10 15 no change to CaC
3 1.0 0.2 15 25 fine dark powder

4 3.0 0.6 15 25 no change to CaC
5 3.0 0.6 15 30 no change to CaC
6 3.0 0.6 20 30 no change to CaC:
7 3.0 0.6 30 30 fine dark powder

25 mL stainless steel milling jar, 8 g stainless steel ball

Initially, 1 g of CaC, was used with 0.2 mL of paraffin oil (keeping the same calcium
carbide to oil ratio) was tested at various frequencies and times and found that increasing
frequency to 25 Hz for 15 minutes gave the distinctive fine dark powder required (entries
1to 3, Table 4). To fill a flow column, 3 g of CaC; with the addition of 0.6 mL of paraffin
oil would be sufficient. It was found that 30 minutes at 30 Hz in the mixer mill produced

a fine dark powder suspension (entries 4 to 7, Table 4).

Development of this calcium carbide reagent into a suspension utilised qualitative
experiments of observation to create a free-flowing powder that can be transferred into
a packed bed reactor to generate acetylene gas in a flow system. Its form and reactivity
to water was known, however, quantifying the moles of acetylene gas released from this
reagent was still unknown. It was important to find the concentration of acetylene gas in

the flow system to design experiments with the correct stoichiometry.

2.3.3 Quantifying the acetylene generator

Initially, it was postulated that use of a water gas trap to titrate the CaC- could be used
find out the amount of acetylene gas released from the calcium carbide reagent. Calcium
carbide was bought from Fisher Scientific (general purpose grade) which contained 72-
82% calcium carbide and 12-18% calcium oxide3*. The titration method was therefore

tested and compared to the reagent composition specifications (Figure 11).
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Figure 11 - Acetylene titration method with water gas trap

Using the ideal gas law and the volume of acetylene gas collected in the water trap, it
was calculated that 3.02 mmol of CaC; produced 2.25 mmol of acetylene gas on addition
of water. This confirms the purity of the reagent to be 75% CaC, and the rest insoluble
impurities. This crude method of acetylene gas collection was taken forward to attempt

to calculate the concentration of acetylene gas in a devised flow system.

During these experiments, it was noted that the paraffin oil was being pushed out of the
column by the MeCN. As with a NaH suspension, the incorporation of a solvent wash
was created to remove the paraffin oil and uncover the reactive milled CaC; pre-loaded

in the flow column (Scheme 17).

Ca02 -
suspensmn I
[
5% H,0
in MeCN
THF 20 mL

Scheme 17 - Installation of THF solvent wash

This methodology pumped dry THF over the milled CaC, suspension which dissolved
the paraffin oil and removed it from the system to avoid the oil interfering downstream.
The solvent wash was then followed by the activating water in MeCN from the now

uncovered CaC; to produced acetylene gas in situ.

The concentration of acetylene liberated in situ was calculated by collecting the evolved

gas from the outlet in a water gas trap (Scheme 18).
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Scheme 18 7 Acetylene gas collection method

The volume of acetylene gas was recorded every 10 minutes and using the ideal gas
equation the number of moles of acetylene gas per 10 minutes were calculated. Knowing
the flow rate of the system (0.2 mL/min), a concentration per 10 minutes was plotted on
a concentration over time graph (Figure 12).

Concentration vs. Time
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0.000
00:00:00 00:28:48 00:57:36 01:26:24 01:55:12 02:24:00 02:52:48
Time (T)

Figure 121 Concentration over time graph

This data gave an insight into the amount of acetylene gas being evolved from the
generator. The orange line indicates that the concentration of acetylene is >0.3 M for 1
hour. This threshold was chosen to keep the concentration of the reaction as high as
possible to gain productivity in the flow system. It would be possible to lower the threshold
and gain a longer reaction window if necessary. This allowed the stoichiometry of a

chemical reaction with acetylene to be planned.

It was observed that the CaC, column would visually show the progress of acetylene
generation via a colour change (Figure 13).
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Figure 131 Visual depletion of CaCz column (left to right)
This was a qualitive indication that the CaC; suspension (dark purple) was releasing

acetylene gas into the flow system and leaving a Ca(OH)./CaO residue in the column

(grey colour).

In summary, an acetylene generating module had been created using a reproduceable
methodology (Scheme 19).

= /\ BPR

acetylene gas
>0.3 M for 1 h

CaC, - calcium carbide
suspension

5% H,0 (finely divided and
in MeCN stabilised formulation)
THF

5 mL

The new CaC, suspension had a uniform particle size, due to the electronic milling

Scheme 19 - Acetylene generating module

process, and its heightened reactivity to water was masked, by paraffin oil, in an easy-
to-handle free-flowing powder. After measuring the amount of acetylene given off, a
reactive window was established that produced a concentration of acetylene >0.3 M over
a period of 1 hour in situ. The addition of a THF loading loop was installed to wash off

the paraffin oil from the CaC, suspension before it was activated by water.

2.3.4 Application of the acetylene generating module - Cycloadditions

Isoxazole synthesis

The plug-and-play modular nature of flow chemistry allowed the acetylene generator to
be trialled in a 1,3-dipolar cycloaddition reaction. Bench-stable mesityl nitrile oxide 2.16
was introduced downstream to the homogenised acetylene gas in MeCN and heated in
a reactor coil over an hour (Scheme 20).

42



Chapter 2 i Designing a reactor to generate and use acetylene gas

) EEE——
@ ---------
/(/DN’O <> 90 °C
60 min N’O
2.16 4 ©)>)> ~/

0-1M CaC, L 24mL
suspension) teeee-oio-

2.17
5% H,0
(80%)
THF
20 mL

Scheme 201 Proof of concept i 1,3-dipolar cycloaddition (Flow system 2.1)

Pleasingly, the cycloaddition worked successfully giving a 95% H NMR yield (80%
isolated) of isoxazole 2.17. This was the first organic reaction demonstrating the
acetylene generator in flow, in which the reactive intermediates could be heated and
pressurised safely for an hour at 90 °C to drive the reaction to completion. This proof-of-
concept example used a nitrile oxide with increased stability due to the mesityl methyl
groups inhibiting self-condensation reactions. It was postulated whether the nitrile oxides
could be formed in situ as a reactive intermediate and consumed by the available

acetylene, affording an isoxazole product.

A visiting Master 6s st ud e n tfurtherl optimisatio® endt her ,
expansion of the isoxazole scope. | worked and supervised with Imke and designed all
experiments that she did. The flow systems constructure was designed and built by me,
allowing Imke to run the experiment. The reaction (in Scheme 20) was optimised and
worked successfully at 90 °C for 15 min to give a 97% isolated yield of isoxazole 2.17.

Nitrile oxides are formed via chloro-oximes in the presence of NEt; (Scheme 21).%

NH,OH-HCI 00
(1.5 equiv.) ®N
.0 NaOH Ny Ncs CNvon NEts I
(6 M, 2.5 equiv.) (1.2 equiv.) (1 equiv.)
Yy ———— > T —_— B [ X
Ry— RT— o R4— ' v R
{Z H,0:EtOH (1:1) > DMF, 1 h,0°C P> flow conditions L

2 h, rt. then 4 h, r.t.

Scheme 217 Synthesis of nitrile oxides from aldehyde starting materials

The chloro-oximes were synthesized from purified aldehydes into the corresponding
oximes via an imine condensation reaction. The oxime was then chlorinated using NCS,
to yield the chloro-oxime. Various chloro-oximes were synthesised and subjected to flow
conditions, in the presence of NEts, to afford the reactive nitrile oxide in situ. It was
planned that the nitrile oxide would be unmasked in situ and exposed to the acetylene

gas thus quenching the reactivity via a cycloaddition (Scheme 22).
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Scheme 221 Unmasking of nitrile oxide in flow to form isoxazole via cycloaddition with acetylene

The pre-formed chloro-oximes were reacted with NEt; for 30 min at room temperature to
form the reactive nitrile oxide in situ. The acetylene generator was simultaneously run to
provide a homogenised acetylene concentration in situ whereby it could undergo a 1,3-
dipolar cycloaddition at 90 °C for 15 min. The isoxazole scope was then surveyed under

the optimised reaction conditions (Figure 14).

NMez

Cl

NO,
0% 0% 40% 29% 44% 54% 43% 55% 46%

Figure 14 - Isoxazole scope (results provided by Imke Reuther)

A range of chloro-oximes were tested with various electron-donating/withdrawing
groups. The yields were modestly ranging from 29% to 55% and it was later found that
multiple products were formed during the telescoped flow process. Electron rich
substrates reduced the reactivity of the nitrile oxide by donating electrons into the
conjugated system and this is reflected in the vyields (Figure 14). As previously
mentioned, multiple reactions were competing in this transformation and were

characterised by mass spectroscopy and *H NMR spectroscopy (Figure 15).

44



Chapter 2 i Designing a reactor to generate and use acetylene gas

Q
N

B e Acetylene,
CI) Et;N, MeCN 1
N® /
N / L . L
L. o—N /N N /N
Dimerisation S Oxadiazole
\ formation
MeCN »/—0\
L — N.__N

Figure 151 Different reaction pathways for the nitrile oxide

In the presence of MeCN as solvent, the nitrile oxide could undergo a cycloaddition to
give 5-methyl oxadiazole (compound 2, Figure 15). The nitrile oxide can also self-
dimerise to give an oxadiazole oxide (compound 3, Figure 15). This can then be
irreversibly reacted with another equivalent of nitrile oxide to form the oxadiazole
(compound 4, Figure 15).3%3” To decrease the dimerization reaction, a reduction in the
concentration of nitrile oxide should lower the probability of self-dimerisation due to
increasing the excess of reactive acetylene in the reaction. Changing reaction solvent
would also removing the formation of the 5-methyl oxadiazole (compound 2, Figure 15),
however, this may cause issues with solvent compatibility with respect to the acetylene

generating module.

In summary, the acetylene generator was used successfully to incorporate alkyne
functionality and synthesise various isoxazoles in a telescoped flow system. The theme
of unmasking reactive intermediates in situ was further developed by taking chloro-
oximes and forming very reactive nitrile oxides in situ and quenching this reactivity with
another in situ generated reactive intermediate, acetylene gas. Due to the adaptability of
these flow systems, the reactor design could be readily changed and altered to
accommodate problems arising from handling difficult reactive intermediates. The
presence of undesirable side-products did not dampen the success of this system
because it proved that the reactor design facilitated two reactive intermediates being
formed in situ and reacting with each other. Furthermore, it demonstrated that the
acetylene generator, from calcium carbide, was a viable source of homogenised

acetylene gas for organic transformations in flow.
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Triazole synthesis i Click chemistry

After exploring the use of the acetylene generating module for cycloadditions with nitrile
oxides, the well-established click reaction was tested. It was envisaged that in the
presence of metallic copper, benzyl azide 2.14 could react with in situ generated
acetylene gas 2.13 to form terminal triazoles 2.15 (Scheme 23). Using a copper coll
(purpose built) in flow to perform click chemistry has been achieved before by Sach and
co-workers to synthesis functionalised triazoles.*® This methodology was adapted to
demonstrate the capability of the acetylene generating module by using a copper wire in

flow as opposed to a purpose made copper coil as explained in the example above.

Copper wire
N3 + = —_—_— N’Ns‘N
DMF \~/

214 213 215

Scheme 237 Reaction profile for formation of a 1,2,3-triazole from benzyl azide and acetylene

To install metallic copper into a pressurised flow system, a Wire-in-Tube (WiT) reactor
was built using multiple strands of copper wire. It was postulated that the dissolved
acetylene gas would interact with the metallic copper, forming copper acetylide, and

therefore undergo the desired click reaction (Figure 16).

Figure 161 Pictures showing the construction of the copper WiT reactor

Using wide-bore tubing, copper wire was twisted inside and the internal volume of the
reactor coil was measured. After synthesising benzyl azide 2.14 from NaNs; and benzyl
chloride, a flow system was devised incorporating the WIT reactor and the acetylene
generating module (Scheme 24). The flow reaction and result were provided by Imke

Reuther.
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Scheme 241 Click reaction of benzyl azide in flow incorporating both the WIT reactor and the acetylene
generating module, reaction performed by Imke Reuther

5% H,0
in DMF

The click reaction with the WiT reactor at 150 °C for 8.5 minutes gave a *H NMR yield of
40% for 2.15. Discolouration of the wire was observed over the course of the reaction,
suggesting the reagents were interacting with the copper. This evidence suggests an
(direct) interaction between the copper and in situ acetylene to deliver the terminal

triazole 2.15 via a cycloaddition process.

This is another compelling example of the plug-and-play modality of the acetylene
generator where it can incorporate homogenised acetylene gas safely into a pressurised
and heated flow system. The in situ generated acetylene gas can then be incepted by
various reagents via a telescoped flow system. Both the nitrile oxides and azides utilise
the acetylenebds triple bond functionality b
copper acetylide, it was postulated whether acetylene could be deprotonated in situ to

form a reactive acetylide anion.

Both the isoxazole and triazole forming projects were not pursued further because the
results provided show a proof-of-concept that acetylene could be generated in situ from
solid CaC, and manipulated through design of a flow reactor. The engineering
developments demonstrate that flow can be used to harness gases without the need of
expensive gas handling equipment, and furthermore, organic transformation can be

processed continuously in a seal, safe reactor.

2.3.5 Application of the acetylene generating module i Lithium acetylide

It was reasoned that the acetylene generating module could further be used to deliver a
nucleophilic source of an acetylide by deprotonating the acetylene gas, with a suitably
strong base, due to its pKa of 25-26.3 One such suitable and readily available base
considered was n-butyl lithium, where it was proposed that the lithium acetylide could be
produced in situ and quenched with an electrophile, utilising 4-methyl acetophenone as

model substrate, yielding a propargyl alcohol (Scheme 25).
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Scheme 251 Reaction profile for generating lithium acetylide and synthesis of a propargyl alcohol

Engineering optimisation to create working flow system

The initial approach to designing the flow system was focussed on making the lithium
acetylide in situ and subsequently quenching with a carbonyl electrophile to produce the
desired propargyl alcohol. Firstly, n-BuLi and acetylene 2.13 were reacted together to
form lithium acetylide which was intercepted with 4-methyl acetophenone 2.18 to give
the desired product 2.19. The solvent was changed from MeCN to THF to avoid the
deprotonation of MeCN by n-BuLi. THF is also miscible with water and is therefore

compatible with the acetylene generating module (Scheme 26).

0.3 M n-BulLi
in hexane

mwo-L— Il
Corto Dot OH
L
Ca02
suspension
2.19

5% H,0

in THF
THF
5mL

Scheme 26 - Initial flow system (flow system 2.2)

It was found that residual water from the acetylene generating module was quenching
the n-BuLi and therefore losing its efficacy. A drying column was therefore installed after
the acetylene generating module to remove the excess water. A mixture of sand and
MgSOs (1:3 ratio) was found to be best to remove water and stop clogging. The ratio of
sand to MgSOaswas found to be best at 1:3 to maximise the amount of drying agent while

enabling a free-flowing column that would not restrict flow. (Scheme 27).
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Scheme 27 - Installation of drying column to remove excess water (flow system 2.3)

It was noted that a solid was precipitating out of the THF solvent, assumed to be lithium
acetylide, as the observed precipitate disappeared after the addition of 4-methyl
acetophenone 2.18. This implied that the lithium acetylide was reacting with the
electrophile and consumed within the reactor coil. The internal diameter (ID) of the
reactor coil tubing was increased to a wider bore to help manage the flow of the

precipitate formed in situ (Scheme 28).

0.3 M n-BulLi
in hexane
Dry THF J ( }—@— ________________ Il

rt. . ot OH
51.75 min: 8.3 min !

Cac2 MgSO4 Sand E 0.7mL

suspenswn 116" ID | 1/32" ID
2.19
5%
in THF Trace
THF
5 mL

Scheme 287 Increasing internal diameter of tubing to manage precipitate (flow system 2.4)

The wide bore tubing did however reduce the ability of the lithium acetylide bridging
across the tubing and subsequent blocking, which gave the first visual indication that
trace amounts of product was being formed. This theory was confirmed using *H NMR,
via the distinguishable alkyne hydrogen of alcohol 2.19, with a chemical shift of

2.67 ppm.
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Scheme 297 Introducing the electrophile before the addition of n-BuLi (flow system 2.5)

Introduction of the electrophile 2.18 before the addition of n-BuLi had the desired effect
of delivering 2.19 in 30% *H NMR yield. One concern using n-BuLi was the potential for
butyl nucleophilic addition to the 4-methyl acetophenone 2.18, however, this was not
observed. The wide bore tubing was kept in the system to reduce the risk of any
precipitate blockages (Scheme 29). The final reactor was also heated to assist in
completing the desired reaction and aiding dissolution of any precipitate formation. The
coil was heated to 60 °C and pleasingly gave a yield of 2.19 in 40%, determined by *H
NMR. Despite the promising results demonstrated, the formation of precipitate, mainly
at the Y-piece, was still a problem for this developed flow system and required further
development. Tetrabutylammonium bromide (TBAB) was added as a phase-transfer
catalyst to help solvate the lithium acetylide precipitate. The addition of TBAB increased
the yield of the propargy! alcohol 2.19 to 47% by *H NMR. Unfortunately, the system did
not perform reliably due to multiple observations of large amounts of precipitate being
visibly formed at the Y-piece, causing strain on the flow system. There were numerous
instances of pumps failing and tube fittings breaking due to increased pressure caused

by blockages.

The nature of the Y-piece directs the flow of two reagents in a collisional manner to mix
them and it was postulated whether a mixer could be invented that circumvents this
collisional mixing. The Needle-in-Tube mixer (NiT) was created to enable co-directional
mixing which takes the formation of precipitate further downstream and away from the
mixing junction, minimising risk of blockages. The NiT mixer was made from a cut needle

and a Swagelok T-piece (Figure 17).
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Co-directional
mixing

Acetylene
TBAB
Electrophile

Figure 17 - NiT mixer showing directions of reagent addition (left); white precipitate forming downstream
(right)

The NiT mixer allowed the introduction of n-BuLi into a stream of acetylene to form the
required lithium acetylide which can subsequently be consumed by the available
electrophile present (Figure 17). With the NiT mixer in hand, the flow system could more
reliably manage the precipitate formation by avoiding a build-up of precipitate at the
mixing junction. The system now had an integrated wide bore reaction coil to minimise
the number of small junctions throughout the flow system thus minimising blockages. It
was found to be advantageous to heat the final reactor coil to assist in solvation and
resulted in a 49% vyield of 2.19 (Scheme 30).

0.3 M n-BulLi
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. | : [17.2 bar}>
-L_‘I IR FFh Wﬁ)»)*
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5% H,O
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O

Scheme 301 Integration of NiT mixer and heated coil (flow system 2.6)

2.19
49%

A pressure gauge was installed to monitor the pressure of the system which managed
the safety by indicating blockages and therefore pressure build up. It was also found

advantageous to add a water quench downstream to dissolve any residual
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precipitate/inorganics that could block the back pressure regulator. Once the water
stream was added the system became more reliable with no blockages or fluctuations in
pressure, which was commonplace beforehand. With the addition of water, a biphasic
flow had established which meant that all salts would have been removed from the

reaction mixture and excess n-BuLli/lithium acetylide quenched safely (Scheme 31).
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Scheme 317 The final engineered flow system that delivered the desired compound reliably (flow system
2.7)

The engineering optimisation process was complete with a final yield of 45% for 2.19, by
H NMR, as this system could be run safely and reliably. This evolution of the above
process has shown that reactor design is fundamental to developing a successfully
working flow system, especially when handling difficult reagents such as gases and

precipitates.

Chemical optimisation of working flow system
After the engineering optimisation had been completed, chemical parameters could be
explored to drive the reaction towards completion, targeting high selectivity of the desired

propargyl alcohol product.
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Table 57 Temperature and concentration screen

Entry [2.18] [n-BuLi] Temp. Time Additive Yield of
(M) (M) (°C) (min) (10 mol%) 2.19
1 0.2 0.5 60 16.7 TBAB 45%
2 0.1 0.5 40 16.7 TBAB 20%
3 0.1 0.5 60 16.7 TBAB 66%
4 0.1 0.5 80 16.7 TBAB 54%

When reducing the concentration of 4-methyl acetophenone 2.18, the yield increased
from 45% to 66% (entries 1 to 3, Table 5). This showed that a higher concentration of
the electrophile reduced the yield which implies a greater excess of lithium acetylide is
required. A small screen of temperature showed that an optimum temperature of 60 °C
gave 66% vyield of 2.19 (entry 3, Table 5) as the best result. Further heating of the
reaction gave a detrimental effect on the yield, possibly causing side reactions to take

place.

Table 6 T n-BuLi concentration screen

Entry [2.18] [n-BuLi] Temp. Time Additive Yield of
(M) (M) (°C) (min) (10 mol%) 2.19
1 0.1 0.3 60 16.7 TBAB 64%
2 0.1 0.5 60 16.7 TBAB 66%
3 0.1 0.75 60 16.7 TBAB 70%
4 0.1 1 60 16.7 TBAB --2

a=reaction blocked due to excess precipitate formation

The concentration of n-BuLi was probed and the results showed that increasing the
n-BuLi concentration, the yield of 2.19 increased to 70% (entries 1 to 3, Table 6). This
was an expected result because the more lithium acetylide present in the reaction, the
higher the possibility of nucleophilic attack towards 4-methyl acetophenone 2.18.
Increasing the concentration further to 1 M (entry 4, Table 6), failed due to an excess

amount of lithium acetylide being produced, resulting in blocking of the NiT mixer.
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Table 77 TBAB removal, time, and 4-methyl acetophenone concentration

Entry [2.18] [n-BuLi] Temp. Time Additive Yield of

(M) (M) (°C) (min) (10 mol%) 2.19

1 0.1 0.75 60 16.7 TBAB 70%

2 0.1 0.75 60 16.7 none 78%

3 0.1 0.75 60 25 none 86%

4 0.1 0.75 60 33.3 none 56%

5 0.075 0.75 60 25 none 97% (96%)?

a = isolated

Initially, TBAB was introduced as a phase-transfer catalyst to assist in solvating any
insoluble lithium salts. However, upon removing TBAB from the reaction, the yield
increased from 70% to 78% (entries 1 to 2, Table 7). Adding the water quench
downstream of the reaction alleviated the need of TBAB because any precipitate formed
would be dissolved in the biphasic mixture thus removing the risk of a blocked BPR.
Increasing the time of reaction by using longer coils showed that the yield of 2.19 could
be increased to 86% (entry 3, Table 7), but increasing the reaction time further had a
deleterious effect, whereby the yield dropped significantly to 56% (entry 4, Table 7),
suggesting instability of the product under prolonged exposure to reaction conditions.
The optimal conditions were finally found by reducing the concentration of the 4-methyl
acetophenone 2.18 to give 97% yield by *H NMR (entry 5, Table 7). This result shows
that a greater relative excess of lithium acetylide is necessary for effective nucleophilic
addition. Attempted isolation of 2.19 proved incredibly complex, due to both the 4-methyl
acetophenone 2.18 and propargyl alcohol 2.19 having identical Rf values across 10

various solvent mixtures tested.

Product isolation and stability tests
It was advised that using a band of silver impregnated silica on column chromatography
would assist in the separation of these two compounds.*’ This was achieved by silica

impregnation with silver nitrate, and left in the oven to adsorb onto the silica.

Despite having a high (*H NMR) yield of the desired product, unreacted starting material
was still present due to the collection method of the flow system. To purify the compound,
a 1 cm layer of silver silica was incorporated into the column for chromatography. It was
observed that upon elution of the crude mixture over the silver-silica band, it changed
from off-white to black. Column fractions collected thereafter showed no contained target

compound. This would suggest that the propargyl alcohol product decomposed either
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due to the silver silica or the mildly acidic nature of silica itself. A stability test was setup

to explore how readily the product decomposes on silver silica versus non-silver silica
(Scheme 32).

OH OH ! OH OH
'Silica' ; 'Ag Silica’
3h : 3h
DCM : DCM
2.19 2.19 5 2.19 2.19
0.185 mmol 0.18 mmol ' 0.185 mmol 0.05 mmol

97% ; 27%

Scheme 321 Testing stability of product on both silica and silver impregnated silica

This simple test showed that upon mixing the product with silver impregnated silica there
was a 27% recovery of product after 3 hours, therefore 73% degraded in the presence
of silver silica. By comparison, almost complete recovery of product was found for the
analogous standard silica test. It was clear that the compound was stable on silica and
column chromatography was a viable option for isolation. After abandoning the silver
silica, uncommon solvent mixtures were explored to isolate this difficult mixture.
Pleasingly, an extremely slow cyclohexane and ethyl acetate column managed to isolate
the product 2.19 in a 96% isolated yield (entry 5, Table 7).

It was proposed that a post-functionalisation of the propargyl alcohol product might ease
the complex isolation process. Click chemistry is an extremely well-known area of
transformations and common reagents were used to synthesise the desired triazole
(Scheme 33).

| | sodium ascorbate

N (O 2 equiv.)
3+
©/\ CuSO4-5H20 ©/\
(0.2 equiv.)
2.20

2.14 2.6 rt, 24 h
1 mmol 1 equiv. 7%

Scheme 3371 Click chemistry conditions

The reaction yielded 77% of triazole 2.20 and thus establishing conditions for the click
transformation, no attempts were made to further optimise this transformation between
benzyl azide 2.14 and phenyl acetylene 2.6. The tandem 2-step process was tested by
flowing the output of the optimised flow system into a collection flask and adding the click

reaction reagents which was then left to stir over 2 days (Scheme 34).
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Scheme 34 7 Tandem lithium acetylide addition and click reaction transformation

The initial flow reaction yielded 96% of 2.19 by 'H NMR which was carried forward to
form the desired triazole 2.21, and the output subjected to the same click reaction
conditions with benzyl azide 2.14 used previously (Scheme 34).Unfortunately, it was
found that the reaction did not deliver triazole 2.21, where the crude reaction mixture

contained a complex mixture and a majority of unreacted propargyl alcohol 2.19.

Unfortunately, after looking at the accessibility and complexity of the lithium acetylide
project it was decided that the project cease to be developed. The reaction did yield the
desired propargyl alcohol and demonstrated that the reactor design had the ability to
generate and deliver acetylene gas safely which was manipulated to form a lithium salt,

which could further be consumed in situ.
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2.4 Conclusions and outlook

In summary, the project aims had been met: a reproduceable, flow compatible acetylene
gas source was found and plugged into various reaction condition in continuous flow.
After a rigorous engineering and optimisation, a novel calcium carbide suspension using
paraffin oil was created that could be loaded into a flow cartridge and activated via 5%
water in miscible organic solvent. This facilitated the generation of acetylene gas from a
solid reagent without the need of a resident gas cylinder through the careful planning of
reactor design. The acetylene gas generated was homogenised through use of a suitable
BPR and an internal concentration obtained. The plug and play modality of the acetylene
generating module was demonstrated over three reaction manifolds; initially via a 1,3-
dipolar cycloaddition with a stable nitrile oxide to successfully form an isoxazole. This
initial work was expanded to explore the generation of unstable nitrile oxides in situ and
pleasingly an isoxazole scope was produced. Furthermore, click chemistry with benzyl
azide were tested with metallic copper wire in an innovative wire-in-tube (WiT) reactor,
yielding the target triazole in 40% H NMR yield. Finally, to demonstrate the application
of in situ generated acetylene, lithium acetylide was formed via deprotonation with n-
BuLi as base, through a novel mixing design (NiT mixer) which overcame solid
precipitation issues. With a functioning system, the lithium acetylide was later consumed
by 4-methyl acetophenone successfully to synthesise a propargyl alcohol at 96% isolated
yield. Upon reflection, it was felt that in successfully developing the flow system
described, the intricacies and design of the reactor module had exceeded the original
remit of a user-friendly system. Furthermore, the ability to reproduce the setup by the
wider flow chemistry community would be impinged due to its highly bespoke nature,

and as such a scope of substrates was not explored.

Overall, three flow systems were shown to use the acetylene generating module
successfully and negated the need for a resident gas cylinder of acetylene gas and
utilised the cheap robust feedstock, calcium carbide. All reactive intermediates formed
were contained safely within the pressurised flow system and avoided dangerous

exposure to the flow system operator.

Future proposals

The main limitation with producing lithium acetylide in situ was the generation of lithium

salt precipitation. This has always been t he
emerging technologies are being developed and flow systems that can handle
precipitates in continuous flow are being innovatively created. The fReactor by Asynt is

5 consecutive continually stirred tank reactors (CSTRs) that have a magnetic stir bar in
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Chapter 2 7 Designing a reactor to generate and use acetylene gas

each chamber which aid it dealing with slurries/precipitate in flow.*! This system would
be interesting to test on the formation of lithium acetylide from in situ generated acetylene

gas and n-BuLi as described in section 5.3.5 (Scheme 35).

(=)0

OH

: Ca02

suspensmn

" 5%

in THF 219
fReactor by Asynt THF

E 5 mL

Scheme 351 fReactor (left); propargyl alcohol synthesis using fReactor and acetylene generating module
(right)

The lithium acetylide precipitate formed in the deprotonation could be efficiently moved
through the CSTRs and with the addition of electrophilic 4-methyl acetophenone 2.18,
the lithium acetylide precipitate could be consumed without risk of blocking. This would
be an interesting example of new technology and reactor design, in flow, overcoming the

existing limitations of continuous processing.

With the lessons learnt from harnessing acetylene gas, the concept of using a solid gas-
storage matrix to release gas in situ can be applied to various examples in flow using the

same technique described in this project (Figure 18).

CO, 'generating module' H, 'generating module' H, 'generating module’
O=¢= /\ BPR H /\ BPR /‘ BPR
Czxo H N H,H N
carbon dioxide hydrogen hydrogen
Na,CO; or K,CO; CaH,, NaH or NaBH, M‘g, Zn,_Qa, Al
(finely divided) (finely divided) (finely divided)
low H* 5% H,0 low H* 3
in MeCN in MeCN in MeCN

Figure 18 1 Carbon dioxide and hydrogen gas generators in flow

Various gases could be formed using flow cartridges filled with solid reagents that
liberate gas upon activation via a solvent pump. Carbon dioxide can be generated
exposing carbonates to weak acids and thus in the presence of a nucleophile the carbon
dioxide can be consumed in situ. Another example that could be explored is hydrogen
gas, which can be formed either from the combination of water and hydrides, or mild acid
and metals. Either generator could be used depending on acid sensitive/water sensitive

reactions. These generators would be a useful tool to circumvent the use of
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Chapter 2 i Designing a reactor to generate and use acetylene gas

hydrogen/carbon dioxide gas cylinders for common organic transformations, such as,

reductions while offering a higher degree of tunability and flexibility.
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Chapter 31 Designing a reactor to thermally generate and intercept acyl ketenes

3.1 Introduction

This chapter will explore the use of acyl ketenes in flow and how they can be synthetically
utilised. Acyl ketenes are reactive intermediates that can be harnessed in both batch and
flow methodologies. This introduction will explore how reactor design of flow systems
can facilitate and control this reactivity. The acyl ketene precursor in this chapter is
activated through thermal energy, therefore, thermal control in these reactions is
imperative. Temperature control in flow chemistry is hailed as a defining benefit due to
the high surface area-to-volume ratio and mixing efficiency within tubular reactors. This

increases the ability for external heating/cooling to influence the reaction mixture.

3.1.1 Thermal control in flow

Flow chemistry has been used in literature to control highly exothermic reactions and
safely contain pressurised systems. With the use of a back-pressure regulator, flow
systems can be designed to maintain high pressure within the reactor tubing. Organic
solvents, under these high-pressure conditions, can be superheated beyond their boiling

point and thus unlock reactivity that cannot be obtained in batch.!

Flow chemistry allows the integration of various reaction conditions to be installed
throughout a flow process. In 2018, Kappe and co-workers reported the synthesis of
Eflornithine 3.2 in flow using various reactor temperatures whilst containing highly

reactive intermediates (Scheme 36).

i

Ar\ll N>
N\/\)\CO2Me O— } -80°C

31 2min glass plate 25 °C

E - static mixer
in MeTHF ) 0——@—‘—
LIHMDS E ] W
in THF ' !

_________

_________

NH,
HzN\/\/)\

HF,c 02

Eflornithine, 3.2

17 9, 86% yield

Scheme 36 1 Telescoped synthesis of Eflornithine

The authors demonstrated the successful telescoped synthesis and scale up of
Eflornithine 3.2 to yield 17 g in 3.5 hours with an 86% yield. Despite the innovative
solution to introduce a difluoromethyl source from fluoroform gas, the authors harness

flowéds ability to control and change temper e
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the diimine starting material 3.1 is mixed with LIHMDS and cooled to -30 °C to control
any exothermic reactions or overreactions in the deprotonation step. The cool
temperature was used to minimise oligomerisation and pre-cool the reagents prior to the
addition of fluoroform gas. The gas is introduced via a static glass-plate mixer that must
be pressurised to ensure dissolution of the fluoroform gas. The static mixer causes
turbulent flow to occur to efficiently mix the reagents and increase heat transfer. The
glass plate was cooled to 0 °C to dissipate any exothermic activity and the high surface-
area-to-volume ratio of flow chemistry enables tight control of these parameters. The
reaction is completed in 7 minutes at 25 °C and subsequently acidified with concentrated
HCI. The reaction mixture is then heated to 160 °C liberating the free amines and form
the carboxylic acid of Eflornithine 3.2. Within a total residence time of 23 minutes, the
flow system has changed the rea@°Cwmidads8C, t emper atur
under increased pressure to superheat solvents, which would be unmanageable in batch

conditions.?

This example exemplifies flowds ability to manage
pressure for reactions in a controlled, safe, and continuous manner. Throughout the flow
chemistry community, these benefits have been countlessly exploited to harness
reactivity that can be difficult to access, via traditional methods, on scale. Process
intensification is a beneficial commodity that flow chemistry can facilitate. Super heating
solvents to decrease reaction times is common in flow chemistry due to the ease of

adding increased pressure to a flow system via a back-pressure regulator.3'1°

Microwave chemistry can also replicate these conditions in sealed vials that are
irradiated with microwaves to elicit organic transformations. In 2010, Kappe and co-
workers reported a comparison study on the differing technology for a pyrazole formation
(Scheme 37).

NN
o O

AN~
3.3 Q_ ;' 180 °C

6.6 M in EtOH ' 0.5min h
—_— : l 4
“NH, : i
v 4mL
3 --------- 3.5

3.4

6.0 M in EtOH X-1Cube flash platform 226gin1h,
+ 30 bar set pressure 97% yield
HCI (1 mol%)

Scheme 37 1 Process intensification example i Pyrazole synthesis
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The authors compared the formation of pyrazole 3.5, from dicarbonyl 3.3 and phenyl
hydrazine 3.4, in both microwave and flow conditions. It was reported that the yields and
reaction times were comparably the same except for the space-time-yield (STY). For the
flow system, the STY was 15.7 kgm=s and the microwave batch process was 0.19 kgm-
351 which is vastly significant with regards to scale. The microwave batch process used
~1 L of reaction mixture to make 468 g whereas the flow system had a reactor volume
of 4 mL and could produce 226 g in 1 hour run time thus illustrating the superiority of flow
chemistry in this example with respect to scale and safety.!! Process intensification
commonly uses higher temperatures and pressures which also have higher safety risks
associated with them. However, heating a small volume in a tubular reactor is far safer
than a larger bulk solvent solution in batch processing. In 2005, Organ and co-workers
demonstrated the integration of an in-line microwave-flow capillary system that facilitated
the continuous processing of Suzuki-Miyaura coupling. This highlighted that by coupling
the two enabling technologies, the common organic transformation could be streamlined

thus increasing the productivity of the required transformations.2

The control flow technology can instil over temperature is an important benefit when
handling thermally reactive compounds. This chapter explores the use of a thermally
activated acyl ketene precursor and, by demonstrating high thermal control via flow
chemistry, how the reactive intermediate can be generated safely and chemically

manipulated in situ.

3.1.2 Acyl ketenes

An intermediate ketene species was first postulated in 1901 by E. Wedekind, however,
he unfortunately missed the chance to isolate the ketene.*® In 1905, Staudinger reported
the isolation, and thus the discovery, of diphenylketene, the first example of a new family
of reactive intermediates.'* Acyl ketenes are a branch of the ketene family and were first
reported by Wilsmore and Chick in 1908.*> Over 100 years have passed exploring the
use and generation of ketenes for organic synthesis and is most commonly a reactive
intermediate that is generated in situ and consumed throughout the transformation.¢1’
Acyl ketenes contain an acyl functional
an extended conjugated system. This group of chemical compounds are deemed
reactive intermediates because the half-life of an acyl ketene in water is <1 e¢s and

isolated acyl ketenes are very uncommon unless highly sterically hindered.8 23

Acyl ketenes can be formed via multiple synthetic strategies using either chemical,

thermal, or photochemical activation (Figure 19)
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Figure 191 A variety of synthetic methods to form an acyl ketene via chemical, thermal, or photochemical
pathways

Most commonly, thermal or chemical activation is seen throughout literature as the
desired methods of acyl ketene formation due to those methods being easily accessible.
A range of precursors are available to be activated thus liberating an acyl ketene.
Thermal decomposition is a common strategy to generate acyl ketenes, for example,
usingl,3-di oxi nones ( pa tkbtovestgrs (fathaay 8); ald)acylatéd ethoxy
alkynes (pathway 4). Each thermolysis example releases a by-product into the reaction
which must be considered when designing an organic transformation. Another common
met hod i s to use b-kewiaadcldodde,dia dnielinimationgotalibesate b
an acyl ketene (pathway 5). Finally, the use of photolysis can also be used to generate
an acyl ketene, for example the irradiation of diazo-1,3-dicarbonyls (pathway 6).
However, this is less common due to the required photochemical light source

technology.?426

This chapter explores the use of commercially available 2,2,6-trimethyl-4H-1,3-dioxin-4-
one (TMD, 3.6) as the acyl ketene precursor that is activated via thermolysis to liberate

the acyl ketene 3.7 and acetone by-product (Scheme 38).%”

Thermolysis

(0]
;\f}jﬁ\ >120 °C 0 /.//O . )(?\
.

TMD, 3.6 3.7 'by-product’
2,2,6-trimethyl-4H-dioxin-4-one acyl ketene acetone

Scheme 381 Thermolysis of TMD liberates the desired acyl ketene and acetone by-product

TMD, 3.6, undergoes a thermal decomposition when heated over 120 °C to afford acyl
ketene 3.7 and an acetone by-product. Most commonly, high boiling point solvents are

used in batch to induce the retro-hetero Diels-Alder process, liberating the reactive acyl
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ketene. TMD 3.6 has various possible reaction pathways when decomposed thermally
(Scheme 39).%
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Scheme 391 Reaction pathways of an acyl ketene

As previously discussed, TMD 3.6 thermally decomposes to afford an acyl ketene. Most
commonly, when the acetone by-product is formed, it is boiled out of the system and
cannot react with the acyl ketene. However, in a sealed system, such as microwave or
flow, a concentration of acetone will be present in the reaction and thus an equilibrium is
established which allows a hetero-Diels-Alder (HDA) reaction to take place with acetone
and the acyl ketene.?® This can either reform the TMD 3.6 (pathway 1, Scheme 39) or
with the introduction of a new ketone, can form a modified acyl ketene precursor
(pathway 2, Scheme 39).2°[4+2] and [2+2] cycloadditions are also possible and can form
various HDA products (pathway 3, Scheme 39). 3! [2+2] cycloadditions are thermally
allowed due to the orthogonally p-type orbitals that can twist to give favourable overlap
thus allowing a commonly disallowed transformation via thermal conditions.®?% In the
presence of a nucl e o p-keiokpecjesis rbadily formedrdze toithe
highly electrophilic nature of the acyl ketene. Alcohol and amine nucleophiles afford the
cor espondien @ f[ st -&atosamiden, despbctively (pathway 4, Scheme 39).
In the absence of a nucleophile the acyl ketene self-dimerises to form dehydroacetic acid
3.8 (pathway 5, Scheme 39).*° TMD 3.6 is a highly versatile reagent that has been

modi fied and used as a synthetic tool 4
36
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3.2.3 Harnessing acyl ketenes in flow

Due to the reactive nature of the acyl ketene 3.7, flow chemistry has been developed to
explore the uses of this interesting reagent in a controlled, safe, and continuous manner.
Due to the high temperatures required to thermally decompose TMD 3.6, flow systems
require sealing under high pressure to enable the superheating of solvents to access
such temperatures. Within a sealed reactor, the acetone by-product cannot evolve from
the reaction and an equilibrium is established with the acyl ketene (as previously
discussed in Scheme 39). In 2019, our research group hijacked this equilibrium in flow

to modify the TMD 3.6 precursor via addition of various ketones (Scheme 40).

e N P
i smL . 150°C o
o \n’ Q © 20 min
] [ o
W (T
‘)\O Me @ : @» : 17.2 bar R7|\ |
i : ; R (0] Me
3.6 ketone |0-5mL/min L 10mL
0.5 M in PhMe (5 equiv.)) ........

0
JEL Jl 8\

2 Hiy
C'\ o Ve O 0" “Me
95% 65% 16% O,N 74%

(3.8; 0%) (3.8 14%) (3.8; 35%) (3.8; 0%)

Scheme 401 Hijacking the equilibrium to afford various acyl ketene precursors

This is an excellent example demonstrating how changing the reactor design gains
access to new reactivity. In batch conditions, heating this reagent to afford the acyl
ketene would normally involve the removal of acetone via boiling. However, when
translating this system to flow, we found that the formation of the acyl ketene is reversible
thus open to interception. By introducing various ketones, a range of acyl ketene
precursors could be synthesised in moderate to good vyields. Formation of the
dehydroacetic acid dimer product 3.8 was a competing reaction and is shown in grey.
These new acyl ketene precursors were tested with a nucleophilic ketene trap at various
temperatures to test whether the new precursor could be activated at a lower

temperature, with respect to TMD 3.6. We found that the 8-membered derived acyl

ketene precursor coul d t her ewlester pratlectcabl@® o s e

°C, which was assumed to be due to the added ring strain induced from the 8-membered

ring.%°

The use of flow chemistry for acyl ketene formation using TMD 3.6 comes with additional

considerations when designing a flow reactor. As previously discussed, a sealed system
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prevents the loss of the acetone by-product and when setting up a reaction one must
consider how acetone may influence the reactivity of the desired reaction. In 2018,
Jensen and co-workers developed a continuous flow platform for the synthesis of
pharmaceuticals. In the synthesis of nicardipine hydrochloride 3.10, the use of TMD 3.6
was employed to afford the in situ formation of acyl ketene 3.7 and subsequently make
t hei r dlkete estereirdernfediate as part of their telescoped continuous synthesis
(Scheme 41).

...............

|
Q HO™™Y ‘120°c;  {120°C

o N 60 min ; 20 min ;

| + r 1 1 [ !

/™0 Ph : T :

3.6 3.9
(neat) (neat)

in-line workup
& separtion

................

+ 10% piperidine
+10% AcOH icardipine hydrochloride, 3.10
in 5:1 iPrOH-CH.CI nicardipine hydrochloride, 3.
(in 5:1 /Pr 2Ch) ) 43% yield, 3150 doses per day

Scheme 411 Telescoped flow synthesis using TMD 3.6 as starting material via acyl ketene intermediate for
nicardipine hydrochloride 3.10

The authors used TMD 3.6, as an acyl ketene precursor, and a substituted alcohol 3.9,
as a ketene trap in neat conditions. Under high temperature and pressure, the acyl
ketene was formed in situ and quenched via the nucleophilic attack of the alcohol 3.9 to
af f or-kkto astebintermediate. With the introduction of Hantzsch dihydropyridine
components and eeamnedtérintermedmte was subseqbently reacted in
a multi-component reaction. Two in-line work-up and membrane separation processes
were installed downstream to afford nicardipine hydrochloride in 43% which could
provide 3150 doses of the drug in a day. This example has shown that the acyl ketene
product was benign in the subsequent reactions and the chemical compatibility had been

considered when designing this reactor.?’

Flow chemistry can facilitate the safe handling and thermal control required for
chemically manipulating acyl ketenes as reactive intermediates. The ability to pressurise
flow systems easily allows the superheating of a range of organic solvents to reach
temperatures required for the thermal decomposition of TMD 3.6, otherwise

unobtainable under batch conditions.
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3.2 Aims and Objectives

After exploring the use of in situ generated acetylene gas in flow, it was postulated
whether the gaseous reactive intermediate could be reacted with another in situ
generated acyl ketene reactive intermediate. Liberating these reactive intermediates
together in flow was deemed an interesting reactor design experiment in the hope that
they would quench their reactivity via a cycloaddition. The initial exploration was to test
whether high temperature and pressure conditions could safely combine very reactive

species that could not be facilitated under batch conditions.

Further to this, the TMD 3.6 is an interesting reagent, and this chapter explores and
develops its reactivity under continuous processing with a focus to create a productive
system of desired compounds that could be further functionalised. By utilising flow
chemistry, the secondary aim of this project was to demonstrate and explore acyl ketene

generation in flow to scale synthetically useful chemical feedstocks.
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3.3 Results and Discussion

3.2.1 Discovery and reactivity of the acyl ketene

[4+2] and [2+2] Cycloadditions

To test whether acetylene gas and an acyl ketene would react together to form either a
pyrone 3.11 or cyclobutenone 3.12, phenyl acetylene 2.6 was first tested. Phenyl
acetylene 2.6 is an easy-to-handle alternative before attempting a vastly more complex

flow system to generate acetylene gas from calcium carbide (Chapter 2).

Temperatures >120 °C were known to thermally decompose TMD 3.6 into acyl ketene
3.7 which can undergo two different cycloadditions: a [4+2] cycloaddition or a [2+2]
cycloaddition. It was envisaged that TMD, 3.6, would thermally decompose to form the
acyl ketene in situ and react with phenyl acetylene. The acyl ketene could either form a
o-pyrone (3.11, Scheme 42) , via a [4+2] cycloaddi ti
orbitals, a thermally allowed [2+2] cycloaddition affording cyclobutenone 3.12. This
reactivity has been explored in literature, however, alkyne reactivity has not.*?3® The
reaction was established in toluene with a BPR to keep the reaction under high pressure
thus allowing the solvent to be super-heated to the required temperature for thermal

decomposition (Scheme 42).

.
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Unfortunately, the reaction did not yield 3.11 and/or 3.12 which could be due to the short
reaction time or improper ratio of reagents. After purifying the reaction mixture, 13% TMD
3.6 was recovered and coupled with GC-MS analysis and confirmed by *H NMR, 30%
was found to be the self-hetero Diels-Alder product, dehydroacetic acid 3.8 (Figure 20).
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Figure 207 lllustration of the self-hetero-Diels-Alder to form the dimerised dehydroacetic acid

With the presence of the dimerised product 3.8 found, it implied that the in situ generated
acyl ketene is very reactive and readily reacts with itself. At a total flow rate of 0.4 mL/min,
the flow was laminar and therefore the mass transfer between the two reagents is
passive leading to poor mixing. A pre-mixing coil was tested to ensure the reagents were
fully mixed before entering the hot coil to reduce the self-HDA (Scheme 43).

)
O

0.5M
O)jj Tol
/>0

3.6

— ; s
@_ o AmL pe10mL ] 0% 0%
0.5M 3.1 3.12
in Tol

2.6

AN

Scheme 4371 Installation of pre-mixing coll

The design of this reactor yielded no desirable products and the GC-MS showed the
reaction profile to contain 4 products: acetone, phenyl acetylene 2.6, TMD 3.6, and
dehydroacetic acid 3.8. It was certain that the acyl ketene was being formed in situ due
to the presence of both: acetone, the by-product of thermal decomposition, and the dimer
3.8. Increasing the concentration of phenyl acetylene increases the probability of the acyl

ketene interacting with the alkyne as opposed to itself (Scheme 44).

)
O

0.5M
O)jj Tol
; O

3.6

— : = '
z |O— wim » IR ' 0% 0%
25M 3.1 3.12
in Tol

2.6

Scheme 441 Changing equivalence of phenyl acetylene
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Incorporating 5 equivalents of phenyl acetylene 2.6 had no effect on the reaction profile
and showed the same 4 products as the previous example (Scheme 44). Increasing the
equivalents of phenyl acetylene to 10 equivalents (10 M, 2.6) also gave no appreciable
difference in the reaction outcome. Different dienophiles were tested to evaluate whether
more electron rich systems would interact with the acyl ketene more favourably.
Formation of a cyclobutenone ring seemed highly ambitious due to the increased ring
strain of 3 sp? centres out of the 4 centres available. Therefore, different substrates were
considered that would synthesise either stable 6-membered ring systems or less strained
cyclobutanone rings via a [4+2] cycloaddition or a [2+2] cycloaddition, respectively
(Figure 21).

isothiocyanate

S
o .S JU _.pn 0
o NC 150 °C, flow /OK/IL or
+ > X N
| o | Fl’h O PH S
3.6 3.13 3.14 3.15

tert-butyl vinyl ether
0)
(@)

o)
o 150 °C, flow 0
T AN ~ 9 o
%o X o’%
3.6

3.16 3.17 3.18

Figure 211 Predicted products formed from varying substrates process in heated flow system

Both the reactions (Figure 21) did not yield the desired products, it is known that
isocyanates can react with ketenes to form 1,3-oxazin-2,4-diones and therefore it was
postulated that a similar reactivity would occur with isothiocyanate 3.13 affording the 6-
membered product 3.14.30%3° The 4-membered ring product 3.15 is unlikely to form, via
a [2+2] cycloaddition, over the 6-membered ring due to the ring strain present in the 4-
membered product. Interestingly, the tert-butyl vinyl ether 3.16 or similar has been used
t o f -@yromes 3.17 and cyclobutanone ring 3.18 before and was expected to work in
the [4+2]/[2+2] cycloaddition.*®4! However at high temperatures, it was evident from the
GC-MS that the tert-butyl vinyl ether 3.16 decomposed to form tert-butoxide in situ which
trapped the acyl ketene forming the tert-b u t 3yketo ebter via nucleophilic attack.

3.2.2 Exploring various ketene traps

After the unsuccessful exploration of cycloaddition reactions with acyl ketene 3.7,

trapping the acyl ketene with vari ousketouc]

esters are known in the literature and can be carried out in large scale reactions (e.g.

~50 mmol ) to yield -kety estehpmadicts. 4 ITd tyanslates #heseai |
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conditions to a flow process a system was designed that would generate and then

consume the acyl ketene in situ (Scheme 45).
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J

........

o o /©/OM6
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91%
3.20

Scheme 457 Sy nt h e s i-keto estér fran ab acyl ketene precursor and p-methoxy phenol

These initial

resul

ts

phenol 3.19 and acyl ketene precursor 3.6. Pleasingly, the hot coil decomposed TMD

3.6 into the acyl ketene in situ which was trapped with nucleophilic p-methoxy phenol.

This shows that dominant reactivity, under these conditions, is preferably nucleophilic

attack of the acyl ketene than a cycloaddition tested previously. A control reaction was

explored, and the above reaction (Scheme 45) was repeated at 90 °C
keto

este

and

gave 0%

r pr oduct :ketolebtér 5 acsesseditgoudh laraacyl ketene b
intermediate via thermal decomposition of TMD 3.6 and temperatures below 100 °C

cannot thermally decompose TMD 3.6.

A visiting international PhD student, Renan Galaverna, worked closely on this project
cont i nu e d -kdtooestarstamitledthioesters depicteal insthe b

al

so and

following section. | initially designed, built, and ran the previous experiments and Renan
cr e aketodcompaunds.ur t her

used

t he

system |

b-keto compound formation

explore

The ketene trap and TMD 3.6 could be pre-mixed before being processed in the flow

system due to the 150 °C activation temperature required (Scheme 46).

Scheme 461 Desi gn of

0O

3.6
(0.5 M in Tol)

(0)
)j\+ R,XH
; (@)

ketene trap
(1.1 equiv.)/

fl ow

.........

system

t

o

f ac i Jketotcantpeundk e t e n

The transformation took 20 min at 150 °C to afford excellent yielding -Keto compounds
(Figure 22).
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[ Alcohols |
0O o 0O o 0O o 0O o
3.21 3.22 323 OH 3.24
99% 99% 95% 95%
[ Amines |
0O o 0O 0 0O o 0O o
PGP G I
H PY H Ho Oy
3.25 3.26 3.27 3.28
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o o 7 0O o /O 0O o 0O o OMe
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3.29 3.30 3.31 3.32

99%

90%

99%

Figure 221 Various ketene traps tested i results provided by Renan Galaverna

94%

All primary, secondary, and aromatic alcohols gave excellent yields >95% illustrating the

extremely electrophilic properties of the acyl ketene. A range of amines were also

explored, demonstrating that primary, secondary, and aromatic amines can be used to

f o r +ketobamides. A reduction i

most | ikely due

n

t o

yield of

the reduction

n

t he

pair of electrons being conjugated into the aromatic system. A 61% yield was found for

b-keto amide 3.28, which showed preference for the formation of the amide rather than

the ester using the phenolic alcohol group. The thiols also exhibited the same reactivity

t he alcohol s

be

as

can made usi

continuously for 160 minutes to yield 12.6 g

di
ng

d t hus

-Kehoi ester 8.21 avas alpor soate@ gpsand ram

o-keto lester 3.21 at 98% purity after a

short silica plug. This scaled up reaction spurred on the exploration of neat conditions

thus utilising the continuous nature of flow chemistry and the experimental ease of

scaling up the reaction. Under the current conditions for the scale up reaction, the

productivity was 4.7 g/hr.

Increasing the productivity and expansion

o-ketobester scope

Both TMD 3.6 and alcohols are mostly liquids, and it was therefore explored whether this

reaction could be processed neat which would greatly increase the productivity of the

fl ow

r e a c-keto esters fornled (Fidure 22) were also found to be liquid and

therefore the risk of solid blockages in the flow tubing was minimised. To examine neat
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Chapter 37 Designing a reactor to thermally generate and intercept acyl ketenes

conditions, the previous flow system was used and a 5 mL sample loop was loaded with
a 1:1 molar ratio of TMD 3.6 and n-butanol. This neat reagent mixture was carried
through the flow system using THF and an aliquot of the reaction mixture slug was
collected and purified (Scheme 47).

-
(0]
0 | + AN
va or
(@)
3.6

O O
)l\/u\o/\/\
n-BuOH 3.21

\(neat; 23 mmol) (neat; 23 mmol)) 93%: ~40 g/hr

Scheme47i Fl ow system using neat rketaeaster3.21l (Fowisysterh 3.1) n s

The reaction successful yielded 3.21 in 93% which corresponds to ~40 g/hr productivity
which s approximately ten ti meeato estér scope
(4.7 g/hr, Figure 22). Unfortunately, when expanding the scope of this neat process the
tert-butyl alcohol example decomposed in the hot coil to produce vast quantities of gas,
presumably butene gas. Solid depositions were also found to block the BPR and it was
decided to add solvent to the reagent to avoid these safety risks. It was found that a
concentration of 2.5 M in THF worked effectively to increase productivity whilst avoiding
a blocking risk. Various alcohol ketene traps were explored at this new concentration

with a focus on productivity (Figure 23).

O O O O O O
I U MOAQ

3.33 3.22 3.34
79%; 8.4 g/hr 86%; 10.2 g/hr 95%; 13.7 g/hr
OMe
o 0 0 0 0o 0O /@/
=
3.35 3.36 3.20
75%; 8.0 g/hr 80%; 8.4 g/hr 92%; 14.4 g/hr

Figure23i 1l ncreasi ng t he-kgioestat sycthiesisvunflowy f or b

The average productivity of the scope was 10.5 g/hr which is over twice as productive
as the scale up reaction originally explored by Dr Galaverna et al (4.7 g/hr).%° b-Keto
esters are useful feedstocks for various reactions and therefore, both 3.35 and 3.36 were
designed to have synthetically useful chemical handles which is discussed further in

section 3.2.3, post functionalisation reaction - Biginelli.

roduct. i

In summary, a standard pr oc eketaesers successiyin liolvevasi se b

created. High yield and productivity were accomplished whilst generating a reactive
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Chapter 31 Designing a reactor to thermally generate and intercept acyl ketenes

intermediate, acyl ketene, in situ which was trapped safely under high temperature and

pressure using common nucleophilic sources.

Coumarin formation

Exploring the generation of the acyl ketene 3.7 and its reactivity, it was found to react
pleasingly with 4-methyl salicylaldehyde 3.37 to yield 3-acetyl substituted coumarins.
The reaction was found to succeed with triethyl amine as supporting base (Figure 24).

_ NHEt3 /@Q\‘\;/
37
E1cs + NHEt3
- HZO

3.38
substituted coumarin

4
s0c o
ﬂ\ — e .//*/H\'d
3.7 3,

Figure 247 Proposed mechanism for formation of coumarin from acyl ketene and salicylaldehyde

Initially, the TMD 3.6 decomposes to form the acyl ketene 3.7 at 150 °C which is attacked
by the phenol of 4-methyl salicylaldehyde 3.37 to form an enolate intermediate. The C-2
enolate condenses onto the aldehyde to form a 6 membered ring which, after an Ecg,
forms the 3-acetyl coumarin compound 3.38. The flow system was adapted to facilitate

successful synthesis of various coumarin species (Scheme 48).

dilution stream

THF
#\ (0.25 M)

________ O O
L (0.5 M) (0.25 M) ) 1s0°¢ o
i 40 min R2 |
Q 1 mL : :
THF @ ' O . & T172bar
0.125 mL/min ] ' R
. 5mL R

.........

Scheme 481 Flow system for the synthesis of substituted 3-acetyl coumarins

TMD 3.6, substituted salicylaldehyde, and NEt; were premixed in a loading loop and
pumped into the hot reactor coil. The coumarin products were found to be rather
insoluble and a dilution stream of THF was installed to prevent precipitation blocking the
BPR and tubing. Renan Galaverna explored the various substituted salicylaldehydes and

their corresponding coumarins using the new flow conditions (Figure 25).
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O O O O O O O O
ra ra ra ra
t-Bu
OMe
t-Bu

3.38 3.39 3.41 3.42
96% 99% 90% 51%
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Br: Cl
Br Br Cl NO,
3.43 3.44 3.45 3.46
90% 31%* 28% 22%

Figure 2571 Varying the salicylaldehyde component to synthesise substituted coumarins i compounds were
synthesised by Renan Galaverna; *Reaction ran at 0.125 M due to insolubility of coumarin

Varying the electronics and sterics of the salicylaldehyde explored the scope of the
coumarin reaction using the designed flow system. Using electronic rich/netural
salicylaldehydes (3.38/3.39/3.40) gave excellent yields >96%. The steric encumbrance
of the ortho-t-Butyl group on 3.41 did not have a high detrimental effect on the yield and
successfully yielded 90% of the desired coumarin. A reduced yield of 51% for 3.42 was
observed, possibly due to the electron donating properties of the ortho-methoxy group
reducing the electrophilicity of the aldehyde thus negatively impacting the secondary
condensation reaction to form the coumarin. Halogenating the coumarin was explored
as an interesting substrate that could be further derivatised as a coupling partner via
metal coupling reactions. The para-bromo example worked successfully, yielding 90%
3.43, however, the dibromo substrate 3.44 initially failed due to the solubility of the
coumarin forming a precipitate in the flow tubing. It was necessary to dilute the reaction
to 0.125 M to avoid any blockages in the reaction. A modest yield of 31% was found for
3.44 which can be attributed to the solubility of the reagent in THF or the electron
withdrawing effect reducing the reactivity of the salicylaldehyde. A similar yield of 28%
for 3.45 was found for the dichloro-substrate. The para-nitro coumarin 3.46 showed a
low yield of 22%, mostly likely due to the electron withdrawing effect reducing the

nucleophilicity of the phenolic alcohol for the initial nucleophilic attack of the acyl ketene.

o-Functionalised acyl ketene precursors
The acyl ketene precursor was pre-functionalised before the coumarin transformation
with 4-methyl salicylaldehyde 3.37. The pre-f unct i on al ipssiich) diodnonet he 2

would afford coumarins with extended conjugation and functionalisation. Interestingly, by
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altering TMD 3.6, it probes into whether the acyl ketene can form successfully whilst

being functionalised with varying electronics (Figure 26).

in situ formation OH
o 1 L
)‘j\/ 150 °C, flow Nl o 337 O 00
#\ HJKE Pz O

= electophile E

Y

Figure 26 1 Functionalisation of acyl ketene precursor affording derivatised coumarins

To synthesise the pre-f unct i onal i s e ddeptotonakion of MR %6, occars 2

using LDA at -78 °C and combining with an electrophile affords t he desi r ec
functionalised dioxinones. Initially, electrophilic sources of halogens were explored and

yielded compound 3.47 successfully, unfortunately using electrophilic bromine and

fluorine did not yield the desired dioxinones (Scheme 49).

00O

150 °C, flow
| 7 (0]
3. 47

3.48 Cl
Scheme 497 Attempted reactions to synthesise halogenated coumarin derivatives

The chloro-dioxinone 3.47 was tested and found to solely return 4-methyl salicylaldehyde
3.37 starting material and no trace of dioxinone by-products were found. The introduction
of a halogen species into the acyl ketene intermediate, clearly destabilised the acyl
ketene intermediate to readily decompose upon heating. In 2005, Katritzky and co-
wor ker s f or Aundionaisedndiokirone ard, under thermal conditions, they
reported the formation of 4-hydroxy-6-substituted-2-pyrones via an intramolecular
cyclisation.*? However, these compounds were not found throughout purification of this

system.

Acid chlorides were tested as electrophiles for synthesising th e -functionalised acyl
ketene precursors. Benzoyl chloride worked successfully as the electrophile and
pleasingly worked in the coumarin flow synthesis reaction. When comparing the two
newly made acyl ketene intermediates, it became clear that the addition of a chloro-
dioxinone 3.47 species destabilises the acyl ketene whereas the benzoyl-dioxinone 3.49

stabilises the acyl ketene through additional conjugation/resonance (Figure 27).
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Figure 27 1 Comparison between chloro acyl ketene and benzoyl acyl ketene

The increased conjugation in the acyl ketene possibly stabilises its reactivity and allows
the coumarin transformation to occur successfully. This reaction was demonstrated
using benzoyl dioxinone 3.49 to pleasingly yield coumarin 3.50 in 78% yield. Using a flow
system that enabled high temperatures, suitable for acyl ketene formation, a scope of

coumarins with extended conjugation was explored (Scheme 50).

dilution stream

(0.5 M)
THF
1 mL/min

3.37 (0.25 M)
y—funct/ona/lsed NEt, (0.25 M) O O OH
. . + . P h
L dioxinones 3 )i 150°C =
1 : O R
i 40 min |
[( » 1 mL i ]
THF ' O : 17.2 bar
0.125 mL/min @ : O)) 5 )
L o5mL

.........

Scheme 501 Flow system for the synthesis of coumarins with extended conjugation (Flow System 3.2)

A novel range of coumarin structures were synthesised which used various acid
chlorides as t he i n-funciionalisatien oeTiMD B.®(piduie P8. THeor t he
o-functionalised dioxinones were prepared and purified prior to the coumarin flow

reaction.
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Figure 28 1 Scope of coumarin reaction by variating the dioxinone component

T h e-furmtionalised dioxinones were heated in flow with 4-methyl salicylaldehyde 3.37
to successfully afford novel extended aromatic coumarin compounds. Electron rich aryl
groups performed best, with para-methoxy 3.51 yielding 97%. Both 3.52 and 3.53 also
gave excellent yields of 92% and 82%, respectively. An alkyl substrate was shown to
successfully yield 74% of the desired coumarin product 3.54. Unfortunately, both 3.55
and 3.56 did not yield any coumarin product for the substrates that have electron
withdrawing groups. It was noted that a common by-product was being formed where
theacetone i n t he r eact Humationaliseddiokironesvviatnacledplilie

attack of the tautomeric enol of acetone to form a 1,3-dicarbonyl species (Figure 29).

0 Q;(Q iO @ o ©0
o] |<O[\/ O% J\)l+ Oi 0
g =G F Mgy
Cl Cl Cl
3.6 3.58

3.57

Figure 291 Proposed mechanism for the formation of 1,3-dicarbonyls

At 150 °C, dioxinone 3.57 breaks down to form the modified acyl ketene and acetone,
instead of boiling off in batch, the acetone is trapped in the flow tubing and can therefore
interact with the substrates. The trapping of acetone in this transformation is a limitation
to flow technology as gaseous by-products cannot escape the reaction coil. It was
therefore found that 3.57 was attacked by acetone to form 1,3-dicarbonyl 3.58. A
competitive reaction was established between the acyl ketene formation and subsequent
coumarin synthesis and the nucleophilic attack of acetone onto 3.57. Preference of
reaction was determined by the electron withdrawing properties of the para-functional
group of the aryl ring. This was postulated that an increase in electron withdrawing
density from the aryl ring increased the electrophilic properties of the carbonyl thus

making it subject to nucleophilic attack. The dioxinone 3.57 was in excess with respect
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to the salicylaldehyde 3.37 which meant that with high yielding coumarin reactions
(compound 3.51, Figure 28) 38% of the corresponding 1,3-dicarbonyl 3.60 was obtained,
however, the 1,3-dicarbonyl 3.58 for compound 3.57 was found to yield 77% and 0%
coumarin 3.55 (Figure 30).

electron-donating

337 O

OMe
—»
OMe 150 °C, flow 2;3?
0
electron-withdrawing
o) OH OH O
N
? I
ﬂ\ 337 O Cl
é
3.57 cl 150 °C, flow 3.58

(2 equiv.) 77%

Figure 3017 Proposed mechanism for the formation of 1,3-dicarbonyls

Keeping the reaction conditions the same, there is a switch in reactivity which is clearly
determined by the changing substrate. Throughout the coumarin scope the yield of 1,3-
dicarbonyl did vary and whxtiosalisedadipxnonpstheimigent due t o
in excess to the salicylaldehyde. Perhaps unwantedly, the design of this flow reactor
facilitates the trapping of acetone into the superheated solvent mixture rather than boiling

off in a batch reactor.

In summary, the exploration of the TMD reagent 3.6 in flow was developed and
demonstrated its versatil e nat-ketoesters/amidas. f eedst ock
This reactivity can be extended to synthesise coumarins, if using salicylaldehyde as the
ketene trap. It was observed that the coumarin scope could be extended by
functionalising TMD 3.6 v i alepootonation and subsequent C4-enolate attack of an acid
chloride. These functionalised acyl ketene precursors showed alternating reactivity
depending on the electron-withdrawing properties of para-functional groups on the aryl
ring. Electron withdrawing groups preferred formation of a diketone species and electron

donating groups favoured coumarin formation in identical reaction conditions.

3.2.3 Post-functionalisation reaction 1 Biginelli

A short introduction to the Biginelli reaction
The focus of the pr oj ect-ketoestersasd usefol feedsteck e x pl or at i o

forthe mulicc omponent reacti on, -KetoesteBialgoihavevadous r eacti on.
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uses for other synthetic methodologies, such as, pyrazole/pyridine/heterocyclic
synthesis.®** Knowi ng tkbtadsters dowdd bé®synthesised, in some cases, neat
and at high yield in the above optimised configuration, it was postulated whether this flow
system could be paired with microwave technology. This would create a tandem process
that synthesises a feedstock reagent i n
keto ester in multiple microwave vials (with the addition of other Biginelli reagents) create
a compound library, utilising the automated robotic function of the microwave reactor
(Figure 31).

— flow output microwave + urea
(0] distributed conditions + aromatic

-------- int loaded
7| g QO] o )=
(@) ! '
w O 33

o
A N0H L OO —? J

n-BuOH quant. + pure
(neat) ’
— 7
o o \ﬂ/
o]
07NN Biginelli compound
3.21 library

|‘7 acyl ketene generation ;L Biginelli reaction 4,|
flow | microwave

Figure 317 Tandem flow-mi c r owa v e s yketd dstersndsubsedquenbBiginelli reaction

I't was postul ated whet he rketbdster flawvsysten couldbé
coupled with microwave technol ogy -keo eser
product would be pumped and distributed over various microwave vials with

corresponding Biginelli reaction components.

The Biginelli reaction is a mult-c o mponent react i on-keto bstet,
ureal/thiourea, and an aldehyde species in the presence of a Lewis acid and/or a
Bragnsted acid. The Biginelli chemical motif can be found in pharmaceutical drugs as it
has been used as a calcium channel blocker, useful against hypertension.*® Various
Lewis/Brgnsted acids have been explored to assist the multicomponent reaction that
most commonly takes place in an alcoholic solvent. More recently, microwave chemistry
has been utilised to explore solvent-free synthesis of Biginelli compounds at reduced

reaction times thus increasing the productivity.*®'>®

Creating neat conditions, with a tailored catalyst system, for the tandem synthesis of a
library of Biginelli compounds was the primary aim of this section of post-functionalising

t h eketd ester feedstock, previously synthesised by the acyl ketene flow system.
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Optimisation of Biginelli reaction

The formation of dihydropyrimidinones (DHPMs) or Biginelli compounds in the
microwave is a known area of chemistry, however, microwave conditions for our tandem
flow-microwave process had yet to be found and with various conditions in the literature
giving fluctuating yields, an optimisation for our system was deemed necessary (Scheme

51)>! Reacti on conditions were al so dkeiotestksn o wn

synthesised in the previous section.

') Lewis | Cl O O
| (0] acid
(e} O catalyst X
)J\)J\ + + HzNJJ\N H

2 ——— HN._NH
o " al MW g

3.21 3.61 3.62 o 3.63

Scheme 511 Biginelli reaction profile to synthesise dihydropyrimidinones

The Biginelli transformation to be optimised was initially tested with known conditions
using FeCl:A 6.8 (10 mol%) as a Lewis acid and acetic acid (4 equiv.) as a Brgnsted
acid. There have been reports on using different solvents or solvent-free synthesis and

these varying conditions were tested (Table 8).

Table 8 - Initial tests on solvent and concentration

3.21 3.61 3.62 Temp. Time 3.63

Entry _ _ _ . Solvent )
(equiv.) (equiv.) (equiv.) (°C) (min) yield®
1 1.0 1.0 1.5 120 10 EtOH (1 M) 42%
2 1.0 1.0 1.5 120 10 MeCN (1 M) 43%
3 1.0 1.0 1.5 120 10 MeCN (0.5 M) 32%
4 1.0 1.0 15 120 10 Neat 65%

Reaction conditions: FeClzf&H,0 (10 mol%), AcOH (4 equiv.); a = yield determined by internal 'H NMR standard

After a small screen of common solvents for this transformation it was found that neat
conditions were the most favourable. This multi-component reaction requires all three
substrates to come together and therefore it is predictable that the most concentrated
conditions would give the best probability of all substrates coming together hence why
neat conditions worked best at 65% (entry 4, Table 8). Neat conditions were kept
throughout the optimisation. Temperature, time, and catalyst loading was explored next

to increase the yield (Table 9).
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Table 9 - Temperature, time, and catalyst loading screen

Entry 3.2.1 3.6.1 3.6.2 Catalyst (mol%) Temp. TirT1e ?.63
(equiv.)  (equiv.) (equiv.) (°C) (min) yield?

1 1.0 1.0 1.5 FeCls%H,0 (10) 120 10  65%

2 1.0 1.0 1.5 FeClz/6H,0 (10) 100 10  58%
3 1.0 1.0 1.5 FeClz/6H,0 (10) 150 10  42%
4 1.0 1.0 1.5 FeClz/6H,0 (10) 120 20 65%
5 1.0 1.0 1.5 FeClz6H,0 (15) 120 10  64%
6 1.0 1.0 1.5 FeClzf6H,0 (20) 120 10  64%

Reaction conditions: neat; AcCOH (4 equiv.); a = yield determined by internal *H NMR standard

Reducing and increasing the temperature of the reaction both had a detrimental effect
on the yield (entries 2 and 3, Table 9). Increasing the temperature to 150 °C would cause
t h e-keth ester 3.21 to boil thus increasing the concentration of the ester in the
headspace of the reaction vial. Doubling the reaction time to 20 min gave no appreciable
change to the yield (entry 4, Table 9). Furthermore, increasing the catalyst loading gave
no significant change to the yield also (entries 5 and 6, Table 9). The stoichiometry of
the reaction was next e x pketoesterd.2lt wouldsdave this f an

reaction to completion (Table 10).

Table10Ti Equi v al eketo esteradstedd

3.21 3.61 3.62 Temp. Time 3.63

Entry _ _ _ Catalyst (mol%) _ _
(equiv.) (equiv.) (equiv.) (°C) (min)  yield®
1 1.0 1.0 1.5 FeCls%H-0 (10) 120 10  65%
2 1.5 1.0 1.5 FeClz&H,0 (10) 120 10 80%
3 1.75 1.0 15 FeClsf&6H,0 (10) 120 10 70%
4 1.25 1.0 15 FeClsf&6H,0 (10) 120 10 73%

Reaction conditions: neat; AcCOH (4 equiv.); a = yield determined by internal *H NMR standard

l ncreasing t he-ketoepestar 3.2 lawitablesto lo5fequifv. pleasingly gave
80% vyield by 'H NMR. The mechanism of this reaction shows the reaction is in
equilibrium and t her e-ketorester32htethareadionthasdriveno f mo
the equilibrium to favour the desired product 3.63 (entry 2, Table 10). Changing the
e X ¢ e s sketmebter B.21 showed a slight increase in yield from 1 equiv. (entries 3 and
4, Table 10). The role of additive in this reaction is to act as a proton shuttle for activating
t h eketd ester 3.21 for nucleophilic attack and aiding the Eicg final condensation. It was
important to probe the parameters of the additive and test whether changing the

equivalents of acetic acid would affect the reaction (Table 11).
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Table 117 Additive equivalence and screen

3.21 3.61 3.62 N 3.63
Entry _ _ _ Catalyst (mol%) Additive ]
(equiv.) (equiv.) (equiv.) yield®
1 1.5 1.0 1.5 FeCls&H,0 (10) none 31%
2 1.5 1.0 1.5 FeCls%H.0 (10) AcOH (2 equiv.) 74%
3 1.5 1.0 1.5 FeClsH,0 (10)  AcOH (4 equiv.)  80%
4 1.5 1.0 1.5 FeCls%H.0 (10) AcOH (8 equiv.) 64%
5 15 1.0 15 - AcOH (4 equiv.) 58%
AcOH (4 equiv.) +
6 1.5 1.0 1.5 FeCls&6H,0 (10) 60%
MgSOa4 (2 mmol)
AcOH (4 equiv.) +
7 1.5 1.0 1.5 FeCl:/6H.0 (10) 72%
MgSO4 (0.3 mmol)
8 1.5 1.0 1.5 FeCls/%H,0 (10) conc. HCI (4 equiv.)  10%

Reaction conditions: neat; 120 °C; 10 min; a = yield determined by internal *H NMR standard

Removing acetic acid from the reaction had a detrimental effect on the yield resulting in
a 31% yield (entry 1, Table 11). This demonstrated that the Brgnsted acid played a vital
role in both further &«etaesterd2lam thefindiadimikaon.one of t he
Both 2 and 4 equivalents of acetic acid showed good yields with 4 equivalents being
optimal (entries 2 and 3, Table 11). Acetic acid could also play a role as a solvent for this
reaction and therefore reducing the equivalents could be viewed as increasing the
concentration of the reaction which should be beneficial, however, reduction to 2
equivalents did not improve the yield. Interestingly, 8 equivalents of acetic acid reduced
the yield significantly to 64% which could be due to the vast amounts of acid diluting the
reaction mixture and therefore reducing the probability of all three components reacting
(entry 4, Table 11). A control experiment was tested by removing the catalyst from the
reaction to illustrate the necessity of the catalyst; with only acetic acid (4 equiv.) the
reaction yielded 58% showing that the&etdewis acid
ester 3.21 and subsequent imine (entry 5, Table 11). The final stage of the mechanism
requires the removal of water, via a conjugated-base elimination, and it was postulated
that adding magnesium sulfate as a drying agent would drive the reaction to completion.
This decisionwasbased on Le Chatelieros p rproducti pl e of r e
from the reaction would push the equilibrium to favour product formation. Unfortunately,
adding MgSOs (2 equiv.) gave a reduced yield of 60% (entry 6, Table 11). This could be
attributed to the filling of the reaction vial, with no solvent present and a large amount of
magnesium sulfate, the reaction mixture was not homogenous and therefore resulting in

very poor mixing. Despite reducing the equivalents of MgSO. the yield remained at 72%
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and the use of drying agents was not explored further (entry 7, Table 11). Finally, the
original synthesis used HCI as the acid additive, therefore, HCI was tested and with this
system it gave a detrimental yield of 10% (entry 8, Table 11).° This could be due to the
stronger aci dketoegtat 3.21 thys$nhibitigg the reaction. Owing to the vast
range of literature describing various successful Lewis acid catalysts, a catalyst screen
was explored (Table 12).

Table 127 Lewis acid catalyst screen

Entry 3'2_1 3'6_1 3'6_2 Catalyst (10 mol%) Additive 3_"63
(equiv.) (equiv.) (equiv.) yield®

1 1.5 1.0 1.5 FeClz&H;0 AcOH (4 equiv.) 80%
2 1.5 1.0 1.5 NBS ACOH (4 equiv.)  64%
3 15 1.0 15 TMSOTf AcOH (4 equiv.) 67%
4 15 1.0 15 [bmim][BF4] AcOH (4 equiv.) 60%
5 1.5 1.0 1.5 ZnCl, AcOH (4 equiv.)  57%
6 1.5 1.0 1.5 InCla AcOH (4 equiv.)  71%
7 1.5 1.0 1.5 CuCly AcOH (4 equiv.)  71%
8 1.5 1.0 1.5 Cucl ACOH (4 equiv.)  64%
9 15 1.0 15 Cu(OAC)2 AcOH (4 equiv.) 73%
10 1.5 1.0 1.5 Cu(OTf)2 AcOH (4 equiv.)  75%
11 1.5 1.0 1.5 Sc(OTf)s AcOH (4 equiv.)  70%
12 15 1.0 15 Pyridinium triflate AcOH (4 equiv.) 69%

Reaction conditions: neat; 120 °C; 10 min; a = yield determined by internal *H NMR standard

Various common Lewis acids were tested and found that FeCls%H,0 gave a significant
yield due to the iron (lll) complex acting as an efficient Lewis acid as explored by Lu and
co-workers (entry 1, Table 12).#¢ Karimi and co-workers found that NBS worked as a
neutral catalyst that is cheap and safe and catalysed their system successfully; in this
system it yielded 64%, inferior to other compared catalysts (entry 2, Table 12).5* Ganem
and co-workers exhibited that TMSOTf worked well as an in situ generated Lewis acid
for the Passerini multicomponent reaction. This catalyst was applied to our system and
gave a 67% yield which was also inferior to the other catalysts (entry 3, Table 12). The
use of an ionic liquid, [bmim][BF.], was explored due to its emergence as an
organocatalyst and an excellent media for microwave reactions as demonstrated by
Chakraborti and co-workers.*® When applied to the our transformation the ionic liquid
gave a moderate yield of 60% which is significantly lower than FeCls%H,O (entry 4,
Table 12). Common Lewis acids were also trialled (ZnCly, InCls, CuCl,, CuCl, Cu(OACc),
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Cu(OTf)2, and Sc(OTf)3) and exhibited various success ranging from 57% with ZnCl. to
75% with Cu(OTf).. These catalysts presented lower yields than the iron (IlI) complex for
the Biginelli reaction (entries 5 to 11, Table 12). Finally, a pyridinium triflate was used in
the reaction and surprisingly showed a modest yield of 69% which is interesting as there
is little research in the Lewis acidic ability of pyridinium triflates. There is little discussion
on the role of pyridine salts/ammonium salts as catalysts for the Biginelli reaction and
how it works as a catalyst.® Ganesan and co-workers use flexible dimeric pyridinium
salts to successfully synthesise Biginelli compounds and liken their catalysts to the role
ionic liquids play.>” Kwak and co-workers used piperidinium triflates to catalyse the
Biginelli reaction and proposed that the charged ammonium centre was coordinating to
the ketone to active it by a Lewis acid mechanism.%® The various theories discussed
meant that the exact role was unknown and was most likely a combination of all factors.
It was also proposed, in our system, that the pyridinium triflate was acting as a proton
shuttle working both as an acid and then a base. Pyridium triflates were therefore further
explored to test whether these catalysts could drive the reaction to completion without
the need of Brgnsted acid additive (Table 13).

Table 1371 Triflate salt screen

3.21 3.61 3.62 N 3.63 yield?
_ _ _ Catalyst (10 mol%) Additive _
(equiv.) (equiv.) (equiv.) (isolated)
1 15 1.0 15 Pyridinium triflate - 73% (76%)
2 15 1.0 15 Lutidinium triflate - 66%
3 15 1.0 15 Collidinium triflate - 2%

Reaction conditions: neat; 120 °C; 10 min; a = yield determined by internal *H NMR standard

Screening the readily available pyridine analogues found that pyridinium triflate gave the
highest yield with an isolated yield of 76% (entry 1, Table 13). Both lutidinium and
collidinium triflate gave lower yields which could be attributed to the steric hindrance from
the ortho 2,6-dimethyl groups (entries 2 and 3, Table 13). It was important to explore
some control reactions to find clarity on the reaction catalysts and the role they play in
the reaction profile (Table 14).
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Table 147 Control reactions

3.21 3.61 3.62 Additive 3.63
Entry _ _ _ Catalyst (mol%) ]

(equiv.) (equiv.) (equiv.) (10 mol%) yield?

1 15 1.0 15 - - 9%

2 1.5 1.0 1.5 FeCls&H.0 (10)  Pyridinium triflate  51%
3 15 1.0 15 Pyridine (10) - 15%
4 15 1.0 15 Triflic acid (10) - 53%
5 15 1.0 15 Pyridinium triflate (1) - 43%

Reaction conditions: neat; 120 °C; 10 min; a = yield determined by internal *H NMR standard

The role of a Lewis acid and/or Brgnsted acid in the Biginelli is vital for these reaction
conditions, the absence of these reagents caused a poor product yield of 9% (entry 1,
Table 14). It was investigated whether the pyridinium triflate was acting solely as an
effective Brgnsted acid and, with the catalytic activity of FeClsA 6,8, gave a moderate
yield of 51% of the desired product (entry 2, Table 14). It was postulated that the basic
activity of pyridine could be beneficial to the final elimination mechanistic step and
therefore pyridine (10 mol%) was tested and gave a heightened vyield of 15% when
compared to entry 1, 9% indicating that the pyridine has a mild influence in the reaction
profile (entry 3, Table 14). The same principle was applied to triflic acid to examine
whether its Brgnsted acid ability was solely responsible for the high product yield,
however, the yield was 53% which implies that the combination of pyridine and triflic acid,
pyridinium triflate, has a stronger productive influence in the reaction than the separate
moieties (entry 4, Table 14). This data supports the theory that the pyridinium triflate is
acting as a proton shuffle/buffer like system that assists in activating the
carbonyls/imines, either through a Bragnsted or Lewis acid mechanism or both, and can
also act as a base in driving the elimination step to completion. A 1 mol% catalytic system
was also tested to see if the reagent could work at lower loading, unfortunately, the yield

was 43% which was not optimal (entry 5, Table 14).

After the optimisation, the pyridinium triflate was chosen as the superior catalytic system
due to their interesting role as both a catalyst and ionic species which has a higher
dielectric value thus beneficial to microwave reactions and removing the need for acetic
acid (4 equiv.) (Scheme 52).
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N ©
Cl OO
o @) o ~NS
| 0] [}j
M + + HQNJ\NHZ H (10mol%) 0 \NH
0" <l Y
MW, 120 °C, 10 min,
1.5 equiv. 1 mmol 1.5 equiv. neat o 76%
3.21 3.61 3.62 3.63

Scheme 521 Optimised reaction conditions for Biginelli microwave reaction

Biginelli compound library synthesis i the aldehyde component

With the optimised conditions in hand (Scheme 52) the tandem flow-microwave system
could be tested to explore a varied range of compounds. Initially, a scope of various
aldehydes with differing electronics were tested (Figure 32). A visiting international
student, Yaoyu Ding, assisted in the synthesis of the Biginelli compound library. Yaoyu
was under very strict daily supervision and each experiment was designed and vetted

by myself to ensure excellent data integrity was maintained.

CFs Cl F
(0] (0] O 0]
n-BuO | NH n-BuO | NH n-BuO | NH n-BuO | NH
NAO NAO NAO N/gO
H H H H
89% 76% 66% 90%
3.64 3.63 3.652 3.662
OMe
O O
n-BuO | NH n-BuO | NH
N~ ~O NAO
H H
84% 69%
3.672 3.68?

Figure 32 1 Scope of various aldehydes used to form Biginelli compound library, a = compounds made by
Yaoyu Ding

A range of purified aldehydes were tested and it was found that varying isolated yields
of novel and known Biginelli compounds were synthesised. There are no significant
trends seen throughout this set of substrates when varying the electronics. One would
assume that a more electron withdrawing substituent would have a more reactive
aldehyde due to the mesomeric effect. For example, DHPM 3.64 gave an excellent yield

of 89% unsurprisingly due to the strongly electron withdrawing 4-trifluoromethyl
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substituent further activating the aldehyde, however, DHPM 3.66 also gave an excellent
yield of 90% with a relatively neutral aldehyde (benzaldehyde) and performed better than
more electron withdrawn aldehydes. This data implies that the rate determining step of
this reaction may not necessarily be the initial condensation of the aldehyde and the urea
to form the intermediate imine. However, in the past 30 years the mechanism of this
system has been thoroughly discussed with the most recently exploration deemed the

initial aldehyde condensation with urea to be the rate-determining step.*’

Biginelli compound library synthesis i1 t h eketio ester component

Us i n g -ketdesterdformed in section 3.2.2, a library of Biginelli compounds were
developed further. Rather than maintain the same aldehyde throughout this scope, the
aldehyde component was also varied to mirror the previous scope. This was to
demonstrate the variety of compounds possible to synthesis easily via the flow-

microwave tandem process (Figure 33).

CFs cl F

Meo@ i i i <0
0 NH >0 NH Ph 0 NH 07N N

H H H
21% 71% 74% 42%
3.69 3.70 3.7 3.72
OMe

\)\ O (@)
oY i ///\o NH
N0

T

H H
61% 47%
3.73 3.74

Figure 3371 Scopeo f v a rketoasters Used to develop Biginelli compound library

The scope had a varying degree of success, installing two aromatic components onto
Biginelli compound 3.69 gave a surprisingly low yield of 21%. Including an electron
withdrawn aldehydean d an e | e ekéto ester was thought tb aid the reaction by
increasing the reactivity of the aldehyde for the condensation reaction whilst also
i ncreasing the nu-ketoeestgr. Unfortunately, this didf not haveetheb
desired effect and could either be due to the steric repulsion of the two planar aromatic

rings or t heke®keseercshwing down thedital ebmination step. Pleasingly,
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bot h t hekeatld ydsitce rb -keto dsterbBaginetliydmpdunds 3.70 and 3.71
gave excellent yields of 71% and 74%, respectively. When comparing compound 3.66
(Figure 32) and compound 3.72 (Figure 33) the yield dropped significantly from 90% to
42% when c ha-ketpiesiegto thehtert-Bfu t yketo dster. In this example the
electronics have not changed significantly, however, it is possible the primary n-butyl
chain is more stable than the tertiary tert-butyl chain which could decompose more
readily, however, no decomposition products were noticeably observed. The sec-butyl
and pr o plketo gstel gave modest yields of Biginelli compounds 3.73 and 3.74 in
61% and 47%, respectively.

Biginelli compounds are known to have biological activity, for example, as calcium
channel blockers, and it was postulated whether the compounds synthesised in this
library could be biologically active. It was pleasing to demonstrate that a selection of
these compounds could be made with synthetic handles, ready for further
functionalisation. The terminal alkyne of compound 3.74 is a useful handle that could be
further reacted via click chemistry to form a triazole tether onto the Biginelli compound.
Postf uncti onali sation c¢an a-keto@stebRiginalipcpnpouedd
3.70 that could be reacted in various reactions such as: metathesis, bromination, and

cyclopropanation to name a few.

It is common to interchange the urea component with thiourea when creating a library of
Biginelli compounds.®® A thiourea scope was explored mirroring the scope in Figure 33,
sadly, no Biginelli products could be obtained and a distinct thiol odour was present after
the completion of each reaction. This could imply that the thiourea is forming thiols from
t h e-ketb ester component or aldehyde component with possible decomposition

products and therefore quenching the reaction.
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3.4 Conclusions and outlook

This chapter explores a broad scope of acyl ketene reactivity and how it can be contained

and manipuat ed via fl ow chemi st r y-ketolestersshavenbeanr i s e,

synthesised with the aim to increase productivity by using high concentration reactions.

Additional reactivity was found by reacting TMD 3.6 with 4-methyl salicylaldehyde 3.37

tofoom coumarins in flow. Various c¢ dunatanalising s

the TMD acyl ketene precursor 3.6 to yield novel coumarin species with extended
conjugation. To create a tandem flow-microwave system, a range of Biginelli products
have been optimised and synthesised using a simple pyridinium triflate catalyst from the

b-keto ester feedstocks created by the acyl ketene flow system.

The design of this reactor has facilitated the in situ generation of an acyl ketene via
thermolysis of TMD 3.6. The liberated acyl ketene has been safely contained in a sealed
flow system and intercepted to explore additional reactivity. The continuous function of

flow has enabled scalable reactions to proceed without increasing the safety risks.

Future proposal and initial findings
't was post-ai ahkete Bsters boald be Bynthesised by pre-functionalising
the acyl ketene precursor 3.6 at  t-gositiontith NBS 3.75 (Scheme 53).

B(OH), Pdy(dba); (0.5 mol%) O

o (neat) Br CSCOs\(a equiv.) o
|| + NBS —> > - |
#\O rt., 15 h, 80°C,4h #\O

dark Dioxane:H,0
(1:1,0.25 M)
3.6 3.75 batch 3.76 3.77 microwave 3.78

Scheme53iproposed sy n t-flunetionalise diokirome 376 U

T h i -brond dioxinone 3.76 can be coupled with an aryl boronic acid 3.77, via a Suzuki

hav

coupling, t earylfsubstitutedsdioxinoe 8780 n t he mi cr-avav e.

functionalised dioxinone 3.78 could be subjected to the previously established acyl
ketene generating conditions, in flow, in the presence of an alcoholic ketene trap
(Scheme 54).
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F STTTTI y O O
o ' 150°C R
| ] O/

o | + R’OH a-aryl-p-keto ester, 3.79

; O ! 20 min !

ketene trap ~ t-------
3.78 flow F

Scheme54i Fl ow system desi gml-bkewestersnt hesi se U

With the applicat i dunctiondisechdexsrione 3.78hweuldrihermally U

decompose to form the functionalised acyl ketene in situ and after nucleophilic attack

from the alcoholic ketene tr apylb-ketolregter 3790w system
This would be an interesting transformation with respect to installing an aryl functional

group in a traditionally nucleophilic position of a dicarbonyl. Synthesising these

compounds have been explored before in literature and either use classical palladium

coupling chemistry or use specialist reagents such as hypervalent diarylidonium salts or

Cu-MOF-74.5%62 This reaction was in the early stages of development due to the inability

to successfully couple the palladium Suzuki components. This chemical exploration

would push the scope of reactivity available to the acyl ketene precursor 3.6 whilst

maintaining the safety of generating an acyl ketene in a continuous manner.
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Chapter 4 7 Designing a reactor for the continuous production of Civetone

4.1 Introduction

The aim of this project was to develop a synthetic strategy for a continuous process
affording the natural product, (Z)-Civetone, 4.1. To create a continuous process, reactor
design needs to be considered to facilitate and overcome common problems

encountered when synthesising Civetone and converting from batch methods to flow.

4.1.1 Civetone

Civetone is extracted from the Civet cat and its intense musky odour is desirable for the
perfume industry.! Civetone is still farmed from the Civet cat, however, syntheses of this
natural product have been reported in the literature.?* The compound is a symmetrical
17-membered macrocycle with a (Z)-alkene and a ketone. There are two main synthetic

disconnections to form the macrocycle in literature (Scheme 55).

Q h2 Q o (Z)-alkene installed prior to
ac H ; Z ‘)—4 P
apPro RO 7 7 OR macrocyclisation
3 Q . .
pproac 5 Ketone installed prior to
41 7 =z f 8\ macrocyclisation

Scheme 557 Two common methods to form macrocyclic Civetone

Civetone

Common synthetic strategies either pre-form the (Z)-alkene to install the stereochemistry
and subsequently cyclise via a condensation method to afford a cyclic intermediate
(approach 2, Scheme 55). The intermediate normally undergoes saponification and
decarboxylation to afford Civetone 4.1. The other synthetic approach pre-forms the
ketone functionality and subjects the compound to ring-closing metathesis conditions to
yield Civetone 4.1 (approach 1, Scheme 55). The RCM reaction, using common
metathesis conditions, will not yield the pure (Z)-isomer, however, research into
specialised catalysts have been found to do this transformation stereoselectively and will

be discussed later in this chapter.

Approach 1 1 non-stereoselective Civetone synthesis via metathesis

macrocyclisation

In 2000, Tanabe and co-workers demonstrated the use of a Ti-Claisen condensation

foll owed by an intramolecul ar ol efin metathesis
(synthesis of alkene moiety in macrocyclisation, Scheme 55) to afford Civetone 4.1

(Scheme 56).
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(0]
TiCls - BuaN 0 Grubbs' catalyst GO:Me
CO.Me 4 3 (10 mol%)
/\H; 2 Y N —
. , -CzH4,
42 0-5°C,1h COzMe Tol, 110 °C, 2 h 4.4
cl 4.3 84%
methyl MeO“l‘--fC' 93% ’
9-decenoate A1,
O |O i) 5% NaOH, THF, MeOH
H\H\OMG i) 10% H,SO,

JVWN VN

Civetone 4.1
/ \ 95%

Scheme 56 1 Synthetic strategy for the synthesis of Civetone 4.1 in 3 steps.

Using methyl 9-decenoate 4.2, as starting material, the authors demonstrated a Ti-

Cl aisen condensation in the pr esketoester 403f a b
through a titanium stabilised enolate. This step installs the ketone required for the

synthesis of Civetone 4.1 which is subsequently subjected to metathesis conditions to

close the ring following approach 1 (Scheme 55) to form the desire alkene moiety. The
metathesis reaction uses the 1gener ati on Gr ub mel% toclase thé y s t g
macr ocycl i c ring and exude et-keplesended. Thhecgclic yi el
b-keto ester 4.4 is then saponified and decarboxylated to give Civetone 4.1 in 95% vyield.

Over the 3 steps, the average isolated yield was 74% and the authors demonstrated a

one-pot process with no intermediate purification but reported a significantly lower yield

of 48%. Their olefin metathesis reaction is not stereoselective and it is therefore assumed

that the (Z/E)-alkene ratio is 1:1. Itis known in the literature that a Dieckmann cyclisation

using a base can also be employed to couple two ester moieties followed by a RCM
metathesis reaction.* This has also been explored by Mol and co-workers in 1991 where

they could synthesis Civetone 4.1 in 3 steps from (Z)-methyl-9-octadecenoate through a
ring-closing metathesis reaction using Re»,07/Si0,.Al;O; catalyst to yield Civetone in a

1:1 (E/Z)-ratio.! In 2019, Mauduit and co-workers have explored the use of new
ruthenium catalyst to facilitate the RCM towards the synthesis of (Z)-Civetone. They
achieved a 99% selectivity towards macrocyclisation over oligomerisation and a (E/Z)

ratio of 7:3 and yield of 52% for Civetone. This reaction was performed with a high
substrate dilution (0.01 M) and 1 mol% [Ru] loading. High dilutions are commonly
required for macrocyclisation due to the entropic penalty issued for closing larger rings

when compared to intermolecular oligomerisation.®

Approach 17 Stereoselective Civetone synthesis via metathesis macrocyclisation
and classical synthetic transformations
Using approach 1 (Scheme 55) to create the (Z)-Civetone macrocycle is difficult due to

the high dilution required and the ring-closing metathesis reaction not being selective
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towards forming the (Z)-alkene. It seems that, via this synthetic approach, it is not
feasible to synthesise the macrocycle of (2)-Civetone using stereoselective metathesis
conditions to form the (Z)-alkene. Non-direct methods to form the (Z)-alkene have been
explored by installation of an alkyne moiety via metathesis and classical transformations
(Scheme 57).

Tsuji, 1977:
4.8 o
[\ H,/Pd
o__0O 0 |
MeO,C COzMe >
Lindlar's
catalyst
xylene 0O,, CuCl
reflux (Z)-Civetone 4.1
32% yield
[\ -
O 0 o. O over 5-steps
i) CrO3-pyr.
_—
i) NHoNH»
(0] OH HoN- N N"NH2
4.6

Fiirstner, 2000:

O
H,/Pd
4@ —
MgBr Lindlar's
P =)

.h

catalyst
7 y

10 (tBuO);W=CCMes
-C4Hg

(10 mol%) 7)-Civet 4.1
Tol, 80 °C, 30 min (2)-Civetone 4.
32% yield

PDC. DCM T over 4-steps
"5 0
=
412

Scheme 57 1 Use of alkyne chemistry to synthesis (Z)-Civetone

THF, 10 h

D
»

The (2)-alkene in Civetone can be installed by reducingana |l kyne wusing Lindlar s c
to facially reduce the alkyne to a (2)-alkene. This methodology has been used in 1977
and 2000 to achieve the stereoselective synthesis of (Z)-Civetone. Tsuji and co-workers
used classical methods and initiated their synthesis with a ketal protected dimethyl
civetonedicarboxylate 4.5 derived from a butadiene telomer. The ketal was subjected to
metal sodium which cyclised the dicarboxylate affording the 17-membered macrocyclic
U-hydroxy ketone 4.6. After a Collins oxidation, both ketones were converted to
hydrazones using 80% hydrazine in refluxing n-propanol for 12 hours affording

compound 4.7. The dihydrazone 4.7 was converted to the alkyne 4.8 by a copper
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catalysed oxidation in pyridine and the intermediate was deprotected with addition of

hydrochloric acid to |iberate the | atent k e

afford (Z2)-Civetone 4.1 in an overall yield of 32% over 5 synthetic steps.® Firstner used
a similar method but incorporated an alkyne metathesis step to streamline the process.
After coupling the two alkynes (4.9 and 4.10) via a Grignard addition, the secondary
alcohol 4.11 was oxidised using PDC to afford the ketone 4.12 in a 91% yield. A tungsten
alkylidyne complex was used as a catalyst for the alkyne cross metathesis reaction
affording the penultimate product 4.8 in 65% in 30 min. (Z)-Civetone 4.1 was formed also

using Lindlards &pakenbmoety’ t o install the

Both these syntheses follow approach 1 (Scheme 55) to assemble the macrocyclic ring
by forming the alkene. It seems that using metathesis to close the macrocyclic ring of
Civetone in a stereoselective manner is difficult and requires high dilution which greatly
decreases the productivity of the reaction. Therefore, an alternative batch method has
been explored by Grela and co-workers reported in 2018. The authors employ a vacuum
to their batch reaction to extract the metathesis by-product and drive the reaction forward
for the macrocyclisation at higher concentrations, in turn, increasing the productivity of

the reaction (Scheme 58).

O 413 [Ru] (3 mol%), PAO 6, 110-120 °C
0.2 M (molality = 0.25 mol/kg)

-

)5
CgH17 )6 CgH17

i) TiClg, BusN
Tol -5°C,1h
i) NaOH:MeOH:THF,
70°C,5h
then H2804,
reflux, 10 min

CSHWV/%'CSHW

Civetone 4.1

( N‘ 69% yield
86% selectivity
methyl oleate ‘Ru= (E:Z) = 3:1

(renewable) CI’ H
1
414 0O

Scheme 58 7 Synthesis of Civetone under reduced pressure to drive metathesis reaction

By removing the metathesis by-product, via reduced pressure, Civetone could be
synthesised in 69% yield and a high selectivity towards the cyclised product. They could
increase the concentration of this reaction to 0.2 M which is relatively high for a
macrocyclisation. They u dlédas dartiegmeaterial kderigedl
from oleic acid) and after a Ti-Claisen condensation reaction and subsequent
saponification and decarboxylation they had prepared the Civetone precursor 4.13.
Using PAO (poly-U-olefin synthetic oil) as a diluent they successfully synthesised

Civetone 4.1. However, their (E/Z) ratio was 3:1 which meant that their catalyst system
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only made 25% (Z)-Civetone 4.1. The authors have demonstrated that the application of
a vacuum to a metathesis reaction drives the desirable transformation by removing the

un-wanted by-products thus shifting the equilibrium.8

Approach 21 Civetone synthesis via macrocyclic condensation transformations
As previously discussed, the macrocyclisation of Civetone via alkene formation has
many limitations due to managing the metathesis equilibrium and (E/Z) selectivity. The
alternative approach to synthesise the 17-membered macrocycle is to pre-form the
alkene and close the ring via a condensation to afford the ketone (approach 2, Scheme
55).

Spencer and co-workers in 1948, synthesised Civetone by installing the alkene bond first
then, under high dilution, performed the macrocyclisation via diketenes; they found their
diketene methodology superior over the Ziegler method reported in 1943 by
Hunsdiecker.® In 1981, Tsuji and co-workers explored the use of the Dieckmann

cyclisation to successfully close the Civetone ring (Scheme 59).

Scheme 591 Using the Dieckmann condensation to facilitate the macrocyclisation of Civetone

In this synthetic strategy, the authors use a tungsten catalyst to convert methyl oleate
4.14 (from oleic acid) into the diester metathesis product via olefin metathesis. The
authors commented on the change of (E/Z) geometry through the metathesis reaction
due to methyl oleate 4.14 starting at 1:10.5 (E/Z) and the diester product 4.15 had a ratio
of 1.3:1 (E/Z). This stereochemistry was carried through to the final product as the
macrocyclisation does not affect the alkene geometry. Using potassium hydride as base
in THF, a Dieckmann cyclisation was Katoccessfully
ester 4.16. It is important to note that the diester starting material 4.15 had to be added
slowly over the course of the reaction, in high dilution, to prevent oligomerisation and
promote macrocyclisation. Sodium hexamethyldisilazane (NaHMDS) was also tried as a
base for the cyclisation and a mildly +educed yi
keto ester 4.16 was then saponified and decarboxylated to afford Civetone 4.1, retaining

the previous alkene geometry.1%11
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