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Flow chemistry, the basis of petrochemical and bulk chemicals industry, has recently found
various applications in fine chemicals production and discovery chemistry with the
development of commercially available laboratory equipment. Due to the precise control of
the reaction parameters, the potential for automation and sequencing of reactions, the in situ
analysis and for safety reasons the development of this novel technology has proven to make
significant impact within organic chemistry.

By taking advantage of the potential of flow chemistry, the optimisation of difficult batch
reactions involved in the total synthesis of epicocconone analogues, and the in situ generation
of isocyanides were attempted. However, some limitations such as solubility issues and
formation of insoluble species made the optimisations complicated.

Then, activation energies and reaction rate constants were determined from the thermolysis
of 1,3-dioxin-4-ones by means of in situ analysis (UV and IR) and by using conventional and
novel kinetic study methods. Good consistency was observed between both procedures. The
significant gain in time and the lower consumption of material were the main advantages of
this novel methodology which can be used as a reliable tool to accelerate reaction study and
process development.

Finally, the flow platform was employed to develop optimisation of reaction methodologies by
using the dispersion effect and the “turn off” light concept. Thermolysis of 1,3-dioxin-4-one,
Diels-Alder reaction, [2+2] photocycloaddition, photocyclisation and Sgy1 reactions were used
as models for the development of these two methodologies.

The determination of the rate constant of both 1% and 2" order reactions, the determination
of the optimum amount of reagent and the determination of the optimum concentration of
starting material were achieved with the dispersion effect methodology. Then, the “turn off”
light procedure was developed to rapidly determine the optimum reaction time. Consistent
results were obtained for both new methodologies.
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1 Chapter 1: Flow chemistry - A new tool for chemists?

1.1 Context

Nowadays, with the competitive nature of the chemical industry, the production of
pharmaceuticals, agrochemicals, high-performance polymers, paints, pigments, perfumes and
fuel additives is in constant intensification. Moreover, due to the continuous pressure to
deliver new and successful compounds within short deadlines and in order to be competitive
in a fast changing market, the research process is improving and industrial companies are
going through continuous developments. Innovations and new strategies towards more
sustainable, cost-effective and greener synthetic procedures are necessary’ from early
discovery to production. A future that has lower energy consumption, uses less solvent and
produces less waste is essential.

In this context, aided by the progress of computational techniques and data analysis
devices, continuous flow processing is developing as one of the techniques that can
considerably impact on synthetic procedures. More recently, continuous flow processes have
gained much more attention from organic chemists and have found applications for the
preparation of fine chemicals such as Active Pharmaceutical Ingredients (APIs) or natural
products.” Although chemical industries still rely on batch reactors, continuous processing is

slowly gaining ground and promising perspectives can be supposed for this novel technology.?

Figure 1.1 highlights the evolution of the number of publications related to “flow
chemistry” processes for the last 20 years and the substantial increase confirms that this

technology is attracting lots of interests.
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Figure 1.1: Number of publications related to “flow chemistry” technology. Literature search on Reaxys.4



1.2 What is flow chemistry?

Flow chemistry can be defined as a continuous process with four main components:
pumps, tubing, a mixer and a reactor. This concept works according to a constant input and
output flow rather than producing single batches. The different reactive species are mixing and
going through a tube or a chip reactor where the reaction occurs. The product is collected at
the exit in a suitable reservoir. The stoichiometry is defined by the concentration of the
reagent solutions and their relative flow rates when they mix. The reaction time is defined by

the ratio of the volume of the reactor to the flow rate after the mixer.

Pump
Reactor

ug

A B Product Waste

Figure 1.2: General scheme for a flow reactor.

1.3 Advantages of flow chemistry
Flow chemistry has several inherent advantages compared to the conventional batch

chemistry.>>

Precise control of reaction parameters:

The reaction time is precisely controlled by the selected flow rate. Moreover, computer-
controlled systems enable the reduction of variations and errors induced by the operator, and

thus increase reproducibility.

Fast assembly of apparatus:

The different commercial flow platforms are made up of different standard single units (pumps,
reactor, tubing, mixer, back pressure regulator, cooling loop, injection loop) which can be
easily assembled and customised with purification, analysis (in-line IR or UV spectrometer) and
collection units in order to design the required system for the target transformation. A series

of reactors can be easily connected together to perform sequential reactions.

High level of automation:

Flow chemistry can perform a series of reactions entirely controlled by a computer. On the

provided software, the operator just needs to program a series of experiments with the



various experimental conditions and run them without direct supervision. In this way, this fully
automated system can be particularly useful for kinetic studies when the same setup is used

for a series of experiments with different flow rates and temperatures.

In situ analysis:

Real-time monitoring with in situ analysis allows the determination of the composition of the
reaction mixture at the exit of the reactor. This can be very useful for reaction optimisation
and changing reaction conditions rapidly. In specific cases, the series of spectra recorded
during an experiment can be processed with relevant software to quickly extract useful

information such as reaction rate constants and activation energies for kinetic studies.

Efficient heat transfer and easy scale-up:

Due to their higher surface-to-volume ratios than batch systems, heat transfer in flow reactors
is much faster, which means that the reaction mixture quickly reaches the desired
temperature. For very exothermic reactions such as nitration, this efficient heat transfer allows
excellent temperature control and avoids thermal runaway.® Scale-up of a reaction in flow
means adding several reactors in parallel or leaving the reaction running with the same
parameters, whereas in batch, the reactor size is increased leading to a dramatic decrease in
the surface-to-volume ratio and consequently in the heat transfer. This loss in heat transfer
efficiency can induce dramatic changes in the scale up experiment (different yield,

selectivity...).

Increased safety:

Flow platforms are closed systems and are made up of resistant tubing which limits the
exposure to hazardous compounds. Moreover, with the efficient heat transfer and the small
amount of material in the reactor, hazardous experiments such as nitration or those involving

azide are more accessible.®”’

Access to new reaction conditions:

Flow reactors can be used under high pressure and temperature. With the use of a back

pressure regulator, the reaction mixture can be heated beyond the boiling point of the solvent.

1.4 Disadvantages of flow chemistry

Although the various advantages described previously make flow chemistry very

attractive, there are also a few drawbacks.



Cost:

Flow chemistry is still a new technology and flow kits are not mass-produced. Indeed, in 2014,
Vapourtec Company sold the 200" flow platform. Moreover, a small number of specialised
companies are providing this advanced equipment which explains the low competitive market
and the rather expensive cost. Regarding the different units and spare parts of the flow
platform, their replacement is rather expensive (pumps, reactor, valves). Moreover, only few
suppliers are selling ferrules, check valves, tubing, back pressure regulators, seals and mixers.

Therefore, it is very costly to research in this area.

Maintenance:

Flow chemistry platforms are made up of various mechanical and electrical components which
need to be fixed when they break-down. For this reason, standard mechanical skills are
required to keep the flow machine working properly. When a replacement is needed, an

engineer can come to the laboratory but this servicing is rather expensive.

Chemistry limitation:

First of all, for the Vapourtec platform, corrosive components such as strong acids are
prohibited because they can damage the pumps. Then, most of the flow machines have not
been designed to work with non-homogeneous reaction mixtures especially with solid
materials. For this reason, solubility is a key factor and working with organometallic reagents

or non-soluble products can be an issue.

Visibility of the reaction:

Flow platforms are closed systems and in most cases, reactions are run with stainless steel
reactors which are not transparent. For this reason, it is not always easy to assess the progress
of a reaction. The operator has to rely on the information provided by the software (pressure,

temperature, flow rate) to monitor the chemical reaction.

Communication between the different devices:

The different devices used for the customisation of the flow platform such as the IR and UV
spectrometers, the syringe pumps, the HPLC, improve its versatility but, at the same time,
increase the communication problems. Indeed, each device is controlled by different non-open
source software which make the automated connection and communication between each

other very complicated.



1.5 Flow equipment

Over the last few decades, a wide range of flow chemistry platforms have become
commercially available. Flow equipment exist in various scales, from micro-scale (uL/min) to
meso-scale (mL/min) and even larger (L/h). The easy customization of the platforms by adding
or removing various units (pumps, injection loops, PFA reactor, SS reactor, photochemical
reactor, autosampler/collector, in situ analysis) allows the access to a wide range of chemical
applications. These advanced and fully automated systems give new perspectives in the field
of organic synthesis as they can perform complex and sequential chemical reactions with only
a few mouse clicks and with low interactions from the operator. Several suppliers, which are
continuously improving their equipment to build the most sophisticated machine, are selling
them at different prices and for different applications. The main ones are RS-400 and easy-
Medchem by Vapourtec, Asia 130 by Syrris, FlowSyn Multi-X by Unigsis and Phoenix flow
reactor/H-cube by ThalesNano. Various parameters of these flow platforms are highlighted in

the following Table 1.1.

The RS-400 is the flow platform used in Prof R. J. Whitby’s laboratory (Figure 1.3). This
versatile machine offers the flexibility to tackle challenging problems by modifying the system
configuration. Various reactors are available to carry out experiments: the air-heated plastic
reactor (perfluoroalkoxy polymer) is convenient for reaction up to 150 °C and allows the user
to monitor the progress of the reaction (transparent reactor-visual monitoring). Then, the air-
heated stainless steel reactor is suitable for reactions performed in harsher conditions (higher
pressure and temperature up to 250 °C). Home-made reactors to perform specific reactions
are also adaptable to this system. For example, we designed a flow photochemical reactor®
and a coiled stainless steel reactor immersed in oil for kinetic investigations. Gas-exchange
reactors are also commercially available. The reagents can either be injected from stock
bottles or injection loops and the T-mixer achieves their efficient mixing. At the exit of the
reactor, in situ analysis (UV-vis or IR) gives access to real-time monitoring of the reaction

mixture which is then collected in a single flask or by means of an autocollector.



RS-400 (R2+/R2+/R4) by Vapourtec®®

The RS-400 is a flow platform with 4 HPLC pumps, tube
reactors, injection loops, an autosampler and collector,
manually controlled or fully automated with the flow
commander software. Upgrades with cryo-reactor, packed
column reactor, photochemical reactor and gas-liquid
reactor are possible

- Flow rate: 0.1 to 10 mL/min

- Pressure limit: 50 bar

- Temperature: r.t. to 250 °C

Asia 130 by Syrris®™°

= The Asia 130 provides a full range of equipment: syringe
pump, tube reactor, microreactor, injection loops, product
collector and back pressure controller for super heating.

- Flow rate: 1 pL to 10 mL/min

- Pressure limit: 20 bar

- Temperature: - 15 °Cto 150 °C

FlowSyn Multi-X by Unigsis®

The FlowSyn Multi-X is a flow platform with 2 HPLC pumps,
coiled reactor, chip reactor, column reactor and fraction
collector, manually controlled or fully automated with the
flow software. Various upgrades are possible such as the
incorporation of a cryo-reactor.

- Flow rate: up to 20 mL/min

- Pressure limit: 97 bar

- Temperature: up to 260 °C

Phoenix flow reactor by ThalesNano®"’

The Phoenix flow reactor can perform very high
temperature homogeneous and heterogeneous reactions
using loops or cartridges. This platform is compatible with
the H-cube (see below).

- Flow rate: up to 25 mL/min

- Pressure limit: 100 bar

- Temperature: up to 450 °C

H-cube by ThalesNano®**

The H-cube is a continuous-flow hydrogenation reactor
with in situ generation of hydrogen and a disposable
catalyst cartridge (Pd/C).

- Flow rate: 0.3 to 3 mL/min

- Pressure limit: 100 bar

- Temperature: up to 100 °C

Table 1.1: Most popular commercially available flow kits.
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Stock

bottles
Pumping
module R2+ Pump
Sample loop
Reactor
module R4 Autosampler/
. collector
Stainless
Steel reactor IR-Alpha
Oil bath
Back Pressure UV-vis
Regulator

Figure 1.3: Flow chemistry platform (RS-400) set-up in a fume cupboard and equipped with a 10 mL Stainless Steel
reactor, IR (Bruker Alpha) and UV-vis (Ocean Optics) spectrometers, and an autosampler/collector. This different
devices are controlled with software: Flow commander (flow platform), OPUS (IR) and SpectraSuite (UV-vis).

1.6 Aims and overview of the thesis

1.6.1 Flow chemistry - A tool for optimisation of complicated batch reactions

According to various published examples,®® it has been described that flow chemistry
can dramatically improve low yielding reactions performed in batch. Better heat transfer,
access to very high temperatures, good mixing and precise control of reaction time are the
main reasons of these improvements. Based on these promising flow results, the aim of this
chapter was to optimise in flow the final steps of the synthesis of 2™ generation epicocconone
analogues due to rather poor results in batch (Collaboration with the Franck research group

(IRCOF, COBRA Laboratory, Rouen))

1.6.2 In situ generation of isocyanides, indispensable building blocks of multi-component
reactions (MCRs)
Isocyanides are important building blocks which can be used in multi-component
reactions such as the Passerini or the Ugi reactions. With flow chemistry, they can be
generated in situ and then be engaged in sequential reactions to form new components. In this

context, the “clean” in situ generation of isocyanides was investigated.

1.6.3 Thermolysis of 1,3-dioxin-4-ones under flow, fast generation of kinetic data using in-
line analysis
Using a novel methodology developed in 2011,** we highlighted the power of our
mesoscale platform to quickly generate kinetic information. The thermolysis of various
1,3-dioxin-4-ones were used as model reactions to show the excellent consistency between

the “Push-out” methodology and the conventional one.



1.6.4 Flow chemistry - A tool for fast optimisation of reaction conditions

Finally, the dispersion phenomenon occurring in flow chemistry and generating a
gradient of concentration was used to quickly optimise photochemical reaction conditions. Then,
using flow photochemistry, a novel methodology was developed to quickly determine the

optimum reaction time.



2 Chapter 2: Flow chemistry - A tool for optimisation of

complicated batch reactions

2.1 Introduction to flow optimisation of difficult batch reactions

The application of flow chemistry to organic syntheses offers several advantages over
traditional batch chemistry such as the improvement of the reaction yield, purity, selectivity,
scalability and reproducibility.> These benefits are mainly related to the good spatial, thermal,
and temporal control offered by continuous flow processes. In this context, many reactions

a

such as oxidation,™*® reduction,*** electrophilic aromatic substitution (e.g. halogenation,15
Friedel-Craft aminoalkylation'®), organometallic reactions (Suzuki coupling,’’ Sonogashira
coupling,18 Heck reaction,® Grignardzo), Knoevenagel condensation,?! reactions involving very
short-lived highly reactive intermediates’® and many others were widely improved and
developed by using flow chemistry. Moreover, several batch organic syntheses with successive
protection-deprotection steps due to sensitive functional groups were considerably improved
and shortened with flow processes by avoiding these additional steps. Examples were
developed with reactions involving organolithium compounds (very reactive species towards

electrophiles) bearing unprotected groups such as ketone,?” alkoxy-carbonyl®® or nitro®* by

taking advantage of the precise residence time control that flow processing offers.

Some of the optimised reactions mentioned previously are described below with
comparison of the flow and batch mode results.

Kawaguchi et al.*® reported that Swern oxidation can be performed with flow mode at
temperatures between -20 and 20 °C, much higher temperatures than those required for
conventional batch reactors (-50 °C or below). The efficient flow mixing prevented the by-
product formation via the Pummerer rearrangement and substantially increased the yield of

the reaction (Table 2.1).

R!. _OH Swern R'__O
R? \Ifz
21 2.2
System Alcohol 2.1 Temperature (°C) Yield of the oxidised product 2.2 (%)
flow 1-decanol -20 75
flow 1-decanol 20 71
batch 1-decanol -20 11
flow 2-octanol -20 95
flow 2-octanol 20 89
batch 2-octanol -20 20

Table 2.1: Swern oxidation of alcohols by using flow and batch systems.
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Then, Midorikawa et al.™® showed that the use of flow chemistry enables better
selective monoiodination of aromatic compounds compared to batch mode due to efficient
mixing.

The monoiodo compounds 2.4 and 2.7 are less reactive than the parent compounds because
the iodo group deactivates the aromatic ring. However, in batch mode, the formation of the
diiodo compounds 2.5 and 2.8 can be ascribed to “disguised chemical selectivity” because the
reaction is faster than the mixing."® The use of flow chemistry with efficient mixing turns out to

be a good solution to solve this selectivity issue (Scheme 2.1).

OMe OMe OMe
wptn | |
_— +
OMe OMe OMe
2.3 2.4 25 I

Batch chemistry 45% 18%
Flow chemistry 78% 4%
MeO e MeO | MeO |
IOWER GRS O
OMe OMe | OMe
2.6 2.7 2.8
Batch chemistry 65% 17%
Flow chemistry 76% 5%

“ +n

Scheme 2.1: Product selectivity of iodination of aromatic compounds with electrochemically generated

Finally, flow chemistry has demonstrated its potential regarding the protecting-group-
free synthesis. Belardi et al.”> described in 2008 the total synthesis of the Macbecin | using

traditional batch chemistry (Scheme 2.2).

OMe OMe Br-Li OMe OH
OaN Br reduction protection N(allyl), Br exchange N(allyl)z R
94% 95% H\ 81%
2.9 OMe 2.10 OMe R 211 OMe

NaH
Mel deprotection
—_—

89% 98%

R= B ; ; Macbecin |
Me OMe Me

Scheme 2.2: Synthesis of Macbecin | in batch mode.

Due to the very difficult formation m-nitro-substituted aryllithium compounds in traditional
chemistry, 2.9 was reduced and the amine was protected to form 2.10. Then, 2.11 was

obtained after reaction between the aryllithium bearing a protected amino group and an

10



aldehyde. After methylation, the amino group was deprotected to give 2.12. The overall yield
was 63% for this 5 step synthesis.

To compare, the transformation employing a m-nitro-substituted aryllithium by using a
continuous flow process (precise residence time control) turns out to be a possible and
promising alternative straightforward route (Scheme 2.3). The reaction between 2.13 and PhLi
followed by sequential reactions with an aldehyde and Me,SO, gave compound 2.16 in 73%
yield. The target compound 2.12 was obtained by a simple reduction of the nitro group,

avoiding protection-deprotection steps.*

OMe OMe
02N Br 02N Li
— OMe OH
Os5N .
213 OMe 214 OMe 2 iPr
0.06 s
215
PhLi —_— OMe
295 o OMe OMe
i 2 iPr
'PrCHO
s
95s OMe 2-16
0,
MGZSO4 73%
HMPA

Scheme 2.3: Protecting-group-free alternative route to Macbecin I.

In the following section, flow chemistry was used in order to improve and optimise low
yielding reactions performed in batch chemistry. Indeed, developing a collaboration with the
Franck research group (IRCOF, COBRA Laboratory, Rouen) working on the synthesis of
epicocconone analogues, low yields were obtained during key steps, and the use of flow

chemistry was investigated as a possible solution.

2.2 Introduction to epicocconone and the synthesis of epicocconone

analogues

Epicocconone (2.17), a natural product isolated from the fungus Epicoccum nigrum,*®
has remarkable properties. Indeed, this molecule is well soluble in water and in lipid bilayers,
and the masked aldehyde can react with an amine to form an enamine which is highly

fluorescent in the red region (around 600 nm) (Scheme 2.4). Therefore, this molecule has

found biological applications such as in live-cell imaging®’ due to its large Stokes shift.
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protein

protein O/j l-\lN
|

epicocconone
non-fluorescent fluorescent

Scheme 2.4: Mechanism of the reversible protein fixation on the epicocconone (2.17).

However, due to the low photostability of epicocconone, the Franck research group
worked on the development of a strategy for the synthesis of epicocconone analogues by
replacing the ketotriene or the triene tail by an aromatic ring and the final methyl alcohol by a
dimethyl group. The straightforward route will provide access to a wide range of
polyfunctional fluorophores® based on the same design as the epicocconone while increasing
the photostability (no photo-isomerisation or photo-oxidation and less reversible cyclisation
with the tertiary alcohol). The retrosynthesis of the 1°' generation epicocconone analogues
2.19, characterised by a single keto group (Scheme 2.5, in green) next to the final aromatic ring,
and 2" generation epicocconone analogues 2.20, characterised by a B-ketoenol side chain as
in the natural product (Schemes 2.5, in orange) next to the final aromatic ring, can be
described with 3 key steps (Scheme 2.5).% The tricycle species 2.19 or 2.20 were obtained by
trapping of an acylketene with 2.21 followed by an intramolecular Knoevenagel condensation.
2.21 was synthesised from the oxidative dearomatisation of 2.22, which was previously

prepared by alkylation of the commercially available 2.23 or 2.24.

ﬁ‘generation analogue \
(0]

OH O
0
=g OMe
a0 0 Oxidative MOMO O HO
(o) 219 Acylfuranonization | dearomatisation Alkylation 2.23
——— "o -0 — ? —
S or
o MOMO g
. OMe
2.21 222
MeO
2.24

Qgeneration analogue /

Scheme 2.5: Retrosynthetic analysis of epicoconnone analogues 2.19 and 2.20.
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The final step of the synthesis of epicoconnone analogues, the acylfuranonization, was
performed between 2.21 and an acylketene. This acylketene, a very unstable intermediate,
was obtained by thermal fragmentation of a 1,3-dioxin-4-one via a retro Diels-Alder reaction.
Preliminary studies on this final step were performed by the Frank research group using
3-hydroxy-3-methylbutan-2-one (2.25) and various 1,3-dioxin-4-ones, and really promising
results were obtained for these model syntheses of the 1% and 2" generation analogues

(Tables 2.2 and 2.3).*°

(0]

>< 2).25(% O o

Oy O (0.67 equiv.)

ArMo « | P

Et3N (0.33 equiv.)
2.26 3 h, 110 °C, toluene 227
molecular sieves

Entry Ar 2.27 (Yield)
1 phenyl 2.27a (90%)
2 p-methoxyphenyl 2.27b (71%)
3 furyl 2.27c (65%)

Table 2.2: Model synthesis of first generation epicocconone analogues.30

o
. o><o DIEA (3 equiv.) . o><o mH OH O\ o
. iv. (0.67 equiv.) X
W TBSOTf (1.5 equiv.) W Ar \ o
Ar O  2h,25°C,DCM Ar o EtsN (1.33 equiv.)
2.28 2.29 3h, 110 °C, toluene 2.30

molecular sieves

Entry® Ar 2.29° (Yield) 2.30 (Yield)

1 phenyl 2.29a (98%) 2.30a (91%)

2 p-cyanophenyl 2.29b (88%) 2.30b (50%)

Table 2.3: Model synthesis of second generation epicocconone analogues.30
® For the unprotected system, the intramolecular trapping compound was the main product.

These model conditions were then transferred to the target synthesis using alcohol 2.21

instead of 3-hydroxy-3-methylbutan-2-one (2.25).
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01 "o 2.21 o Z 0 o
e — + ZNe)
Ar o) Et;N
2.26 1o-c T 219 ©
2.31
Entry® Ar 2.19 (Yield) 2.31 (Yield)
1 phenyl 2.19a (60%) 2.31a (< 2%)
2 p-methoxyphenyl 2.19b (86%) 2.31b (< 2%)
3 2-naphthyl 2.19d (64%) 2.31d (< 2%)

Table 2.4: Synthesis of first generation epicocconone analogues.zg' 3

? Reaction conducted in one pot with: 2.26 (1 equiv.), 2.21 (0.67 equiv.), Et;N (1.33 equiv.), molecular sieves (4 A),
toluene at 110 °C during 3 h.

For the one-pot synthesis of the 1% generation analogues, furanones 2.19 and 2.31
were obtained from the trapping of the acylketene, prepared from the thermolysis of the
1,3-dioxin-4-one 2.26, by the alcohol 2.21 followed by a Knoevenagel condensation.?® 3!
Starting with different dioxinones 2.26, a library of 1** generation epicocconone analogues 2.19
was synthesised in rather good vyields (Table 2.4, entries 1-3). In each case, a non-isolatable
amount of the undesired regioisomer 2.31 was obtained and the steric constraint can be an
explanation of the low yield (< 2%).”

For the one-pot synthesis of the 2™ generation analogues, the first attempt was tried
with the same synthetic route as the 1* generation but starting with an unprotected dioxinone
2.28a bearing an additional keto group. As expected, the desired product 2.20a was not
obtained and 2 side reactions were observed: the intramolecular trapping of the unstable
acylketene 2.32 by the unprotected ketone to form 6-phenyl-4-hydroxy-2H-pyran-2-one (2.33)

(Scheme 2.6), and the decarboxylation of 2.34 due to the small amount of water in the media

leading to B-keto acid 2.35 (Scheme 2.7).%°

V. OH )
o o o A Om o 0 o™
. 2| — —_—
Phwo Ph)\)k& Ph "0 P " 0H
2.28a 2.32 2.33

Scheme 2.6: Intramolecular trapping of the acylketene 2.32 for the unprotected system.

H

H,0O oH o) (o OH O
)

PN o PhM
2.34

2.35

0 oH o
—_— C//
Phwo Ph/‘\)k//

2.28a 2.32

Scheme 2.7: decarboxylation due to the small amount of water in the media.

For these reasons, the protection of the aryl ketone as a silyl enol ether was
considered (as for the model synthesis, Table 2.3) and the synthesis of the 2" generation

epicocconone analogues 2.20 was performed (Table 2.5).%
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TBSO

Entry® Ar 2.20 (Yield) 2.37 (Yield)
1 phenyl 2.20a (39%) 2.37a (0%)
2 p-cyanophenyl 2.20b (3%) 2.37b (0%)
3 2-naphthyl 2.20c (26%) 2.37c (0%)
4 p-methoxyphenyl 2.20d (15%) 2.37d (0%)
5 6-chloro-3-pyridyl 2.20e (15%) 2.37e (0%)
6 4-(prop-2-ynyloxy)phenyl 2.20f (14%) 2.37f (0%)

Table 2.5: Synthesis of second generation epicocconone analogues.31
? Reaction conducted in one pot with: 2.29 (1 equiv.), 2.21 (0.67 equiv.), Et;N (1.33 equiv.), molecular sieves (4 A),
toluene at 110 °C during 3 h.

The different yields described in Table 2.5 are rather poor for the one-pot synthesis of
the 2" generation epicocconone analogues 2.20 (3-39%). No traces of the undesired
regioisomers 2.37 were observed. The deprotected product 2.20 was isolated at the end of
each reaction, probably due to the deprotection of the dioxinone 2.29 with the high
temperature experimental conditions. Therefore, the poor yields can be explained by the
competitive intramolecular trapping of the acylketene and the formation of the

decarboxylated product, which are probably faster than the trapping by alcohol 2.21.3"

Having these batch results from the Franck research group, the aim of our project was
to try this final acylfuranonization using our flow Vapourtec platform in order to improve the
yields of the 2 generation epicocconone analogues by decreasing the formation of by-
products (intramolecular trapping product and decarboxylated product) and by avoiding the
protection of 1,3-dioxin-4-ones. The efficient heat transfer and the good mixing offered by

continuous flow processes can help in the increase of the yield.

2.3 Results and discussions
2.3.1 Synthesis of 2,2-dimethyl-6-(2-(2-naphthyl)-2-oxoethyl)-4H-1,3-dioxin-4-one (2.28c),
precursor of a 2™ generation epicocconone analogue
Before studying the acylfuranonization for the 2" generation epicocconone analogue,
2,2-dimethyl-6-(2-(2-naphthyl)-2-oxoethyl)-4H-1,3-dioxin-4-one (2.28c) was prepared as

described in Scheme 2.8.%°

>< 1) n-BuLi (1 equiv.) ><

o DIPA (1 equiv.)

o NS
MO 2) C4oH,COCI (0.5 equiv.) OO o

2.38 2.28c
Scheme 2.8: Synthesis of 2,2-dimethyl-6-(2-(2-naphthyl)-2-oxoethyl)-4H-1,3-dioxin-4-one (2.28c).

40%
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2.28c was obtained in 40% vyield by condensation of the lithium enolate of commercially
available 2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) and the naphthoyl chloride. This 1,3-dioxin-
4-one 2.28c was used in our investigations to improve the vyields of the 2 generation

epicocconone analogues.

2.3.2 Optimisation experiments towards the synthesis of 2™ generation epicocconone
analogues
During the batch synthesis of the 2" generation epicocconone analogues described
previously (Table 2.5)," the additions of alcohol 2.21 and Et;N were performed simultaneously
and could be an explanation of the significant amount of intramolecular trapping and
therefore the poor yields obtained. For this reason, we decided to try the optimisation of both
steps one after the other (1% step: reaction between 1,3-dioxin-4-one 2.28¢ and alcohol, 2™

step: addition of Et;N (Knoevenagel condensation)).

2.3.2.1 Optimisation of the trapping of the acylketene by an alcohol - Model reactions

Due to the small amount of alcohol 2.21 in our laboratory (100 mg provided by the Franck
research group), the optimisation of the trapping of the acylketene was first performed on
model reactions using simple alcohols (EtOH, t-BuOH, IPA and 3-hydroxy-3-methylbutan-2-one
(2.25)) under various experimental conditions. It was then envisaged that the best conditions
found with the model reactions would be applied to the synthesis of the 2" generation
epicocconone analogue using 1,3-dioxin-4-one 2.28c and alcohol 2.21.

For each reaction condition described (Table 2.6), a 5 mL plug of a mixture of 2.28c and
ROH in the corresponding dry solvent was injected into the flow set-up (Figure 2.1) using a
sample loop. At the exit of the reactor (90 - 150 °C), the reaction mixture was collected, the
solvent was evaporated under reduced pressure (except for DMSO-d6), and NMR samples
were prepared. The different compounds observed in the 'H NMR spectra were quantified in
molecular percentage (%mo) and the results are described in Table 2.6 (The identification of
each compound was performed with NMR data from the literature®?). 2.39 and 2.39’ are the

only tautomers in each reaction mixtures.

5 mL sample loo
Mixture of - P P BPR
2.28c and l

ROH in $$8¢
solvent Waste
W collection
10 mL
Stock SS Reactor Reaction mixture

solvent collection - NMR
analysis
Figure 2.1: Flow set-up for the optimisation of the trapping of the acylketene by an alcohol - Sample loop

configuration.
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0O O O

A i
> naphthyl OR

H O
m ROH 239 O\‘ /c‘)\)k
- + + +
naphthyl [©) Solvent o OH o naphthyl OH naphthyl
2.28¢c A W 2.40 2.41
naphthyl OR
2.39'

2.28c ROH [2.28c] Reaction Temp. Yool Yrmol Yomol  Pomol
Entry  ROH (quiv) (equiv) (g/1) time(min) OVeM (°C)  2.28c 2.39+239 240 2.41
100 50 28 5 17
110 13 46 7 34
120 0 50 7 43
1 EtOH 1 0.67 1 10 MeCN 130 0 18 6 46
140 0 39 6 55
150 0 28 5 67
90 78 8 3 11
100 52 14 5 29
110 14 23 8 55
2 EtOH 1 0.25 1 10 MeCN 120 0 24 8 68
130 0 22 7 71
140 0 17 6 77
150 0 11 5 84
90 79 11 2 8
100 50 26 6 18
110 13 44 9 34
3 EtOH 1 0.67 0.5 10 MeCN 120 0 45 10 45
130 0 41 9 50
140 0 34 9 57
150 0 26 8 66
90 81 5 4 10
100 50 15 9 26
110 15 24 13 48
4 t-BuOH 1 0.67 1 10 MeCN 120 0 25 14 61
130 0 14 12 74
140 0 6 12 82
150 0 0 10 90
110 14 63 14 9
120 0 72 15 13
5 t-BuOH 1 5 1 10 MeCN 130 0 63 20 17
140 0 49 24 27
90 68 0 20 12
100 38 0 45 17
110 6 0 68 26
6 EtOH 1 0.67 1 10 DMSO-d6 120 0 0 70 30
130 0 0 70 30
140 0 0 71 29
150 0 0 75 25
90 70 0 17 13
100 39 0 37 24
110 7 0 60 33
7 t-BuOH 1 0.67 1 10 DMSO-d6 120 0 0 66 34
130 0 0 69 31
140 0 0 69 31
150 0 0 65 35
90 68 29 0 3
100 42 50 0 8
110 13 67 0 20
8 IPA 1 0.67 1 10 toluene 120 1 69 0 30
130 0 65 0 35
140 0 58 0 42
150 0 49 0 51
110 9 49 0 42
120 0 40 0 60
9 t-BuOH 1 0.67 1 10 toluene 130 0 25 0 75
140 0 14 0 86
10 0 61 0 39
10 t-BuOH 1 1 1 20 toluene 120 0 48 0 5o
11 t-BuOH 1 1 4 20 toluene 120 0 82 0 18
10 0 89 0 11
12 t-BuOH 1 1 8 0 toluene 120 0 88 0 12
13 t-BuOH 1 1 24 10 toluene 120 0 94 0 6
2 110 12 85 0 3

14 1 1 24 10 toluene
- 120 0 97 0 3

Table 2.6: Optimisation of the trapping of the acylketene with various alcohols.
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naphthyl
2.39¢' 3

O O O
naphthylwo
2.39¢c 454ppm 389 ppm

naphthyl X
2.41

Figure 2.2: Example of the 'H NMR used for the calcc:"I:ER(;: of the %, of each compound (Table 2.6, entry 14).
By comparing entries 1 to 5 (10 min reaction time, MeCN), an increase in the amount
of alcohol ROH (EtOH or t-BuOH) increased the amount of desired products 2.39 and 2.39’
while decreasing the amount of decarboxylated product 2.41. With 5 equivalents of alcohol
(entry 5), the %, of 2.39 and 2.39’ was maximum (72%,,,). However, due to the high value
and difficult synthesis of alcohol 2.21, it will not be possible to exceed 1 equivalent in the
target synthesis of epicocconone analogues. The decrease of the concentration of 2.28c from 1
to 0.5 g/L (entry 1 vs. 3) did not induce positive results. For entries 1 to 5, the optimum
temperature was about 120 °C (100% conversion and highest amount of desired products 2.39
and 2.39’).
The use of a more polar solvent (DMSO) was not convincing because products 2.39 and 2.39’
were not obtained. The §-lactone compound 2.40 was the main product (entries 6 and 7).
Using toluene as solvent was promising because the amount of desired products increased
(entry 9 vs. 4) and the intramolecular trapping reaction to form 2.40 did not occur. An increase
of the amount of alcohol up to 1 equivalent and an increased concentration of 2.28c from 1 to
24 g/L with a reaction time of 10 min (entries 9 to 13) gave promising results with low
formation of 2.41.
Finally, using the previous optimised conditions, the trapping of the acylketene was performed
with 3-hydroxy-3-methylbutan-2-one (2.25) as alcohol (entry 14). Indeed, the structures of this
tertiary alcohol and alcohol 2.21 used in the synthesis of the epicocconone analogues are very
close. A large amount of 2.39 and 2.39’ were obtained (97%,.) with low formation of 2.41

(3%me1) and no formation of the &-lactone product 2.40.

2.3.2.2 Optimisation of the Knoevenagel condensation - Model reaction
As a first attempt, the flow acylfuranonization with pre-mixing of the reaction mixture
containing 1,3-dioxin-4-one 2.28c, alcohol 2.25 and triethylamine was performed. The

optimised conditions described previously (Table 2.6, entry 14) with dry toluene and addition
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of 1.1 equivalent of Et;N were used for the preparation of this reaction mixture. A 5 mL plug of
this solution was injected into the flow set-up (Figure 2.3). At the exit of the reactor, the media
was collected, the solvent was evaporated under reduced pressure and the crude mixture was
analysed by NMR spectroscopy. Only 11%,,, of the desired products 2.30c and 2.30c’ were
obtained. However, a large amount of the 6-lactone product 2.40 (85%,,,) was observed

(Scheme 2.9).

Mixture of _ 5 mLsample loop BPR
2.28¢c, 2.25 l

and Et;N in é é é é
toluene Waste
collection
Stock 10mL
Solvent S5 Reactor Reaction mixture
(toluene) collection - NMR

analysis

Figure 2.3: Flow set-up for the acylfuranonization with pre-mixing of 2.28¢, 2.25 and Et;N.

O

)H( naphthyl \ o)
N 2.251 OH 2.30¢ o

O O © (1 equiv.) o M
e + +
W i § \ naphthyl X
naphthyl O Et3N (1.1 equiv.) S
Toluene naphthyl OH
2.40 2.41

C=24glL  228c 120°C,10min  naphthyl

85%mol 4%mol

1 1%mol

Scheme 2.9: Acylfuranonization with pre-mixing of 2.28c, 2.25 and Et;N.

Due to these poor results (Scheme 2.9) and as explained previously, it was decided to try the
same reaction in two successive steps (Table 2.7) in order to avoid the formation of the

6-lactone compound 2.40 as the main product:

1* step: fragmentation in flow of the 1,3-dioxin-4-one 2.28c and trapping of the acylketene by

alcohol 2.25.

2" step: Knoevenagel condensation in flow or batch.

Mixture of — 5 mL sample loop BPR
2.28c and l

2.25in é é é é

toluene

Waste
collection

10 mL
Stock SS Reactor
toluene

Reaction mixture
poured in a solution
of Et,N in toluene

Figure 2.4: Flow set-up for the optimisation of the two-step process (Table 2.7, entries 2, 3 and 4).
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O

0O O O

PN

)H( naphthy! naphthyl
OH 2.39¢c naphthyl \
O O O  225(1equiv.) . o) Et3N (1.1 equiv.) 2.30c
naphthyl WO 15t step O OH O 2nd step
2.28¢ (1 equiv.) 10 min, 120 chaphthyI o toluene
[C] = 24 gIL toluene flow or batch naphthyl \
flow 2.39¢’ #Y naphthyl
o 2.30c" M
2" step (Knoevenagel condensation)
Entry® Et;N Solvent RT® Temperature Yomol %mol (yield) Yormol Yomol
(equiv.) (min) (°C) 2.39c +2.39¢ 2.30c +2.30¢’ 2.40 2.41
30 0 96 0 4
60 96 0 4
80 0 96 0 4
1° 1.1 toluene 10 100 0 91 3 6
120 0 76 8 16
140 0 54 9 37
160 0 52 6 42
15 30 41 51 0 8
2 1.1 toluene 30 30 0 91 0 9
60 30 0 91 0 9
¢ 11 toluene 15 70 0 93 0 7
d 11 toluene 15 90 0 93 (94%) 2 5

Table 2.7: The optimised two-step process - model reaction.
1% step (ketene formation and trapping with 2.25) performed in flow: Injection of a 5 mL plug of a mixture of 2.28c
and 2.25 in toluene at the indicated conditions. ® Reaction Time. ¢ 2™ step performed in flow: Addition of Et;N to the
collected crude mixture dissolved in 40 mL of toluene. For each selected temperature, injection of a 5 mL plug of
this solution. NMR analysis in DMSO-d6 (%c)- dpnd step performed in batch: the crude mixture was poured into a
20 mL solution of Et3N in toluene and left to stir at the indicated conditions. NMR analysis in DMSO-d6 (%mo)-

vosie)
o OH o OH O ) “;Im
o z 3
naphthyl o naphthylM o '
.30c’ 2.4
2.47 ppm - o o o

naphthyl \ o)
‘ 690 ppm 2.30c
naphthyl

2.40 N

u2008)

u10(m)

240

wz(m) y

g5

S —

=2 f—n;

=S -

®
o \—

3 s f 2
S [tia

1
288 100 003 005 021
— 1 y

-
s L
_EtF
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85 1) 75 70 05 1) 55 ) a5 ) 2 30
Chemeal Shif (ppm)

Figure 2.5: Example of the "H NMR used for the calculation of the %mol Of €ach compound (Table 2.7, entry 4).

Table 2.7 describes the results obtained during the optimisation of the two-step
process: trapping of the acylketene by alcohol 2.25 (1% step) followed by Knoevenagel
condensation (2™ step). For the trapping step by alcohol 2.25, the previous optimised
conditions were kept (Table 2.6, entry 14).

The first attempt of this two-step process (entry 1) was fully performed with the flow
machine. The Knoevenagel reaction gave the best results for temperatures between 30 and
80 °C (96%me of products 2.30c and 2.30c¢’). No 6-lactone product 2.40 was observed. However,

these two reactions were not run in sequence (isolation of 2.39c and 2.39¢’ in the middle of
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the process) and the experimental time was long. In order to cut this time down, we could
have tested the sequential reactions in flow but we decided to try the 1 step in flow and the
2" in batch (simple set-up). For this purpose, a solution of 1,3-dioxin-4-one 2.28c with alcohol
2.25 was injected into the flow machine and at the exit of the reactor, the reaction mixture
was poured in a solution containing EtsN (entries 2-4). Good results were observed for a
Knoevenagel condensation performed at 30 °C and for a reaction time between 30 and 60 min
(91%,0; Of products 2.30c and 2.30c’, no 6-lactone product 2.40) (entry 2). An increase of the
temperature to 70 °C (entry 3) or 90 °C (entry 4) with a decrease of the reaction time to 15 min
gave similar results (93% of products 2.30c and 2.30c’). For entry 4, 2.30c and 2.30c’ were
isolated in 94% yield (over 2 steps) with a ratio 2.30c/2.30c’ = 10/90. Due to the low amount of
compounds 2.40 and 2.41 formed in these conditions, no purification was performed at the

end of this model reaction.

The optimised conditions found for the model reaction (Table 2.7, entry 4) were then
applied to the synthesis of the 2™ generation epicocconone analogues using 1,3-dioxin-4-one

2.28c and alcohol 2.21.

2.3.3 Application of the optimised conditions to the synthesis of 2™ generation

epicocconone analogues
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OH ©O 2.41
AN 2.37¢Q o

naphthyl
2.41

1% step (trapping step)’ 2" step (Knoevenagel condensation)

Entry 2.28c 221 [2.28¢] solvent RT® Temp. %mol (yield) EtsN  RT° Temp. %mol (yield)
(equiv.) (equiv.) (g/L) (min) (°C)  2.39d 2.40 2.41 |(equiv.) (min) (°C) 2.39d 2.20c 2.37c 2.40 2.41
1° 1 1 5 toluene 10 120 50 11 39 1.1 30 25 13 20 16 11 40
21 1 12 tol.l/}chm 10 120 54 9 37 1.1 45 60 15 16 19 9 41
3¢ 1 09 24 toluene 10 120 83 /17 1.1 960 60 0 39(13%) 40 /[ 21
4° 1 0.5 24  toluene 10 120 52(61%) 19 29 / / / / / / / /

Table 2.8: The optimised two-step process - target reaction.
?1* step performed in flow: Injection of a plug (1, 2 or 5 mL) of a mixture of 2.28c and 2.21 in toluene at the
indicated conditions. NMR analysis (%mo and yield). ®Reaction Time. © 2" step: Addition of EtzN in the NMR tube
containing the crude mixture. NMR analysis (%) 4 step performed in batch: the collected reaction mixture was
poured into a 5 mL solution of Et3N in toluene and left to stir at the indicated conditions. NMR analysis (%,,; and
yield). © Step performed in flow at the indicated conditions. NMR analysis (%o and yield). "When the NMR analysis
was run in CDCl;, 2.40 was not observed (not soluble).
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Figure 2.6: Flow set-up for the optimisation of the two-step process (Table 2.8, entries 2, 3 and 4).

Table 2.8 describes the different results obtained during the optimisation of the two-
step process: trapping of the acylketene by alcohol 2.21 (1% step) followed by Knoevenagel
condensation (2™ step). In the different attempts (entries 1 to 4), some minor unknown
impurities observed on the *H NMR spectra were not considered in the molecular percentage
calculations. As a first attempt (entry 1), the optimised conditions found for the model reaction
(Table 2.6, entry 14) could not be applied due to the low solubility of alcohol 2.21 in toluene.
Therefore, the initial concentration of 1,3-dioxin-4-one 2.28c was decreased to 5 g/L. At the
end of the first step, 1,3-dioxin-4-one 2.28c was totally converted but alcohol 2.21 was still
observed from NMR analysis (Ratio integration 'H NMR: 2.21/2.39d = 0.77). After the
Knoevenagel condensation (2™ step), the crude NMR highlighted a mixture of compounds
2.39d, 2.20c (20%,01), 2.37c, 2.40, 2.41 and few other unknown impurities. In these conditions,
the decarboxylated compound 2.41 was the main product (40%mo)-

During the model reaction studies, it was noticed that the increase of the initial
concentration of 1,3-dioxin-4-one decreased the formation of the decarboxylated compound
(Table 2.6, entries 10, 11, 12 and 13). Therefore, using a mixture of toluene and DCM as
solvent, the initial concentration of 1,3-dioxin-4-one 2.28c was increased to 12 g/L with a good
solubility of alcohol 2.21 (entry 2). With the same 1% step reaction time (10 min), alcohol 2.21
was still observed from NMR analysis performed at the end of the trapping reaction (Ratio
integration "H NMR: 2.21/2.39d = 1). Moreover, similar molecular percentages were obtained
after the 2™ step even for a longer reaction time and higher temperature (entry 1 vs. 2).

In order to avoid the collection of unreacted alcohol 2.21 at the end of the first step,
its initial amount was decreased from 1 to 0.9 equivalents (entry 3). The initial concentration
of 1,3-dioxin-4-one 2.28c was increased to 24 g/L. With these experimental conditions, the
reaction mixture was turbid but the attempt was performed. During the flow reaction (1% step),
the pressure of the Vapourtec platform was very high (turbid plug) but we managed to collect
the crude product at the exit of the reactor. At the end of this 1* step, the amount of alcohol
2.21 was lower (Ratio integration 'H NMR: 2.21/2.39d = 0.38). Then, after 960 min at 60 °C,

the Knoevenagel reaction (2™ step) was complete. An NMR analysis of the crude mixture
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highlighted both isomers 2.20c and 2.37c in similar amount (39%,,, vs. 40%,,). However, the
amount of decarboxylated compound 2.41 decreased (21%,,,) due to the initial higher
concentration of dioxinone 2.28c. The crude mixture was then purified and compound 2.20c
was isolated in 13% yield.

For entry 4, the amount of alcohol 2.21 was decreased to 0.5 equivalents to avoid its
collection at the end of the trapping step. However, under these conditions, a large amount of
compound 2.40 was formed due to the excess of 1,3-dioxin-4-one 2.28c. Moreover, owing to
the poor solubility of 2.40 in toluene, blockages occurred in the flow reactor. The use of MeCN
instead of toluene as stock solvent enabled the solubilisation of 2.40 and the collection of the
reaction mixture. At the end of the trapping step, the NMR analysis still highlighted alcohol
2.21 (Ratio integration "H NMR 2.21/2.39d = 0.19) and enabled the calculation of the yield by
addition of an internal standard (NMR yield = 61%).

Due to various issues encountered during the optimisation of the two-step process
using alcohol 2.21 (low solubility of alcohol 2.21 in toluene, blockage due to the formation of
the insoluble compound 2.40 in toluene), no improvements were performed in the synthesis in
flow of the 2™ generation epicocconone analogues compared to the batch results. Indeed, our
best yield in flow for the synthesis of 2.20c was 13% (Table 2.8, entry 3) whereas the best yield
in batch was 26% (Table 2.5, entry 3).

During our optimisation studies, the Franck research group tried this two-step process
in batch starting from the unprotected 1,3-dioxin-4-one 2.28 and by adding first the alcohol
and then the triethylamine. By this procedure, they managed to increase their previous yields

(Table 2.5 vs. Table 2.9).

2.28 2.42
Entry® Ar 2.20 (Yield) 2.37 (Yield)
1 phenyl 2.20a (35%) 2.37a (0%)
2 2-naphthyl 2.20c (33%) 2.37c (0%)
3 p-methoxyphenyl 2.20d (30%) 2.37d (0%)
4 6-chloro-3-pyridyl 2.20e (27%) 2.37e (0%)

Table 2.9: Synthesis of second generation epicocconone analogues.29
® One-pot reaction with 2 successive steps. 1% step: 2.28 (1 equiv.), 2.21 (0.67 equiv.), molecular sieves (4 A),
toluene at 110 °C during 20 min. 2" step: addition of Et;N (1.33 equiv.), toluene at 110 °C during 1 h.
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2.3.4 Towards the total synthesis of epicocconone

Epicocconone is a natural product isolated from the fungus Epicoccum nigrum®® and no
total syntheses have been developed so far. For this reason, using the same key reactions as
described in the synthesis of the 1% and 2 generation analogues, the following retrosynthesis

(Scheme 2.10) could be a possible pathway to form this natural product.

>< enolization ><

o Acylfuranonization o 0o 0 addition o ©O
epicocconone RTINS :> MO
217 2.43 2.38

HO—

Scheme 2.10: Retrosynthetic route towards the synthesis of the epicocconone.

Epicocconone can be obtained by trapping of an acylketene, prepared by thermolysis
of 2.43, with the corresponding alcohol and followed by an intramolecular Knoevenagel
condensation. Then, 2.43 can be synthesised by the direct functionalization of the lithium

enolate derived from the commercially available 1,3-dioxin-4-one 2.38 (Scheme 2.10).

The introduction of the ‘keto triene’ group on 1,3-dioxin-4-one 2.43 (Scheme 2.10) was
more difficult than the ‘keto naphtalene’ highlighted on 1,3-dioxin-4-one 2.28c, precursor of
2" generation epicocconone analogues. Indeed, the major issue was the low photostability of
the heptatriene chain.?®*°

The following 4 steps were performed in batch for the synthesis of the ‘keto triene
dioxinone’ 2.43 (Scheme 2.11). First, ethyl octa-2,4,6-trienoate (2.45) was obtained in 94%
yield from sorbaldehyde (2.44) via a Wittig-Horner reaction with phosphonoacetate. Then, the
carboxylic acid 2.46 was prepared in 60% yield after hydrolysis of 2.45. Two different routes
were then investigated to form 1,3-dioxin-4-one 2.43. In a first attempt, the Weinreb amide
2.47 was synthesised in good yield (90%) but the formation of 1,3-dioxin-4-one 2.43 from this
amide was not possible. The other route was to prepare and condense the acyl chloride 2.48
with the lithium enolate of commercially available 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38).
Following this route, 1,3-dioxin-4-one 2.43 was isolated in 22% yield. The final steps would be
the trapping of the acylketene, obtained with the thermolysis of 2.43, by the mono-protected
alcohol 2.49, followed by the Knoevenagel condensation and the deprotection of the primary
alcohol. However, alcohol 2.49 has not been synthesised yet by the Franck research group.
Indeed, the diastereoselectivity obtained during the oxidative dearomatisation reaction®® did

not match with the natural product. The development of a diastereoselective oxidative
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dearomatisation reaction to form alcohol 2.49 with the right stereochemistry is currently in

progress in the Franck research group.

3o

N\ :P\\ [e) (@)

O [e) 1) NaOH, ethanol w
VO T 20 NN OH
2.44 t+BuOK 2.45 04%  2)HCI H0 2.46 60%
toluene
1) (COCI),
DMF (COCl),
DMF
o)
WC|
2.48 93%
M,
1) s
" o4
.24 .
2) EtsN 243 22%
3) TBAF, AcOH, THF ratio keto/enol: 100/0

Scheme 2.11: Towards the synthesis of epicocconone.

Instead of using alcohol 2.49, preliminary flow thermolyses of 2.43 followed by
trapping of the acylketene with simpler alcohols were performed (Schemes 2.12 and 2.13).

First of all, the thermolysis of 1,3-dioxin-4-one 2.43 was performed in the presence of
ethanol (Scheme 2.12) using the same optimised conditions as Table 2.7, entry 4 (Injection into
the flow machine of a 1 mL plug of a mixture of 2.43 and EtOH in dry toluene with the
indicated conditions). At the exit of the reactor, the reaction mixture was collected, the solvent
was evaporated under reduced pressure and the 'H NMR (DMSO-d6) of the reaction mixture
identifies compound 2.50 as the main tautomer with some impurities (probably the
intramolecular trapping product and the decarboxylated product due to the small amount of

water in the media). However, product 2.50 could not be isolated in pure state.

1.80 ppm (d, J = 6.8 Hz, 3H)
O O © EtOH (1 equiv.) ( O OH O S 4.10 ppm (q, J = 7.2 Hz, 2H)

= —
IR PPN e ]

NTRTON O toluene, 120 °C, 10 min ~ \——— — 1.19 ppm (t, J = 7.2 Hz, 3H)
C=249L 2.43 2.50  5.80-7.40 ppm 3.53 ppm (s, 2H)

Scheme 2.12: Towards the synthesis of epicocconone.

25



In the same way, the trapping of the acylketene, prepared from the thermolysis of
2.43, with 3-hydroxy-3-methylbutan-2-one (2.25) followed by the Knoevenagel condensation
(Scheme 2.13) was performed using the same optimised conditions as Table 2.7, entry 4 (1*
step: Injection into the flow machine of a 1 mL plug of a mixture of 2.35 and alcohol 2.25 in dry
toluene with the indicated conditions. 2™ step: At the exit of the flow reactor, the reaction
mixture was poured into a 10 mL solution of Et;N in dry toluene. The media was left to stir at
the indicated time and temperature). At the end of the 2m step, the solvent was evaporated
under reduced pressure and the 'H NMR (DMSO-d6) of the reaction mixture identifies
compound 2.51 with some impurities (probably the intramolecular trapping product and the
decarboxylated product due to the small amount of water in the media). However, product

2.51 could not be isolated in a pure state.

(o]
1) )H( (1 equiv.)
1.81 ppm (d, J = 6.6 Hz, 3H)
Y4 2.25 | O
(e} (0] O (@] OH o

/\/\/\)J\/KA toluene, 120 °C, 10 min
N X N0

2) EtN (1.1 equiv.) i
C=24g/L 2.43 toluene, 90 °C, 15 min 2.5 5.80-7.40 ppm

‘) k
2.41 ppm (s, 3H) 1.45 ppm (s, 6H)

Scheme 2.13: Towards the synthesis of epicocconone.

These results are promising towards the total synthesis of epicocconone. Once alcohol 2.49
will be synthesised by the Franck research group at the University of Rouen, attempts and

optimisations based on this model reaction conditions (Scheme 2.13) would be investigated.

To sum up, promising results were obtained on the preliminary optimisation
experiments towards the synthesis of 2 generation epicocconone analogues. Indeed, over 2
successive steps, compounds 2.30c and 2.30c’ were obtained in 94% vyield. However, the
application of these optimised conditions on the target reaction between compounds 2.28c
and 2.21 was not possible due to solubility issues. For this flow synthesis, 13% was the best
yield optained. No improvement was performed compared to the batch one (33%).

Towards the total synthesis of epicocconone, complementary investigations will have to be
undertaken between dioxinone 2.43 and first the model alcohol 2.25, and finally the target

alcohol 2.49.
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3 Chapter 3: In situ generation of isocyanides,
indispensable building blocks of multi-component

reactions (MCRs)

Isocyanides, organic compounds bearing the functional group -NC, belong to an intriguing
family in organic chemistry. Indeed, the versatile reactivity of the carbon atom which is able to
act as a nucleophile or an electrophile®* has been widely developed in many different multi-
component reactions (MCRs). These useful and high atom efficiency reactions combine
multiple reagents in one-pot to form a new product where most of the starting atoms are
involved. The Ugi reaction (Scheme 3.1) is one of the most common multi-component
reactions with high atom economy as it involves four different reagents to form the desired

bis-amide and water.

0 OH Bs 9
I+ g« 0=( + o —— K N%N,R5
R" "R? R 4 -H,0 T2 H
R 2 o R'R
31 3.2 3.3 3.4 3.5

Scheme 3.1: 2 The Ugi reaction.

3.1 Introduction to isocyanides
3.1.1 Properties of isocyanides

In spite of the significant potential of isocyanide chemistry, the very unpleasant odour
and toxicity were probably the main reasons of the underdevelopment during many years.*
However, with the recent advances in continuous flow processes, these major limitations are
controlled with these closed systems and new explorations of isocyanide chemistry can be

performed.

Like the carbon monoxide functional group, isocyanides can be described by two
resonance forms, one with a carbon-nitrogen triple bond and a formal positive charge on the
nitrogen and a formal negative charge on the carbon, and one with a carbon-nitrogen double

bond with a carbenic structure (Scheme 3.2).

R-N=C: <> R-N=C:
:O+EC_: - ::(_):C:

Scheme 3.2: Two resonance forms of isocyanides and carbon monoxide.

Carbon-nitrogen bonds of isocyanides exhibit sharp signals in the IR spectra at

approximately 2110-2165 cm™,? which is similar to carbon monoxide (about 2140 cm™).
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3.1.2 General preparations of isocyanides

Due to their unique reactivity in MCRs, isocyanides represent an important category of
monomers and they have become ideal targets for synthesis.

The first preparation of an isocyanide was performed by Lieke in 1859.%” This reaction
involved ally iodide (3.6) and silver cyanide to form allyl isocyanide (3.7) (Scheme 3.3) although
he thought at that time that the product was a cyanide.

| AgCN NG
N - > P e

3.6 3.7
Scheme 3.3: First isocyanide preparation.

The development of classical isocyanide syntheses was then performed by Gautier®®
and Hofmann in 1867.%° Then, for about a century, synthesis of isocyanides was investigated in
moderation especially due to the very unpleasant and piercing odour (about 10 isocyanide
syntheses were developed between 1867 and 1958).*

New perspectives in the synthesis of isocyanides began in 1958 with the development
of a new methodology: the formylation of primary amines 3.8 followed by dehydration of the
formamide 3.9 (Scheme 3.4). For the formylation step, various reagents such as alkyl
formates®® or formic acid** can be employed. Then, several dehydration methods are available,
the most convenient being a combination of POCl; and trimethylamine,** a combination of
triphenylphosphine, carbon tetrachloride and trimethylamine,*”* p-tosyl chloride or the
Burgess’s reagent.** Other reagents have been reported to dehydrate formamides including

46

triflic anhydride,” cyanuric chloride,*® chlorophosphates,*” diphosgene® and triphosgene.*

Today, the dehydration of formamides is the most common reaction for the synthesis of

isocyanides.
formylation H dehydration
_NH
N2 —————~ N0 r-NC
3.8 3.9 3.10

Scheme 3.4: Synthesis of isocyanides 3.10 from primary amines 3.8.

The Hofmann carbylamine reaction’® using phase transfer catalysis is another process
for the synthesis of isocyanides 3.12 (Scheme 3.5). However, this reaction encountered

limitations due to the low yields and experimental difficulties.

_NH, CHXsbase ¢
R —
BnN(Et);Cl

3.11 nN(Et)s 3.12

Scheme 3.5: The Hofmann carbylamine reaction.
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Another route to the synthesis of isocyanides has been recently described starting
from benzylic or tertiary alcohols.’® This one-pot synthesis involved the following three steps:
The modified Ritter reaction with trimethylsilyl cyanide and acid, the neutralization with base
and the dehydration with tosyl chloride and pyridine to lead to the corresponding isocyanide

(Scheme 3.6).

OH NC

1) TMSCN, acid
_— .
2) base

3) pyridine, TsCl

3.13 3.14

Scheme 3.6: One-pot synthesis of isocyanide 3.14 from adamantan-1-ol (3.13).

The ring opening-reaction of oxazoles 3.15 described by Pirrung et al.>* provides

another methodology for the synthesis of unsaturated isocyanides 3.16 (Scheme 3.7).

R' R?

R! N\7 1) n-BulLi : i o
10 2) R¥cOCI cN o4
R2 R3

3.15 3.16

Scheme 3.7: Synthesis of unsaturated isocyanides 3.16.

Ley et al.>® have developed the solid-supported phosphine 3.18 which generates
primary, secondary and tertiary alkyl isocyanides 3.19 by reduction of isothiocyanates 3.17

(Scheme 3.8).

Ph
P
oy
3.18
R—NCS - R—-NC
microwave
3.17 140 °C 3.19

Scheme 3.8: Synthesis of isocyanides 3.19 from isothiocyanate 3.17.

Other methods developed by Gassman®® and Barton®® enable the generation of

B-hydroxy isocyanides and vinyl isocyanides.

3.1.3 Isocyanides in MCRs
A MCR is a combination of 3 or more reagents in one-pot to form a new product where
most of the atoms are involved. Great interest in this kind of reaction derives from the atom

economy and the low generation of waste. Isocyanides are able to react either as nucleophiles
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or as electrophiles, and this versatile property makes this functional group the most widely
used in MCRs. For example, the multi-component Passerini and Ugi reactions are initiated with
the reaction of the isocyanide with an electrophile through the terminal carbon. In turn, this

generates an electrophile which can be finally trapped by a nucleophile.

+_H
2. L i
+ _—
R" "R2 R¥ "OH . coo R1J\R2
3.20 3.21 3
- OH
6/H/\ﬁ+ R1
| _ = S
R1J\R2 ' R4 R? \NtR“
3.22
it
R¥ SO
R3
O RIRE, A
, yYN\ \ (oo
R SO R ~ L SoH
o)
3.23 R* R'R?

Scheme 3.9: Mechanism of the Passerini reaction.

The Passerini three-component reaction (Scheme 3.9) involves an aldehyde or a
ketone 3.20, a carboxylic acid 3.21 and an isocyanide 3.22 to form a a-acyloxy amine 3.23 with
excellent atom economy as all atoms are incorporated in the final product. This reaction,
discovered in 1921,>® has been widely used especially in the formation of peptidomimetic

compounds.>’

o RS
NH
+ 3 2
R1J]\R2 R -Hgo R‘IJ\RZ
31 3.2
R3 OH R+
h\l\ . o= 4 NH
R1 R2 R4 -R*COO R1 R2
3.3
R®
R%KIH N O
I, on® ST
R1 R2 CN R4COO_ R3 (@) R4
. 34 R' R?
H
R®
by NJ o R O
N, - +~ RN _R®

R® 0"} R hig N
3.5

Scheme 3.10: Mechanism of the Ugi reaction.
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The Ugi four-component reaction (Scheme 3.10), first reported in 1959,°® involves an
aldehyde or a ketone 3.1, an amine 3.2, a carboxylic acid 3.3 and an isocyanide 3.4 to form a
bis(amide) 3.5. As with the Passerini reaction, a new stereocentre is generated and the

reaction is atom economical. This reaction has been widely used in peptide synthesis.”

3.1.4 Reaction of isocyanides in continuous flow process

Using a mesofluidic flow reactor, Ley et al.?® synthesised a variety of 4,5-disubstituted
oxazoles 3.24 from the reaction between isocyanide 3.25 and acid chloride 3.26 (Figure 3.1).
Both reagents were injected through the flow reactor. The solid-supported base 3.27
contained in the first column enabled the base-catalysed intramolecular cyclisation. Finally, the
second post-reactor column containing a primary amine-functionalized resin enabled the
efficient clean-up sequence (scavenged the unreacted acid chloride). With this system, a

library of 36 different oxazoles in yields between 83 and 99% were synthesised.

0
R1JI\CI 50 °C
3.26 o)
Q) —=-emm—(er-em ) [ e
BWGT\ EWG 324

o > "NH,
c AN Q
3.25 \P// 83-99%
9 1)
3.27

Figure 3.1: Flow synthesis of 4,5-disubstituted oxazoles 3.24 from isocyanides 3.25 and acids chloride 3.26.

Organ et al.®

investigated under MACOS conditions (microwave-assisted continuous
flow organic synthesis) the formation of tetra substituted furans from DMAD (3.28),
substituted benzaldehyde (e.g. 4-nitrobenzaldehyde (3.29)) and cyclohexyl isocyanide (3.30).

In the example described in Figure 3.2, the resulting substituted furan 3.31 was isolated in 79%

yield.
MeO,C—==—CO,Me —
3.28
MACOS Q
0 N@CHO ON
3.29 irradiation b
MeO,C  CO,Me

<:>7N§d ] 331 79%

3.30

Figure 3.2: Synthesis under MACOS conditions of tetra substituted furan 3.31.
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3.1.5 Generation and reaction of isocyanides in continuous flow process

The in situ generation of isocyanides in a continuous flow process has recently been
developed by Kim et al.®?> With this system, the rapid formation of the desired Passerini or Ugi
product thanks to the cascade generation, extraction, separation and reaction of isocyanides
and the low exposure to its extremely unpleasant odour are the main advantages.

For this study, the dehydration of N-substituted formamides was used as a model
reaction for the in situ generation of isocyanides which were then engaged in a continuous-
flow Passerini or Ugi multi-component reaction. For this purpose, an amide and
diisopropylethylamine (DIPEA) were injected into the flow reactor at the same time as a
solution of POCl;in toluene. After a residence time of 6 min at room temperature and by using
ultrasound to avoid the precipitation of insoluble salts, the dehydration of the amide was
achieved. The injection of water to the reaction mixture enabled the solubilisation of
unwanted salts and the resulting aqueous layer was removed. The purified solution of
isocyanide was then engaged in MCRs including Passerini and Ugi reactions. Bis(amide) Ugi

products 3.32 were obtained in around 80% yield (Figure 3.3).

H
R N. -0
in DIPEA
aq. waste
R-NC
. P?Cls ultrasound I?:Fl)i/rl;lglrd
in toluene 25 °C, 25 min RZ O
H,O —— I
2 R2-NH, O)))))) Ri[rNj)J\N,m
o r* H
R3-COOH ultrasound 3.32  76-88%

+

R*-CHO

Figure 3.3: In situ generation, extraction, separation and reaction of isocyanides to synthesise bis(amide) Ugi
products 3.32.

Passerini and Ugi reactions have been widely used in the synthesis of peptidomimetic
scaffolds. In this context, Kappe et al.®® employed the in situ generation of isocyanides in
continuous flow process for the synthesis of peptoids via the Ugi four-component reaction
(Figure 3.4).

Based on the similar reaction as described by Kim et al., 3.33 and the dehydrating Burgess
reagent were mixed for the in situ formation of isocyanides. The stream was mixed with
paraformaldehyde, tert-butylamine and the outcome of the azide formation (reaction between
3.34 + TBAA). After 5 min of reaction time, the Ugi reaction yielded the bis(amide) 3.35 in 80%

yield before the macrocyclisation.
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Figure 3.4: In situ generation and reaction of isocyanides to synthesise linear peptidomimetic scaffolds 3.35 via a
Ugi reaction.

3.2 Results and discussions
3.2.1 Preliminary studies on a possible alternative in situ generation of isocyanides in
continuous flow process
In situ generation of isocyanides under continuous flow conditions have been
successfully performed using the dehydration of N-substituted formamides.®*®® However, the
generation of waste due to the use of dehydrating reagents can be an issue in sequential flow
reactions as they can interact later on with other reagents or induce solubility problems in the
case of salt formation. For this reason, we decided to study an alternative way for the in situ
generation of isocyanides in continuous flow process using thermal fragmentations with

formation of inert waste such as benzene or cyclohexadiene.

It has been demonstrated that bicyclo[2.2.1]hepta-2,5-dien-7-one (3.36) fragments
even at temperatures below ambient to form benzene and carbon monoxide (Scheme 3.11).%*
These bonds are ruptured because the product formed, the benzene, is a very stable aromatic

structure.

N A<rt. +
/ %7 EE—— MY,
3.36

Scheme 3.11: fragmentation of bicyclo[2.2.1]hepta-2,5-dien-7-one (3.36) to form benzene and carbon monoxide.

Based on these results, the idea was to synthesise similar compounds as 3.36 but by
replacing the carbonyl group by an imine group in order to generate isocyanides by thermal or

photochemical fragmentation.
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Preliminary DFT calculations (B3LYP/6-31G(d)) using Spartan software were performed
by Prof R. J. Whitby to determine the energy required for the fragmentation of the model
ketones 3.36 and 3.37, and the model imines 3.38a and 3.39a. They were compared to the

experimental values (Table 3.1).

Theoretical values (DFT calculation) Experimental values
Compounds E, AG* (25°C) AG' (125 °C) E, AG* (25°C) AG' (125 °C) Half-life®
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
Q -5
}? 61.4 50.1 49.1 66.9% 62.8% - 6.7x10 s
at 25°C
7 3.36
(@]
66 67 9min15s
1333 121.5 120.6 146 1339 - 3t 125 °C
3.37
/
N\ 0.4
As
108.5 97.1 96.7 - - - 1t 125 °C
/ 3.38a
/
N\ 19000
206.2 190 189.5 -- -- - years
3.39a at125°C

Table 3.1: Theoretical and experimental E, and AG' regarding the fragmentation of ketones 3.36 and 3.37, and
imines 3.38 and 3.39. ° The half-lives were calculated thanks to the theoretical value and the calculator provided on
the following website: http://www.unige.ch/sciences/chiorg/lacour/correl

The theoretical predictions obtained for ketones 3.36 and 3.37 are in accordance with
the experimental values found in the literature. Ketone 3.36 fragments spontaneously as its
half-life at 25 °C is below 1 second (6.7x107 s). This is the lowest activation energy. However, no
experimental values were found for the fragmentations of imines 3.38a and 3.39a. The DFT
calculations and the calculated half-lives highlight that the fragmentation of imine 3.38a is much

faster than 3.39a.

Having these preliminary DFT calculations, we first attempted the synthesis of imine
3.38 starting from norbornadiene (3.40) (Scheme 3.12). Then, even with a very high calculated
half-life, the synthesis of imine 3.39 was attempted starting from norbornene (3.41) (Scheme

3.13).

R
N
\
‘\ A R\ +
Ne_ |+
/ / —— \\C
3.38

3.40

Scheme 3.12: Possible synthesis of isocyanides from norbornadiene (3.40).
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Scheme 3.13: Possible synthesis of isocyanides from norbornene (3.41).

3.4

3.2.2 Norbornadiene routes: Towards the synthesis of imine 3.38
In order to synthesise imine 3.38, two different routes starting from norbornadiene
(3.40) (Schemes 3.14 and 3.15) were attempted. The formation of ketone 3.36 was avoided

during the synthesis due to its fast decomposition at room temperature.

3.2.2.1 1* Route to imine 3.38

i Dl o o ol

Kb Ph)J\o/O\’< & )J\OH io i i& o) o & o)

3.40 C“iréﬂBenze”e 3.42 17% HCIO,, 0° 343 77%  N¥ANe 344 959
ux
oTs LiAH, | ELO, r.t.
NaHCOj3 . 47 Pyridine
DMSO 3. TsCl _OH
N - --- ----
\\C
3.38 3.46  40%p, 3.45 46%
(NMR)

Scheme 3.14: Towards the synthesis of imine 3.38.

Regarding the procedure described by Story et al.,%® 7-t-butoxynorbornadiene (3.42)
was obtained via a radical reaction with t-butyl perbenzoate and norbornadiene (3.40). The
low yield obtained (17%) is in accordance with the literature (20%).®® Then, 7-norbornadienyl
acetate (3.43) was prepared in 77% yield from 3.42 in the presence of perchloric acid.®® Due to
its strong oxidizing and acidic properties, the same reaction was tried with sulphuric acid
instead. However, the yield decreased to 27%. The [2+2] reaction leading to compound 3.44
was performed using the photo flow reactor. Compared to the literature procedure performed
in batch and using a 450 W Mercury Arc lamp for 5 h,”® compound 3.44 was synthesised in 95%
yield after 28 min of irradiation with the photoflow UVC lamp (9 W). The reduction of ester
3.44 with lithium aluminium hydride led to the formation of the corresponding alcohol 3.45 in
46% yield.”* However, as reported in the literature,’® the purification of this alcohol was very

complicated even with a basic alumina column. Indeed, the purity of the product after column

35



was not better than the crude mixture (purity = 78%). Finally, a Swern reaction was tried.”* The
reaction was complete but only 40%.,, of the target compound 3.46 was obtained (*H NMR
ratio). The other main compound highlighted in the crude mixture was the 7-norbornadienol
(3.50). This crude mixture containing both compounds 3.46 and 3.50 has not been purified.
Due to this poor result, a described alternative route performing the tosylation of alcohol 3.45
followed by a DMSO-NaHCO; oxidation to form 3.46 with good vyields (80% vyield for both
steps)’* was considered. Unfortunately, after the tosylation of alcohol 3.45, the purification on
silica gel of the crude mixture, containing a mixture of 3.47, TsCl and 7-norbornadienol (3.50),
decomposed and only PTSA and TsCl were recovered in the fractions.

Due to the low vyields, the difficulties in the purification of alcohol 3.45, the difficulties in the
formation of ketone 3.46 and the remaining steps to generate imine 3.38, a possible precursor

of isocyanides, it was decided to investigate another route.

3.2.2.2 2" Route to imine 3.38

° on Ph
)\\0’0\( o—§o OH OMs
ﬁb ™ ° . MO,y ./
CuBr, Benzene Et,O Reflux MsCl -20 °C
3.40 Reflux 3.49 47% 3.50 5% : 3.51
N’R MsCI BnNH, \ y
\ -20 °C N\R
e | A7 < é&
-
C 3.38 3.52

Scheme 3.15: Towards the synthesis of imine 3.38.

According to Story et al.,®® “when benzoyl peroxide is used in place of t-butyl
perbenzoate with norbornadiene (3.40), 7-benzoxynorbornadiene (3.49) is obtained in 38%
yield”. Indeed, in this synthesis, product 3.49 was isolated in 47% yield. Compared to the 1*
Route, this first yield was much better. However, the conversion of ester 3.49 to tertiary
alcohol 3.50 using a Grignard reagent was very problematic and more particularly the
purification. In the literature,”® a distillation was performed, but this purification process was
complicated to employ on a small scale (less than 0.5 g of starting material 3.49 engaged in the
conversion). Therefore, columns were tried but neither silica nor basic alumina columns led to
pure alcohol 3.50 (best purity = 50%). According to the method of Bentley,”* the mesylation of
the impure alcohol 3.50 was investigated. After 30 min at -20 °C, the reaction was complete
and the 'H NMR of the crude mixture indicated that the 7-norbornadienyl methanesulfonate

(3.51) (3%mo) had been formed with a large amount of methanesulfonyl chloride (64%.) and
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EtsN (32%mo), and a small amount of 7-chloronorbornadiene (1%,,,). However, after standing
the NMR tube at 5 °C for 4 h, the 7-norbornadienyl methanesulfonate (3.51) disappeared
completely due to its low stability. For this reason, we decided to try the one pot mesylation of
3.50 followed by the nucleophilic substitution with the benzylamine but the desired product
3.52 was not generated.

At this time of the investigations, Routes 1 and 2 were not very promising towards the
synthesis of imine 3.38, a possible precursor of isocyanides. For this reason, even with a very
long predicted fragmentation half-life (Table 3.1), the synthesis of imine 3.39 from norbornene

(3.41) was attempted.

3.2.3 Norbornene route: Towards the synthesis of imine 3.39b

(0]
(e} (0] O~< OH
O
ib )J\OH )J\ONa CIlB {BuOK ; Swern AS
_— B ———
PdCl,, CuCl, DMSO
3.41 80 °C, 3 days 3.53 61% rt., 22h 3.54 35% 3.37 58%
NH,»
Reflux
Toluene 22h

(O
oo — b

3.55 3.39b 70%

Scheme 3.16: Towards the synthesis of imine 3.39b.

According to the literature procedure,”

norbornenol (3.54) was synthesised in two
steps. First, 2-chloro-7-acetoxynorbornane (3.53) was obtained in 61% yield by heating
norbornene (3.41) with cupric chloride, sodium acetate in glacial acetic acid and a catalytic
amount of palladium chloride. This reaction involves a nucleophilic attack of the acetate anion
on the t bond to form the B-acetoxyalkyl palladium chloride. The heterolytic cleavage to form

a carbocation followed by a rearrangement and the combination with the chlorine anion led to

the desired product 3.53 (Scheme 3.17).

‘OOCCH;, OOCCH; OOCCH;
] -Pd N
3.41 qugr cr \del cr
Cl l
OOCCH, OOCCH,
cr

-

booocH3
f

Scheme 3.17: Possible mechanism for the formation of 3.53.

3.53 ¢
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Then, using potassium tert-butoxide, 3.53 was converted into the corresponding
alcohol 3.54 in 35% yield. After a Swern oxidation of alcohol 3.54 affording the corresponding
ketone 3.37 (58%, purity = 87%), imine 3.39b was prepared in 70% vyield
(purity = 75%). However, this imine was particularly unstable because after standing our
sample at room temperature for one day, it was partially hydrolysed (22% of conversion) to
ketone 3.37 (Figure 3.5(b)). This hydrolysis was probably due to a small amount of water in the
sample and the acidity of the glassware. This mixture of 3.39b and 3.37 (*H NMR ratio imine

3.39b/ketone 3.37 = 3.51) was used for different fragmentation tests with our flow machine.
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Figure 3.5: "H NMR of (a) imine 3.39b (b) imine 3.39b and and ketone 3.37 (24 h later) due to the partial hydrolysis
(NMR ratio imine 3.39b/ketone 3.37 =1/(0.57/2) =3.51).
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Figure 3.6: IR spectra of the mixture of imine 3.39b and and ketone 3.37.
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3.2.4 Fragmentation tests

Using our Vapourtec flow platform, the access to very high temperature thanks to the
use of a back pressure regulator is possible. According the DFT calculations (Table 3.1), the
half-lives at 125 °C of imine 3.39b and ketone 3.37 are 19000 years and 9 min 15 seconds
respectively. However, these half-lives are probably lower if we perform the fragmentation at
250 °Cin toluene. The IR spectra of the initial mixture of imine 3.39b and ketone 3.37 revealed
characteristic stretching peaks at 1715 cm™ (major peak-imine) and 1776 cm™ (minor peak-
ketone) (Figure 3.6). The mixture of imine 3.39b and ketone 3.37 used for the fragmentation

tests highlighted an NMR ratio imine/ketone = 3.51 (Figure 3.5(b)).

Two different samples of a mixture of imine 3.39b and ketone 3.37 were injected into
the stainless steel flow reactor (Figure 3.7) at the indicated flow rate, temperature and
concentration (Table 3.2, entries 1 and 2). In-line IR measurements enabled the monitoring of
the reaction with the possible disappearance of characteristic stretching peaks of the imine
3.39b and ketone 3.37 (1715 and 1776 cm™ respectively) and the possible appearance of
characteristic stretching peaks of the carbon monoxide or isocyanides (in the range 2110-2165
cm™). The different recorded IR spectra were processed with BORIS software. Moreover, at the
exit of the reactor, the reaction mixture was collected, the solvent was evaporated under
reduced pressure and an NMR analysis was performed. By comparing the NMR ratio imine
3.39b/ketone 3.37 at the end of each attempt to the initial ratio (= 3.51) and by analysing the
different IR spectra, investigations can be made about the fragmentation of the mixture of

imine 3.39b and ketone 3.37.

Mixture of — 2 mL sample loop BPR
imine 3.39b l

and ketone
3.37 in toluene é é é é
Waste
collection
Stock 10 mL
SS Reactor
solvent
(toluene)
Product collection
- NMR analysis
Figure 3.7: Flow set-up for the fragmentation tests towards the formation of isocyanides.
1 .
H NMR rat
Volume sample Conc. sample Temp. reactor Flow rate Reaction . ratio IR
Entry (mL) (mg/mL) °C) (mL/min)  time (min) Imine 3.39b/ detection
& ketone 3.37
Peak at 1715 cm™
' . 2275 >0 02> 40 34 Tiny peak around 2120 cm™
T
2 0.3 76.7 250 0.25 40 46 Peak at 1715 cm

Tiny peak around 2125 cm™

Table 3.2: Reaction conditions and analytical results for the fragmentation of the mixture of 3.39b and 3.37.
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The fragmentation tests (Table 3.2, entries 1 and 2) were quickly performed after the
NMR analysis (Figure 3.5(b)) to not be disturbed by the continual hydrolysis of imine 3.39b.
As a first attempt (entry 1), a sample containing the mixture of imine 3.39b and ketone 3.37 in
toluene ([C] = 22.75 mg/mL) was injected into the flow set up (Figure 3.7) for a reaction time of
40 min and with the flow reactor heated to 250 °C. The recorded IR spectra processed with
BORIS software (OPA processing, compilation of all the spectra recorded and generation of the
estimated IR spectrum of the reaction mixture (See chapter 4 for more explanations about
BORIS software)) highlighted a characteristic peak around 1715 cm™ (imine) and a very tiny
peak at around 2120 cm™ (Figure 3.8). Regarding the NMR analysis of the reaction mixture
collected at the exit of the reactor (Figure 3.9), the resonance signals of imine 3.39b and
ketone 3.37 were still highlighted with a NMR ratio = 3.39. This ratio is similar to the initial one
(NMR ratio = 3.51) so we can assume that the signal at 2120 cm™ is a mixture of carbon

monoxide and isocyanide 3.55.
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Figure 3.8: Estimated IR spectrum of the collected reaction mixture generated using BORIS software and OPA
processing (entry 1).
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Figure 3.9: 'H NMR of the collected reaction mixture obtained with the conditions described in Entry 1
(NMR ratio imine 3.39b/ketone 3.37 = 1/(0.59/2) = 3.39).

As a second attempt (entry 2), in order to try to intensify the signal at around 2120 cm™

in the IR spectrum, the concentration of the injected sample was increased to 76.7 mg/mL and
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the other experimental conditions remained unchanged. The recorded IR spectra processed
with BORIS software highlighted a characteristic peak around 1715 cm™ (imine) and a tiny peak
at around 2125 cm™ (Figure 3.10). Regarding the NMR analysis of the reaction mixture
collected at the exit of the reactor (Figure 3.11), the resonance signals of imine 3.39b and
ketone 3.37 were still highlighted with a NMR ratio = 4.55. This ratio is higher than the initial
one (NMR ratio = 3.51) which means that the amount of ketone 3.37 decreased faster than the
amount of imine 3.39b. Therefore, the signal at 2125 cm™ is probably a mixture of carbon

monoxide and isocyanide 3.55 with a higher amount of CO.
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Figure 3.10: Estimated IR spectrum of the collected reaction mixture generated using BORIS software and OPA
processing (entry 2).
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Figure 3.11: "H NMR of the collected reaction mixture obtained with the conditions described in Entry 2
(NMR ratio imine 3.39b/ketone 3.37 = 1/(0.44/2) = 4.55).

To sum up with these two attempts, we cannot assure that we managed to generate in
situ isocyanides. Indeed, with an initial mixture of ketone 3.37 and imine 3.39b, both
fragmentations could have occurred and we cannot distinguish between the generated carbon
monoxide and isocyanide as they have similar stretching peaks in their IR spectra. The use of a
pure precursor is essential. However, the sequential reactions starting with the fragmentation
of our mixture of ketone 3.37 and imine 3.39b followed by the reaction with the Passerini or

Ugi reagents could have been a good test of the success of in situ isocyanide generation.
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With both norbornadiene and norbornene routes described for the synthesis of
isocyanide precursors, the results were not promising. Indeed, difficult purifications, volatile
products or low yields were the main drawbacks which prevent the reliable synthesis of the
target imines 3.38 and 3.39. Moreover, the instability of imine 3.39b (fast hydrolysis) was
another issue towards the in situ isocyanide generation. For these reasons, another system
employing either a thermal (e.g. Retro Diels-Alder reaction) or a photochemical fragmentation
as a key step would be interesting to study and investigate in order to develop an efficient

in-line isonitrile generation.
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4 Chapter 4: Thermolysis of 1,3-dioxin-4-ones under flow;

fast generation of kinetic data using in-line analysis

4.1 Introduction to kinetic studies

Over the last few decades, advances in research have highlighted the potential of
continuous flow processes in a wide range of chemical applications. In the context of kinetic
studies, flow chemistry provides many advantages over classical batch experiments such as the
minimisation of waste,*® the low consumption of reagents and fully automated systems for
convenient replication of experiments. Moreover, in-line analysis of the reaction mixture
enables direct monitoring of a chemical reaction and the rapid acquisition of data while
breaking the gap between the synthetic and the analytical part. Consequently, flow chemistry
with in-line monitoring turns out to be an efficient and reliable process for the acquisition of
kinetic information. Several examples using in-line analysis such as UV,”® IR,”” Raman,”
fluorescence,”” NMR,%® MS® and HPLC®? have already shown their efficiency for kinetic studies
conducted under steady-state flow conditions. In opposition, other examples using off-line
analysis (UV®® or NMR®) to perform kinetic study highlight the laborious process to collect
kinetic data. However, regarding the kinetic study conducted under steady state flow
conditions and in-line analysis, the main drawback is that each reaction time needs a different
flow rate so 25-30 individual experiments need to be conducted to carry out a complete
kinetic study. An elegant, but limited solution is to change the position of the analytical probe
along the reactor pathway to provide the reaction time information.®® A more general solution
to providing a very fast kinetic study method was described by Mozharov et al.** Using
microreactors with in-line monitoring (Raman spectroscopy), this method is based in a step-
change in flow rate to generate from a single flow experiment time-series data. The gain in
time (approximately 3-4 times faster) and the lower consumption of material are the main
advantages of this novel methodology. More recently, a similar method based on the use of a
flow rate ramp instead of a step change in flow rate between two steady states was reported
by Moore et al.® This modification was explained by the “uncertainty in the accurate
determination of residence time”®® due to the “non-instantaneous step change in flow

rates” %

However, the application of this linear-residence-time-ramp method requires specific
technology with uninterrupted flow-rate adjustment which is not possible with most of the
available flow platforms. Therefore, the method highlighted by Mozharov,** which is called the
“push-out” method in the present report, was used as a reference to develop our kinetic
studies with our mesoscale flow chemistry platform. Being widely used in the previous chapter

regarding the synthesis of analogues of epicocconone, the thermolysis of 1,3-dioxin-4-ones
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was chosen as a model reaction (Scheme 4.1) to illustrate the procedure with our Vapourtec
platform. To monitor the reactions, in-line UV and IR as well as off-line NMR analysis were

employed and the kinetic results were compared to validate the novel process.
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2.26, R' = aryl and R? = Me
4.1,R"=Me and R? = aryl

Scheme 4.1: Thermal cycloreversion of 1,3-dioxin-4-ones and acylketene trapping.

4.2 Results and discussion: Synthesis of a range of 1,3-dioxin-4-ones
In order to investigate the influence of substituent effects upon the thermolysis, a series
of 1,3-dioxin-4-ones (2.26, 4.1) with different substituents at the 2- and 6-positions (R; =

methyl, aryl + R, = methyl, aryl) were prepared.

4.2.1 Synthesis of 1,3-dioxin-4-ones 2.26 (R' = aryl and R? = methyl)

4.2.1.1 First synthetic route to 1,3-dioxin-4-ones 2.26

o)
O O NaOH o O )J\OJ\ o><o
R1J]\/U\OEt R1JI\/U\OH H,SO, R0

4.5 4.6 2.26

Entry R! scale (mmol) 4.6° (yield) 2.26° (yield)

1 ©)\ 10 4.6a (63%)°  2.26a (66%)°
2 @A 200 4.6a (44%)° i

Table 4.1: Synthesis in batch of 2.26a (R1 = phenyl) from ethyl benzoylacetate (4.5a) (R1 = phenyl).
®Reaction conducted with: ethyl benzolyacetate (4.5a, 1 equiv.) and sodium hydroxide (1 equiv.) at 0 °C for 3 h and
then r.t. for 20 h. ®Reaction conducted with: 4.6a (1 equiv.), isoprenyl acetate (3.7 equiv.) and sulfuric acid (0.2
equiv.) at 0 °C for 3 h. “Isolated Yields. 9 Calculated yield from the crude NMR (mixture of acetophenone and 4.6a).

The first synthetic route tried towards the formation of 1,3-dioxin-4-ones 2.26 is
described in Table 4.1.%” On small scale, benzoyl acetic acid (4.6a) was prepared in good yield
(63%) by hydrolysis of ethyl benzoylacetate (4.5a). However, after 2 days, the pure isolated
compound 4.6a was completely decomposed into acetophenone. On larger scale, the yield
decreased to 44% because a large amount of acetophenone (decarboxylation of 4.6a) was
formed (29% vyield). 1,3-Dioxin-4-one 2.26a was obtained in 66% vyield by treatment of the
B-keto acid 4.6a with a mixture of sulfuric acid and isopropenyl acetate. Owing to the

instability of the B-keto acid 4.6a (decarboxylation), a second synthetic route was studied.
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4.2.1.2 Second synthetic route to 1,3-dioxin-4-ones 2.26

0
o 1) (COCl),, DMF o] )J\OJ<

o O Ac,0, H,S0, (ON0)
R1JI\OH (o) R1 N/O\ . R1J]\/U\OJ< 1&/&
2) SN EBN | n-BuLi acetone R 9]
H
4.7a,b, e 4.8a, b, e 49a, b, e 2.26a, b, e
Entry R! 4.8° (yield) 4.9° (yield)®  2.26° (yield)"

1 ©)\ 4.8a (68%) 4.9a (81%) 2.26a (48%)
2 /@A 4.8b (95%) 4.9b (96%) 2.26b (89%)
MeO

3 4.8e (92%) 4.9e (47%) 2.26e (37%)
Table 4.2: Synthesis in batch of 1,3-dioxin-4-ones 2.26a, b, e from benzoic acids 4.7a, b, e.
®Reaction conducted with: 1) benzoic acid 4.7a, b, e (1 equiv.), (COCI), (1.25 equiv.) and DMF (0.004 equiv.) at r.t.
for 3 h. 2) N,O-dimethylhydroxylamine (1.4 equiv.) and Et3N (3 equiv.) at r.t. for 12 h. ® Reaction conducted with:
n-Buli (3.1 equiv.) and DIPA (3 equiv.) at 0 °C for 45 min and then t-butylacetate (3 equiv.) and Weinreb amide 4.8a,
b, e (1 equiv.) at -78 °C for 1 h 45 min. “Reaction conducted with: acetic anhydride (15 equiv.), sulfuric acid (1
equiv.), acetone (10 equiv.) and t-butylester 4.9a, b, e (1 equiv.) at r.t. for 1 h. 4 solated yields.

The second synthetic route towards the formation of 1,3-dioxin-4-ones 2.26 is described in
Table 4.2.%3% 3 B_Substituted-B-keto tert-butyl esters 4.9 were synthesised in good yields from
Weinreb amides®® 4.8 previously obtained from benzoic acids 4.7. Finally, 1,3-dioxin-4-ones 2.26

were prepared from condensation between 4.9 and acetone under acidic conditions.*

4.2.2 Synthesis of 1,3-dioxin-4-ones 4.1 (R = methyl and R” = aryl)

4.2.2.1 First synthetic route to 1,3-dioxin-4-ones 4.1

R2
o><o o A o><

MO * )LRZ 10 min MO
2.38 4.10a-c 4.1a-c
2 Dioxinone 2.38 Ketone 4.10a-c Temperature .
Entry R (equiv.) (equiv.) Solvent 0) 4.1 (yield)
1 ©)\ 1 15 MeCN 150 4.1a (= 2%)°
2 ©)\ 1 10 - 150 4.1a (31%)°
3 /@A 1 10 . 150  4.1b(0%)
Br
4 J@)\ 1 5 MeCN 180 4.1c (0%)
NC

Table 4.3: Synthesis in flow of 1,3-dioxin-4-ones 4.1a-c from 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38).
®Calculated yield from the crude NMR. ®|solated yield.
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Towards the synthesis of 1,3-dioxin-4-ones 4.1, the first attempts performed were the
thermolysis in flow of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) followed by cyclisation with
ketone 4.10 (Table 4.3). With 10 equiv. of ketone 4.10a, the dioxinone 4.1a was obtained in
31% vyield. However, 1,3-dioxin-4-ones 4.1b and 4.1c were not formed in the conditions
described. Therefore, in order to enlarge our range of 1,3-dioxin-4-ones, a second synthetic

route was studied.
4.2.2.2 Second synthetic route to 1,3-dioxin-4-ones 4.1
Ac,0 o~ o

o O (0]
A L ——— KA
290Uy

4.1 4.10b, d, e 4.1b,d, e

Entry R® 4.1° (yield)®

1 /@A 4.1b (18%)
Br
2 O/\ 4.1d (20%)
MeO
3 J@)\ 4.1e (0%)
O,N

Table 4.4: Synthesis in batch of 1,3-dioxin-4-ones 4.1b, d, e from tert-butyl acetoacetate (4.11).
® Reaction conducted with: sulfuric acid (1 equiv.), tert-butyl acetoacetate (4.11, 1 equiv.), ketone 4.10b, d, e
(2 equiv.), acetic anhydride (3.5 equiv.) for 16-43 h at 0-15 °C. ®|solated yields.

This second synthetic route is based on the condensation between the B-keto tert-butyl
ester 4.11 and the ketone 4.10 in acidic conditions (Table 4.4).°" Following this procedure,
Haddad et al.”* managed to synthesise 4.1a in 70% yield. Regarding our results, 4.1b and 4.1d
were prepared in low yield (18 and 20% respectively). With the same reaction conditions, 4.1e

was not formed.

4.3 Results and discussion: Kinetic study of the thermolysis of 1,3-dioxin-4-

ones
4.3.1 Fragmentation of 1,3-dioxin-4-ones in the presence of excess of alcohol: a 1* order
reaction
The fragmentation of 1,3-dioxin-4-ones via a retro Diels-Alder reaction® to afford
highly reactive acylketenes which can be trapped by a nucleophile and more particularly by an
alcohol leading to B-ketoesters has been widely studied in the literature (Scheme 4.1).”* The

particular thermal fragmentation of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) followed by the
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trapping of the acylketene intermediate 4.3a in the presence of an excess of alcohol (Scheme
4.2) has been described as a first order reaction.”® Indeed, the reaction between the
acylketene 4.3a and the alcohol is much faster than the reverse reaction (Diels-Alder reaction)
between the same acylketene 4.3a and acetone (k,[EtOH] >> k_;[acetone]).’*®> Thus, the kinetic
expression of this reaction (Equation 4.1) can be simplified as a first-order rate equation

(Equation 4.2). The integrated first-order rate law gives Equation 4.3.

O

N
>< Ak, EtOH

O \4(0 O o O O
AR, K, e ke Ot
2.38 4.3a 4.4a
Scheme 4.2: Thermal fragmentation of 2,2,6-trimethyl-4H-1,3-dioxine-4-one (2.38) followed by trapping with EtOH.

d[2.38] k;k,[2.38][EtOH]

dt k_;[acetone] + k,[EtOH]
Equation 4.1: Rate equation of the thermolysis of 1,3-dioxin-4-one 2.38 followed by trapping with EtOH.

d[2.38]
dt

Equation 4.2: Simplified first-order rate equation.

= k,[2.38]

1n[2.38]t = _kltR + ln[2.38]0

Equation 4.3: Integrated first-order rate equation.

As a first experiment, we checked that the reverse reaction (Diels-Alder reaction)
between the acylketene 4.3a and acetone was not significant by showing that the measured
reaction rate constant k; did not change with the amount of alcohol. For this purpose, the
kinetic studies of the fragmentation of 2,2,6-trimethyl-4H-1,3-dioxine-4-one (2.38) in the
presence of 1, 2 and 4 equivalents of EtOH were performed under flow conditions at
120 °C using the conventional kinetic study method (steady-state method) with off-line *H
NMR analysis. Between 1 and 4 equivalents of EtOH, kinetic measurements gave constant and

consistent first-order reaction rate constants (k; = 1.85 x 107 s™ + 1%) (See experimental part).

During our kinetic experiments, an excess of alcohol (4 equivalents) was premixed with
the corresponding 1,3-dioxin-4-one to avoid possible side reactions: condensation of the

acylketene with the enol form of 4.2 (e.g. to form 2,6-dimethyl-4H-pyran-4-one from 4.3a and

93b

the enol form of acetone)™” and [4 + 2] dimerization of the acylketene (e.g. to form dehydro

acetic acid from 4.3a).%*"
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4.3.2 Push-out methodology - Fast kinetic study procedure in 3 key steps

As described in section 4.1, a novel kinetic study methodology, called the push-out
method and based in a step-change in flow rate (low flow rate F; and high flow ate F3) to
generate from a single flow experiment time-series data, was recently reported.’* This
methodology dramatically speeds up data acquisition and reduces experimental time to solve
kinetic investigations. Indeed, to perform a complete kinetic study with the conventional
method (steady-state method), 25-30 experiments (5 different reaction times per temperature,
5-6 different temperatures) are required for about 6-7 hours of work, whereas the push-out
method can solve the kinetic study in only 7-8 experiments in about 2 hours. Initially
developed for microfluidic flow platforms, this methodology was transferred to our meso-scale
Vapourtec platform with in-line or off-line analysis and the reliability of our results was

demonstrated.

The push-out procedure towards the fast acquisition of kinetic data is divided into the

following 3 key steps:

Step I: Injection of the reaction mixture and stabilisation of the system at low flow rate F; until
the steady-state 1 is reached (Figure 4.1). In these conditions, a high conversion is observed.
For a typical experiment, F;= 1 mL/min, which means that the specific position Ry, located at

the end of the 10 mL reactor, had 10 min reaction time (Figure 4.1).

Step |l: Introduction of the step-change in flow rate by pushing the reaction mixture out of the
reactor at a high flow rate F; and rapid analysis of the stream with the in-line spectrometer
(UV or IR) or off-line '"H NMR analysis. For a typical experiment, Fz= 10 mL/min. During this
step-change, 2 other specific positions were used as examples to highlight two different
reaction times. First, the position R; (Figure 4.1), which is located just at the entrance of the 10
mL reactor, will have 1 min reaction time at high flow rate Fz. Then, the position R, (Figure 4.1),
which is located just in the middle of the 10 mL reactor (5 mL away from the entrance), had 5
min reaction time at low flow rate F; (during the steady state 1), and will have 30 seconds
reaction time at high flow rate F.. Therefore, this position R, will have 5 min and 30 seconds
reaction time. In this way, the transitional period between the 2 steady-states give
spectroscopic information across a gradient of reaction time (typically between 1 and 10 min

for F; =1 mL/min and F2 = 10 mL/min) within the reactor.
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Step lll: Stabilisation of the system at high flow rate F: till a second steady-state is detected
(steady-state 2). A low conversion is observed. Then, the reaction is stopped (Figure 4.1).

A complete kinetic study is achieved by repeating these 3 steps at several temperatures.

Step | Step Il Step Il
< 10 mL ~ stead
L. eady
Kinetic ‘ R, State2
- Information
c
Q
S
c
<
Qo
> | > :> :
=
E E 1 Y T )
5mL F R, F

) n
Experimental time

Figure 4.1: Flow reactor with kinetic study acquisition. The transitional period between the 2 steady-states give
kinetic information across a gradient of residence time within the reactor (e.g. Ry, R, and R; data points).

4.3.3 Push-out methodology - Acquisition of the kinetic data

BORIS software (Bristol Online Reaction Investigation Software), a chemometric tool
developed by Bristol Chemometrics Group and GlaxoSmithKline, was used to process the
various in-line spectra collected during the 3 steps described previously. The use of
chemometric methods for quantitative analysis of in-line spectra during process monitoring
has been well developed and enables the detection of individual components from complex
mixtures.*®

The Orthogonal Projection Approach®” (OPA, calibration-less method), a multivariate
curve resolution of spectra by alternating least squares method (MCR-ALS)*® included in BORIS
software, was applied for the processing of our multi-component UV or IR data and for the
reconstruction of the different reactant concentrations. This method is particularly useful
when overlaps occur between different components. During the kinetic studies of the
thermolysis of 1,3-dioxin-4-ones, the OPA method processed our analytical data with 2
spectral components resolution (component 1: 1,3-dioxin-4-one and component 2: the
corresponding ketone 4.2 and the B-ketoester 4.4). The ketone and the B-ketoester were
identified as a single component in the OPA process since their ratio did not change during the
thermolysis. Processing with 3 spectral components resolution did not resolve the kinetic
study (see experimental part). In addition to the generation of the plot of the evolution of the

relative concentration of each component vs. the experimental time (Figure 4.2(a)), the OPA
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method generated the estimated spectra of each component. In all cases, the estimated
spectra of the 1,3-dioxin-4-one was consistent with the experimental one.

The Multivariate Linear Regression (MLR) included in BORIS software, was another
method employed for the processing of our multi-component UV or IR data. This methodology
reconstructed the concentration profile of a component from the given pure component
spectrum (Reference). After processing with this method, the generated concentration profile
of 1,3-dioxin-4-one under push-out conditions was similar to Figure 4.2(a).

Finally, the height of non-overlapping peak processing, also included in BORIS software,
was the last method used for our kinetic study resolution. This simple method determined the
relative concentration of each component by measuring the height of a peak (absorbance) at a
selected wavelength. The main limitation of this approach was to find a specific wavelength for
each species without overlap during the reaction. When the resolution was possible, the
generated concentration profile of 1,3-dioxin-4-one under push-out conditions was similar to
Figure 4.2(a).

In Figure 4.2(b), the different parts of a push-out experiment at one specific
temperature (steady-state 1, transitional period and steady-state 2) relative to the 3 key steps
previously described are observed. From the transitional period of each push-out experiment
performed at the indicated temperature, the logarithm of [1,3-dioxin-4-one] (In[2.38] in Figure
4.2(c)) is plotted against the reaction time ¢, calculated from Equation 4.4." The incorporation
of a correction due to the thermal expansion of the solvent was performed in this calculation
of t.. In order to do this, 79 was estimated from the first inflection point of the push-out
experiment and 7; was calculated from the flow rate corrected for thermal expansion of the
solvent (Equation 4.5). The first order reaction rate constants are obtained from the slope of
the different straight lines (Figure 4.2(c)). Finally, the Arrhenius plot of the reaction rate
constants against the reciprocal of temperature (Figure 4.2(d)) enables the calculation of the

activation energy E, of 1,3-dioxin-4-one thermolysis.
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Figure 4.2: Acquisition of the kinetic data from push-out experiments (this example is Table 4.7 entry 1).
(a) Concentration profile of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) during flow thermolysis obtained from push-
out experiments with in-line monitoring at each of the temperature indicated. Processing of the UV spectra with the
OPA method. (b) Zoom in on the push-out experiment at 120 °C. (c) First-order kinetics of thermolysis of 2.38.
(d) Arrhenius plot and calculation of activation energy from In(k) = E,/RT + cte with E, the Activation energy (J.mol'l),
R the universal gas constant (J.K'l.mol'l), T the temperature (K) and k the first-order reaction rate constant (s'l).

F,—F
Fy

F,
T+ =+
F

tr 1~ To
with t- = reaction time (s)
F2 = high flow rate (mL/s)
F1 = low flow rate (mL/s)
To = estimated start of step Il - first inflection point (s)
71 = calculated end of step Il - Equation 4.5 - second
inflection point (s)
T = experimental time (s)

Equation 4.4: Determination of the reaction time ¢t
from the different push-out parameters.

v
+ —_—
T B (1 + adl)

with 77 =calculated end of step Il - 2" inflection point (s)
To = estimated start of step Il - first inflection point (s)
F2 = high flow rate (mL/s)
a = expansion coefficient of solvent (°C'1)
=0.00137 °C™* for MeCN
V = volume of the reactor (mL)
T = temperature (°C)

T, =

Equation 4.5: Correction for thermal expansion of the
solvent.
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4.3.4 Configuration of the flow platform for the push-out methodology

To perform the kinetic studies, the Vapourtec R series system (R2+/R4) was employed
(Figure 4.3). This platform is equipped with one Knauer HPLC pump, a home-made Stainless
Steel reactor (10 mL capacity, 1 mm i.d.) heated by immersion in a high temperature silicone
oil bath (Grant Optima™ TXF200), a cooling loop (100 cm, 1 mm i.d.) immersed in an ice bath, a
Back Pressure Regulator to allow the heating of solvents beyond the boiling point and an in-
line IR or UV spectrometer integrated into the flow system. Both analytical systems use flow
cells specially designed for flow chemistry. The in-line IR measurements were recorded on an
alpha transmission FT-IR from Bruker at room temperature. Harrick Demountable Liquid Flow
cell with NaCl windows was connected to the flow system and enables the liquid going through
the spectrometer. Each spectrum was recorded every 3.75 seconds with the OPUS software.
The in-line UV spectra were acquired on Ocean Optics DH-2000-BAL spectrometer using a Type
583-F Starna fluorimeter flow cell (path length: 1 mm, volume: 0.011 mL) from Starna Scientific.
UV spectra were recorded every 1.2 seconds with the SpectraSuite software. When needed for

off-line reaction analysis (NMR), the system was connected to a Gilson Prep Fraction Collector.

250 300 350

BPR
Mixture of UVor IR Data Waste
1,3-dioxin- é é é é acquisition collection
4-one and
ROH

Stock Heated

solvent SS Reactor  bath

(ecn) iiiiiia
Auto-sample collector

Figure 4.3: Flow set-up for the kinetic studies of the fragmentation of 1,3-dioxin-4-ones 2.38, 2.26 and 4.1 in the
presence of an excess of alcohol.

4.3.5 Air-heated system issues

Using the commercial double coiled air-heated stainless steel reactor provided with
the Vapourtec platform (Figure 4.6), a difference was observed between the steady-state and
the push-out reaction rate constants measured at high temperature (130 °C) for the
thermolysis of 2.38 (Table 4.5). Moreover, according to Figure 4.4, two different measures of
reaction rate constants k were observed during the push-out experiment in this commercial
reactor. These two inconsistent results/measures are explained by the inefficient heat transfer
in air and the unequal heating of the inner and outer air-heated stainless steel reactor coils
(under control of a single thermocouple). In comparison, consistent first-order reaction rate

constants were measured between steady-state and push-out method performed with
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oil-heating (Table 4.5 and Figures 4.7-4.8). Additionally, homogeneity of the temperature
across the reactor immersed in oil results in a linear plot of In[2.38] vs. reaction time during
the push-out experiment (Figure 4.5). The same comparison was performed between the
reaction rate constants obtained in the air-heated and an oil heated PFA reactor (Table 4.6).
The smaller rate constants obtained with the air-heated compared to the oil-heated PFA
reactor (and oil-heated stainless steel reactor) are due to lower thermal transfer in air.

Having these preliminary results, the home-made oil heated reactor was employed in all

kinetic experiments performed in this chapter.

- Commerecial air-heated Home-made oil-heated
Kinetic study . .
Entry method stainless steel reactor stainless steel reactor
kx10°(s7) kx10° (s
1 Steady-state 3.99 4.92
2 Push-out 5.86 4,70

Table 4.5: Reaction rate constants measured during the thermolysis of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) in
the presence of EtOH (4 equiv.) in acetonitrile at 130 °C with either the commercial double coiled air-heated or the
oil heated reactor with in-line UV analysis. The push-out procedure was performed with F; = 1 mL/min and F, = 10
mL/min. The steady state one was carried out with a series of flow rates: 3, 5, 7 and 10 mL/min. Processing of the
data with the OPA method.

Reaction time ¢, (s) Reaction time t, (s)
0.0 100.0 200.0 300.0 400.0 0.0 100.0 200.0 300.0 400.0
0 1 1 1 1 J 0 1 1 1 J
0.2 0.2 -
0.4 0.4 -
0.6 y =-0.00586x + cste 06 |
—_ y =-0.00470x + cste
508 - % -0.8 -
” m
d -1 4 o B
£.1.2 - £ .12 -
-1.4 4 y = -0.00370x + cste -1.4 4
1.6 - -1.6
-1.8 - -1.8
2 -2 -

Figure 4.4: In [2.38] plotted against the reaction time  Figure 4.5 In [2.38] plotted against the reaction time
from push-out experiments of the thermolysis of 2.38  from push-out experiments of the thermolysis of 2.38
with 4 equiv. of EtOH in MeCN - Double coiled air-  with 4 equiv. of EtOH in MeCN - Oil-heated reactor at
heated reactor at 130 °C - In-line UV monitoring and 130 °C - In-line UV monitoring and OPA processing.
OPA processing.

Figure 4.6: 10 mL double coiled air-  Figure 4.7: Silicon oil bath Grant Figure 4.8: 10 mL home-made stainless
heated Vapourtec SS reactor. with immersed SS reactor. steel reactor (immersed in silicon oil).
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L Commercial air-heated Oil-heated Home-made oil-heated
Kinetic study

Entry method PFA reict(?lra PFA regctc?lra stainless stiel r;eactorb
kx 107 (s7) kx 107 (s7) kx 107 (s7)
1 Steady-state 0.77 1.20 -
2 Push-out 0.72 1.10 1.17

Table 4.6: Reaction rate constants measured during the thermolysis of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) in
the presence of EtOH (4 equiv.) in acetonitrile at 115 °C with either the commercial air-heated PFA reactor or the
oil-heated PFA reactor or the home-made oil-heated stainless steel reactor. The push-out procedure was performed
with F; =1 mL/min and F, = 10 mL/min. The steady state one was carried out with a series of flow rates: 3, 5, 7 and
10 mL/min.

® Reaction rate constants obtained from in-line UV analysis and OPA processing. ® Reaction rate constant obtained
from in-line IR analysis and OPA processing.

4.3.6 Dispersion issues

Using our meso-scale Vapourtec platform (tube diameter of 1 mm) with a range of
flow rates between 0.1 and 20 mL.min™*, laminar flow occurs (Reynolds number < 2000) and
significant Taylor dispersion is expected (see section 5.1 for detailed explanations about
dispersion). The determination of this dispersion can be performed by measuring the
residence time distribution (RTD) of a very short plug of material going through a tube.
The aim of this investigation is to determine the effects of dispersion occurring during push-
out experiments on the kinetic results. For this purpose, Figure 4.9 highlights the dispersion of
10 uL sample of a solution of benzophenone in MeCN going through our home-made coiled
stainless steel reactor (Figure 4.8, 10 mL capacity, 1 mm internal diameter) at different flow
rates (0.1, 1, and 10 mLmin™) and at different temperatures (30 and 120 °C). High
temperatures and low flow rates reduced the dispersion effects due to increased diffusion
mixing across the tube. Moreover, the Taylor dispersion in a reactor coil is reduced (peak
height higher) compared to a linear one due to Dean circulation.®® Cyril Henry demonstrated
this effect in his Thesis'® by comparing the maximum UV absorbance of a small plug of
material going through a linear reactor and a reactor coil. Significant difference was observed:
Maximum UV absorbance for the linear reactor was about 30-40% lower than the reactor coil.
The experiment at 10 mL.min™ and at 30 °C highlights the highest dispersion and represents
the worst case. For the same temperatures, the dispersions at 1 and 10 mL.min™ (typical flow

rates employed in the push-out experiments) are almost identical.
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Figure 4.9: Dispersion of 10 pL sample plugs of benzophenone in MeCN ([C], = 1.015 x 10 M) through a 10 mL
home-made coiled stainless steel tubing at 30 and 120 °C and at the indicated flow rates - In-line UV analysis and
height of non-overlapping peak processing at 250 nm.

As the RTD is symmetrical, the average reaction time and the observed reaction time
are similar. For our dispersion profiles performed between 0.1 and 10 mL/min at 30 and 120
°C, the average retention time and the retention time of the top of the peak are almost
identical. Therefore, the average conversion will be very close to that expected. The worst case
dispersion profile (10 mL/min, 30 °C) was used as a model to simulate the effect of dispersion
upon calculated kinetic parameters of 1% and 2™ order reactions under push-out conditions.
The theoretical reaction rate constants chosen for the longest reaction time were set to a
corresponding 80% conversion. We observed that the influence of dispersion was insignificant
except at the beginning and the end of the push-out experiment. A slight deviation can be seen
at the beginning and the end of plot relative [A] vs. experimental time (Figure 4.10) and the
corresponding kinetic plots (In[A] vs. reaction time for a first-order relation) (see experimental
part). However, this dispersion effect was negligible during the calculation of the reaction rate

constants under our push-out conditions.
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Figure 4.10: Calculated reagent concentration profile during a push-out experiment (flow rates going from 1 to 10
mL/min) and for a 1% order reaction (A -> B) (blue line). The reagent concentration profile with dispersion (red line)
was calculated by redistribution of the data point of the reagent concentration profile with no dispersion (blue line)
according to the worst case dispersion profile (dispersion profile of benzophenone in MeCN at 30 °C and 10 mL/min
in a 10 mL reactor).
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4.3.7 Kinetic study of the fragmentation of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38)

. Kinetic study  Analytical Processing F, F, kx10°(57) E.
Entry method technique method  (mL.min™) ROH 01(?0 110 115 120 125 130 135 140 (ki/mol)
1 Push-out In-line UV OPA 1 10 EtOH 0.23 066 - 181 - 470 7.17 10.44 123.8
2 Push-out In-line UV Peakheightb 1 10 EtOH 0.23 0.65 1.82 474 7.07 10.81 1238
3  Steady-state In-line UV OPA - - EtOH 0.24 0.68 - 1.89 - 4.92 - - 126.7
4 Push-out In-line IR OPA 1 10 EtOH 0.27 0.71 1.17 192 3.16 5.06 797 1138 1235

5 Push-out In-line IR Peakheightb 1 10 EtOH 0.25 0.66 1.09 1.80 3.04 478 756 1136 125.0

6 Steady-state In-line IR OPA - - EOH - 072 - 183 315 511 - 11.96 1244
7 Push-out In-line UV OPA 10 1 EtOH - 0.62 096 1.66 2.80 4.47 - - 128.7
8 Push-out In-line IR OPA 1 2 EtOH - 066 1.26 196 293 4.80 - - 123.9
9 Push-out In-line UV OPA 1 2 EtOH - - 103 174 2389 482 - 11.30 128.2
10 Steady-state Off-line NMR - - - EtOH - 065 - 189 297 513 - 12,52 1299
11 Steady-state Off-line NMR - - - BnOH - 067 - 179 285 488 7.74 - 127.9

Table 4.7: Reaction rate constants and activation energies of the thermolysis of 2.38 with 4 equiv. of alcohol using
different kinetic study methods, analytical technics and processing methods.

®For paired entries 1+ 2, 4 + 5 and 8 + 9, in-line UV and IR spectra were obtained from the same kinetic experiment.
For entries 3, 6, 7, 10 and 11, UV, IR or NMR data were obtained from an individual kinetic experiment. ® peak
height refers to the height of non-overlapping peak processing.

The kinetic studies results of the thermolysis of 2,2,6-trimethyl-4H-1,3-dioxin-4-one
(2.38) followed by trapping with alcohol (4 equiv.) in MeCN are described in Table 4.7.
Between the push-out and the traditional steady-state method, the reaction rate constants
obtained after OPA resolution highlight good consistency with both in-line UV and IR analyses
(entry 1 vs. 3 and entry 4 vs. 6). Moreover, good correlation between both calibration-less
processing methods (OPA and height of non-overlapping peak) was underlined (entry 1 vs. 2
and entry 4 vs. 5). Calculation of kinetic information by measuring the peak height of 2.38
(relative to peak height of (2.38), determined from the reference experiment at 30 °C) was
possible with the height of non-overlapping peak method since clear UV or IR peaks were
obtained (no overlaps between the reagent and product peaks). Good agreement between the
different analytical techniques (in-line UV and IR, and off-line 'H NMR) was observed (entry 3
vs. 6 vs. 10). Kinetic results in entries 10 and 11 were obtained by the calculation of the ratio
[2.38]/[2.38], from *H NMR analysis (see experimental part). Since B-ketoester 4.4a obtained
from the trapping with EtOH was probably volatile (we were concerned about the amount of
B-ketoester 4.4a we might have lost during the preparation of the NMR tubes), the kinetic
experiment via off-line NMR analysis was repeated with BnOH and similar results were
obtained (entry 11), which confirms the reliability of our previous experiment (entry 10) and

the independence of the trapping nucleophile on the kinetic results. No traces of side products
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were seen on the NMR analysis. During our standard push-out experiments (F; = 1 mL/min and
F2 = 10 mL/min), the data acquisition time of the kinetic data rich region (transitional period)
was short (about 1 min) and could be problematic for long time scan spectrometers. The use of
the “reverse push-out” method (F; = 10 mL/min and F; = 1 mL/min) was a solution as the
transitional period extends to about 10 min and thus, the amount of data acquired from the
kinetic rich region increased. Moreover, the non-ideality of the step change methodology due
to the non-instantaneous flow rate adjustment was minimised under these conditions. Indeed,
Mozharov et al.** showed that the accuracy of the non-ideal step change methodology can
increase with the reduction of the coefficient At(F;/F;), where At is the interval between
consecutive measurements. With the reverse push-out conditions At(Fz/F;) = 0.12 (in-line UV)
and 0.375 (in-line IR) whereas with the standard push-out conditions At(Fz/F;) = 12 (in-line UV)
and 37.5 (in-line IR). The kinetic study results with the reverse push-out method (entry 7) were
consistent with the standard push-out kinetic study results. The only disadvantage is the high
consumption of reagent during the equilibrium at the first steady-state. To overcome this
drawback, kinetic study experiments with a smaller step-change in flow rate between F; =1
mL/min and F; = 2 mL/min turns out to be a good alternative even if the conversion time
window is very small (5 min). Indeed, At(F2/F:) = 2.4 (in-line UV) and 7.5 (in-line IR) are smaller
than the standard ones and good kinetic results were observed (entries 8 and 9).

Overall, a very good consistency was observed for the reaction rate constants k and activation
energies E, (E, = 126.7 + 3.2 kl.mol™, consistent with E, = 130.1 + 4.6 ki.mol™ reported by

Clemens®®) using different kinetic study methods, analytical techniques and processing methods.

4.3.8 Kinetic study of the fragmentation of 1,3-dioxin-4-ones 2.26 and 4.1
In order to explore the substituent effects on kinetic data (k and E,), the thermolysis of
a series of 1,3-dioxin-4-ones previously synthesised (2.26a-b, e and 4.1a-b, d) or obtained from

)29, 88 was

our collaboration with the Franck research group at the University of Rouen (2.26¢-d
performed in the presence of 4 equiv. of EtOH in MeCN according to the kinetic study methods,

analytical techniques and processing methods already described (Tables 4.8 and 4.9).
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4.1,R" = Me and R? = aryl 4.3 4.4
2.26, R' = aryl and R? = Me
1,3-dioxin-4-one R! R’ B-ketoester 4.4 R®
4.1a Me Ph 4.4a Et
4.1d Me p-MeOCgH,4 4.4a Et
4.1b Me p-BrCeH, 4.4a Et
2.26a Ph Me 4.4b Et
2.26b p-MeOC¢H, Me 4.4c Et
2.26¢ 2-furyl Me 4.4d Et
2.26d 2-naphthyl Me 4.4e Et
2.26e p-NO,CgH,y Me 4.4f Et

Table 4.8: Fragmentation of different 1,3-dioxin-4-ones 4.1 and 2.26 followed by trapping with an alcohol.

ineticstudy  Analytical 2105 E
Entry’ 1,3-dioxin-4-one '"r:e':hso : v t“eaczn'icca 85 90 95 100 105 110 115 120 125 130 -
1 4.1a Push-out In-line UV - 024 045 076 132 219 354 575 - - 125.2
2 4.1a Push-out In-line UV - - 047 071 143 228 3.81 589 - - 124.9
3 4.1a Push-out In-line IR - - 048 074 127 208 355 58 - - 1214
4 4.1a Steady-state In-line UV - - - 080 131 230 3.70 6.16 - - 124.9
5° 4.1a Steady-state Off-line NMR - - - 079 124 233 329 6.26 - - 124.6
6 4.1d Push-out In-lineUV  1.66 2.78 471 7.55 1149 17.18 - - - - 107.2
7 4.1d Push-out In-lineUV ~ 1.74 2.90 4.94 7.83 11.66 17.34 - - - - 105.2
8 4.1d Push-out In-line IR - 265 452 7.5 1111 - - - - - 108.6
9 4.1d Steady-state In-line UV - 269 484 762 11.33 - - - - - 109.0
10 4.1b Push-out In-line UV - - - 059 094 159 268 454 780 - 128.3
11 4.1b Push-out In-line UV - - - 053 095 160 2.83 448 7.42 - 130.1
12 4.1b Push-out In-line IR - - - 056 106 18 291 - 747 - 1266
13 4.1b Push-out  Offline NMR - - - 055 095 162 260 - 742 - 1280
14 2.26a Push-out In-line UV - - - - 0.32 055 093 156 2.58 4.04 128.6
15 2.26b Push-out In-line UV - - - - - 0.44 0.76 1.30 - 3.62 136.0
16 2.26¢ Push-out In-line UV - 037 061 105 172 299 495 - - - 122.3
17 2.26d Push-out In-lineuv - - - 021 034 059 09 1.60 - 398 124.0
18 2.26e Push-out InlineUvV - - - 057 091 153 247 415 - - 1209

Table 4.9: Reaction rate constants and activation energies of the thermolysis of substituted 1,3-dioxin-4-ones (4.1
and 2.26) with 4 equiv. of EtOH using different kinetic study methods, analytical technics and processing methods
(OPA and MLR).
®For paired entries 1 + 2, 6 + 7, 10 + 11 and 12 + 13, reaction rate constants were calculated from the same kinetic
experiment. For the other entries, the analytical data were obtained from an individual kinetic experiment. In-line
data processed using OPA except data from entries 2, 7 and 11 processed using MLR. ®BhOH (4 equiv.) used as
trapping alcohol.

Between the in-line UV and IR monitoring, the kinetic data of the thermolysis of 4.1a

obtained from the push-out method with OPA or MLR processing were consistent (entry 1 vs. 2

vs. 3). Different methods and analytical techniques were used to determine the kinetics of the
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fragmentation of both 4.1a (entries 1-5) and 4.1d (entries 6-9), and gave good correlation
between the reaction rate constants k and activation energies E,. Therefore, the kinetic studies
of the thermolysis of 4.1b and 2.26a-e were performed using only the push-out experiment
(entries 10-18). Excellent linear Arrhenius plots were obtained for the decomposition of 2.38,
4.1a, b, d and 2.26a-e (Figure 4.11). Overall, the activation energies of 2.38, 4.1a, b, d and
2.26a-e are very close except for 4.1d (R* = p-MeOC¢H,) with a significant decrease in E, and
2.26b (R' = p-MeOC¢H,) with an increase in E,, which suggests a transition state with the C2-01
bond substantially broken (Figure 4.12). Furthermore, in few examples, the very close reaction
rate constants but with different activation energies suggests that the entropic effects are
significant. The reorganisation of solvent molecules around the charges can be an explanation

of these observations.

(a) 1/T (K?) (b) 1/T (KY)
0.0024 0.0025 0.0026 0.0027 0.0024 0.0025 0.0026 0.0027 0.0028
4.5 4 1 1 1 -4 1 1 1 J
5 - -4.5 4
5.5 - =
5.5 4
_6 - -
= 3
z £
-6.5 -
6.5
-7 4
-7
-7.5 75 |
-8 -8
8.5 - 8.5 -

Figure 4.11: Arrhenius plot of thermolysis of (a) 1,3-dioxin-4-ones (2.38, 2.26a-e) with different substituents R and
(b) 1,3-dioxoin-4-ones (2.38, 4.1a, b, d) with different substituents R? under push-out conditions and OPA
processing.

R 0

Figure 4.12: Transition state.

The OPA resolution used for our kinetic investigation was particularly powerful
compared to the height of non-overlapping peak processing especially when overlaps occurred

during the reaction. During the thermolysis of 4.1a, b, d, significant overlap was noticed
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between the UV spectra of the 1,3-dioxin-4-one and the released ketone 4.2. An example of
this overlap between the UV absorption of 1,3-dioxin-4-one 4.1a and the acetophenone is
highlighted in Figure 4.13. To prove the ability of the OPA resolution to distinguish between
the UV spectra of the 1,3-dioxin-4-one and the released ketone 4.2, and to give consistent
results (entries 1, 6 and 10), the same datasets were processed with the MLR method (entries
2, 7, 11) and the same push-out experiments were performed with IR monitoring (entries 3, 8
and 12). The close results confirm the reliability of the OPA processing. For 4.1a, the kinetic
results obtained with the steady-state method and *H NMR analysis (entry 5) were consistent
with the OPA and MLR resolutions (entries 1, 2, 3 and 4). For 4.1b, the push-out experiment
with off-line *"H NMR monitoring (collection of 20 samples thanks to a fraction collector after
application of the high flow rate) was tried (entry 13). Excellent consistency between the off-

line 'H NMR, the in-line UV and the in-line IR analysis was obtained (entries 13 vs. 10 vs. 12).

1 - e ) 6-dimethyl-2-phenyl-4H-1,3-dioxin-4-one
e Acetophenone

0.6 -

0.4 -

UV absorbance

0.2 4

0 T
220 270 320

Wavelength (nm)

Figure 4.13: UV spectra of 4.1a and acetophenone.

To sum up, the application of the push-out methodology was developed to our meso-
scale Vapourtec platform to rapidly collect kinetic information. The use of in-line UV and IR
monitoring for spectra collection followed by OPA or MLR processing (or height of non-
overlapping peak processing when distinct peaks) gave results in agreement with the off-line
'H NMR analysis. This powerful methodology offers very interesting feature such as cutting
down the time spent to solve kinetic investigations and can be used as a reliable tool to

accelerate reaction study and process development.
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5 Chapter 5: Flow chemistry - A tool for fast

optimisation of reaction conditions

5.1 Introduction to dispersion phenomena in flow chemistry

5.1.1 Characterisation of the flow regime and Taylor dispersion

In fluid mechanics, the Reynolds number (Re) is used to determine the flow regime of
a system. By definition, this number is the ratio of inertial forces to viscous forces (Equation
5.1). Laminar flow occurs at low Reynolds number (Re < 2000) when a fluid flows in parallel
layers, without disruption between the layers. Turbulent flow occurs at high Reynolds number
(Re > 4000) when a fluid flows with lots of instabilities. The meso-scale Vapourtec system is
designed to work with flow rates between 0.1 and 20 mL.min™, and tube diameters of 1 mm.
Under these conditions, the flow regime is laminar (Table 5.1) (Reynolds number < 2000). To
reach the turbulent conditions using water as a fluid, the Vapourtec system should provide a
minimum flow rate of 168 mL/min for a tube diameter of 1 mm or employ a maximum tube
diameter of 6 um for a flow rate of 20 mL/min. These parametres are too extreme and cannot

be applied with our flow machine.

_ Inertial forces _ pVD _ QD 1 _ density of the fluid (ke/m’)

Viscous forces U VA V = velocity of the fluid (m/s)
D = Hydraulic diameter of the pipe (m)
u = dynamic viscosity of the fluid (Pa.s, N.s/m? or kg/(m.s))
Q =flow rate (m3/s)
A = Pipe’s cross section area (mz)
v = kinematic viscosity (m?/s)

Equation 5.1: Reynolds number.

Flow rates (mL.min™) 0.1 0.5 1 2 5 7 10 20
Reynolds number 2.4 11.9 238 47.5 118.9 166.4 237.7 475.5

Table 5.1: Reynolds number of the water at different flow rates and using the Vapourtec system with tube diameters
of 1 mm.

When carrying out flow chemistry using plugs of material, the extent to which these
spread out (mix with adjacent solvent) is important. One mechanism is Taylor dispersion,

! and occurs via the combined actions of the

described by Taylor in his original paper,™
variation of the cross-sectional velocity of the fluid and the radial diffusion of the molecules.

In laminar conditions, the velocity profile of a fluid is not uniform over the cross section of the
tube. The velocity of the fluid decreases radially from a maximum at the centre of the cylinder
to a minimum at the wall of the cylinder (Figure 5.1). This parabolic velocity distribution

spreads the injected sample plug down the length of the tube. In the Taylor dispersion, radial
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diffusion reduces the along-tube spreading as solute molecules move between the layers of
different linear velocity, to an extent averaging the effect. Therefore, this radial diffusion tends
to keep the molecules distribution together. In his recent paper,’® Jensen described the
importance of mixing and dispersion in different flow systems: for instance, most of the micro-
scale systems are described as providing plug flow behaviour (low dispersion) which means
that the radial diffusion across a channel is much faster than the along-tube spreading down
the channel. This is the case when either the velocity is very low or when the radial distances
are very small. However, with the Vapourtec system, the Taylor dispersion is not negligible,
which means that the radial diffusion doesn’t compensate forthe parabolic velocity distribution.
The action of these 2 effects (low radial diffusion and high along-tube spreading) develops a

symmetrical concentration distribution at the exit of the reactor.

Figure 5.1: Velocity profile (blue arrows) in laminar Figure 5.2: Average velocity profile when there is rapid
conditions with slow radial diffusion (red arrows). mixing between the laminar layers either through
turbulence or diffusion.

5.1.2 Principle of the dispersion in flow systems

With the Vapourtec system, the effect of dispersion is that a sample plug of material
going through a reactor tubing at a particular flow rate will experience a range of residence
times and will spread. This spreading will imply a larger plug at the exit of the reactor. Indeed,
for a 10 mL injected plug going through a 10 mL Stainless Steel reactor at 1 mL/min, the
collected plug will be over 12 min (Figure 5.3). Moreover, in comparison to the theoretical
undispersed UV profile, a gradient of concentration of the injected material varying between
[C] =0 and [C] = C; is described at the beginning and the end of the experimental UV profile
(Figures 5.3 and 5.4). Although spreading out of plug-ends is normally a problem, we show
later how we can make use of the concentration profiles generated in novel methods to

rapidly gain reaction information.
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5.1.3 Preliminary study of the dispersion in flow chemistry

5.1.3.1 Influence of the flow rate and the temperature

To quantify dispersions effects in flow chemistry, the residence time distribution (RTD)
can be measured. Indeed, the form of the dispersion has the same residence time distribution
(RTD) as that measured for a very short plug of material traversing the tube. Therefore, to
assess the influence of the flow rate and the temperature on the dispersion, the following
measurements of RTD were performed by introducing a very small volume of a solution of
benzophenone (10 plL at [benzophenone]y) into a coiled tubular reactor of 10 mL capacity and
1 mm i.d.. Series of injections passing through the reactor at various flow rates (from 0.1 to 10
mL/min) were performed at 30 and 120 °C and analysed by in-line UV detection. After

processing the spectra, the following Figures 5.5 and 5.6 were obtained.

° ——— 0.1 mL/min (100 min) ° ——— 0.1 mL/min (100 min)

45 1 30°C 03 mi/min (33 min) 1 120°C —— 0.3 mL/min (33 min)
——— 1 mL/min (10 min) ——— 1 mL/min (10 min)
———2 mL/min (5 min) ———2 mL/min (5 min)
35 - 3 mL/min (3.33 min) 3 mL/min (3.33 min)
——— 4 mL/min (2.5 min) ——— 4 mL/min (2.5 min)
——— 5 mL/min (2 min) ——— 5 mL/min (2 min)
——— 6 mL/min (1.67 min) ———6 mL/min (1.67 min)
———7 mL/min (1.43 min) ———7 mL/min (1.43 min)

8 mL/min (1.25 min) 8 mL/min (1.25 min)
—— 9 mL/min (1.11 min) —— 9 mL/min (1.11 min)
——— 10 mL/min (1 min) ~———10 mL/min (1 min)
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Figure 5.5: Dispersion of 10 puL sample plugs of Figure 5.6: Dispersion of 10 pL sample plugs of
benzophenone in MeCN ([C], = 1.015 x 102 M) through  benzophenone in MeCN ([C], = 1.015 x 102 M) through
a 10 mL home-made coiled stainless steel tubing at a 10 mL home-made coiled stainless steel tubing at
30 °C and at the indicated flow rates. 120 °C and at the indicated flow rates.
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At the same temperature, the dispersion profile is much narrower and higher at very
low flow rate due to the non-negligible radial diffusion. Indeed, a dramatic difference can be
noticed between 0.1 mL.min (residence time = 100 min) and 1 mL.min™ (residence time = 10
min). However, between 1 mL.min™ (residence time = 10 min) and 10 mL.min™ (residence time
=1 min), the changes in the dispersion profile are not significant and can be explained by the
Dean circulation which increases when the flow rate increases, and which compensates the
dispersion effect.*

At the same flow rate, the dispersion is considerably reduced at higher temperature. This can
be explained by the highest radial diffusion rate at high temperature which tends to keep the

sample plug together.

5.1.3.2 The dispersion caused by the UV cell and the reactor

Flow experiments are often monitored by in-line UV or IR analysis. Therefore, extra tubing
(tubing + cell) is added at the end of the reactor and dispersion effects are increased. To assess
the influence of the length of tubing and more particularly the influence of the incorporation
of the UV cell on the dispersion, the following experiments were performed. First of all, a
sample plug of a solution of benzophenone in MeCN was injected straight into the UV cell
without connecting any reactor. The length of tubing between the injector and the UV cell is
about 40 cm (1 mm i.d.) and the dispersion is highlighted by the blue curve (Figure 5.7). Then,
a 10 mL Stainless Steel reactor was incorporated to the flow system and a sample plug of a
solution of benzophenone in MeCN was injected. The length of tubing between the injector
and the UV cell is about 1300 cm (reactor length + tubing, 1 mm i.d.) and the red dispersion
profile was obtained (Figure 5.7). Finally, the dispersion caused by the reactor (green curve,
about 1260 cm, 1 mm i.d.) was calculated by deducting the dispersion caused by the UV cell

(blue curve) to the dispersion caused by the whole system (red curve).
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0.5 1 1.5 2
Experimental time (min)

Figure 5.7: Dispersion of 5 mL sample plug of benzophenone in MeCN ([Co] = 9.5 x 10° M) at 1 mL/min through the
indicated flow system.
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With these experiments, we can clearly distinguish the dispersion caused by the
reactor and the UV cell. Moreover, these experiments reveal the significant effect of the tube
length on the dispersion. Indeed, the dispersion is mainly caused by the contact between the
liquid and the surface of the tube. Therefore, increasing the length of tubing increases

dispersion effects.

In summary, it has been demonstrated with these preliminary results that the Taylor
dispersion can be determined by experimental observations using in-line analysis. This
dispersion can be influenced by several parameters such as the flow rate, the temperature, the
length of tubing and its radius. A complementary study of these parameters was performed by
Cyril Henry during his Ph.D. thesis. Indeed, regarding the influence of the tube length on the
dispersion, his experimental results were confirmed by the theoretical calculations (Taylor
dispersion model). Then, the effects of other parameters on the dispersion such as the reactor

shape (linear vs. coiled) and the reactor material (PFA vs. SS) were studied.'®

5.2 Application of concentration gradients generated using dispersion with

1° and 2™ order reactions

5.2.1 The process

In this section, using the dispersion generating concentration gradients, the aim was to
rapidly determine how conversions were related to the starting concentration of substrates. At
the same time, the application of concentration gradients generated using dispersion to gain
kinetic information was carried out on 1* order (thermolysis of 2,2,6-trimethyl-4H-1,3-dioxin-
4-one (2.38)) and 2™ order (Diels-Alder) reactions. To perform these experiments, the starting
materials were mixed in the corresponding solvent, and 5 mL plugs of this solution were
injected at 0.3 mL/min (residence time in the SS reactor = 33 min) into the flow set-up (Figure
5.8) at different temperatures. The reaction mixture dispersed first in the 10 ml PFA loop
creating a gradient of concentration between 0 and Cq. Then, this dispersed plug went through
the Stainless Steel reactor, the reaction occurred and in-line (IR) and/or off-line (GC) analyses

were performed to identify the concentration profiles.

BPR WﬁSti.
| collection
Mixture of ce
2 reagents m
Stock

Solvent PFA loop SS reactor ﬁ
For dispersion  For reaction
GCvials

Figure 5.8: Flow set-up for the application of the concentration gradient methodology on 1°* and 2" order reactions
- Bottle feed configuration.
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5.2.2 1% order reaction

For this study, the fragmentation of the 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) in

the presence of an excess of EtOH was used as a model reaction (Scheme 5.1). Indeed, as

explained in the previous section 4.3.1, the thermolysis of 2.38 with an excess of EtOH is

considered as a 1°* order process because the rate of the Diels-Alder reaction of 4.3a with

acetone is not significant compared to the rate of trapping of 4.3a by EtOH.

O><O
KA,

2.38

-acetone

- O //O —_—
_C

EtOH

O O
OEt
4.3a 4.4a

Scheme 5.1: Fragmentation of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) via a retro Diels-Alder reaction and
trapping of the intermediate 4.3a by EtOH.

For the application of the concentration gradient methodology on this 1* order reaction,

different plugswereinjected into the flow set-up (Figure 5.8) heated to different temperatures.

The concentration profiles of the reagent and the product recorded using in-line IR analysis are

highlighted in the following Figure 5.9.
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Figure 5.9: Series of 5 mL plug injections of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) and EtOH in MeCN at 0.3
mL/min through the 10 mL PFA loop (r.t., residence time = 33 min) and followed by the 10 mL heated reactor (at the
indicated temperature, RT = 33 min). In-line IR detection and OPA processing using BORIS software. 0% and 100%
conversion respectively conducted at 30 and 160 °C were performed to normalise the data. Zoom in on the sample
plug injected into the flow system at 100 °C. Calculation of the conversion at 100 °C according to Equation 5.2.
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[dioxinone], [dioxinone],

C fon; =1— == 1-
onversiony [dioxinone], [dioxinone], + [product],

Equation 5.2: Formula used for the calculation of the conversion at a given moment.

First of all, this experiment has been performed to confirm that using the dispersion
effect, the conversion of a first order reaction is independent of the initial starting material
concentration (t;/; = In(2)/k = constant). Indeed, along the concentration gradient of the 2,2,6-
trimethyl-4H-1,3-dioxin-4-one (0 < C < 0.7 x Cy), the conversion profile of the reaction is

constant.

Then, by using these dispersion data, kinetic information of this first order reaction
was extracted. The integrated first-order rate equation is described by Equation 5.3. By
plotting In[2.38]y vs. In[2.38]; from the dispersion curve data (Figure 5.9) (with [2.38]y =
[dioxinone 2.38]; + [product 4.4a]:), a straight line of slope 1 and intercept ktz was obtained

(Figure 5.10).

In[2.38], = In[2.38], + ki

Equation 5.3: Integrated first-order rate equation.

In[2.38],
2.5 2 1.5 -1 0.5 0

L -0.2
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y =1.0083x + 0.3576 L 12
R?=0.9996 L 1.4
L 16
L 18

In[2.38],

Figure 5.10: Plot of In[2.38], vs. In[2.38],.

From this intercept, k (100 °C) = 0.18 x 10 s™* (with tz = 2000 s) which is almost identical to the
one calculated with the “push-out” method (Table 4.7, entry 1, k (100 °C) = 0.23 x 107 s™).

5.2.3 2" order reaction
The Diels-Alder reaction was used as a model 2™ order reaction. This [4 + 2]
cycloaddition involving a conjugated diene and a dienophile to form a substituted cyclohexene

with good control over regio and stereochemical properties has been described many times in
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continuous flow processes.® For our investigations, the Diels-Alder reaction between

isoprene (5.1) and methyl acrylate (5.2) was studied (Scheme 5.2).

(@] O (@]
/E Hko/ toluene ﬁo/ \O)kO/
+ _— +
‘ 200 °C
51 5.2 5.3 5.4

major minor

Scheme 5.2: Diels-Alder reaction between isoprene (5.1) and methyl acrylate (5.2). Formation of both 3-methyl 5.4
and 4-methyl isomers 5.3.

During this reaction, the two cyclohexene isomers 5.3 and 5.4 are formed because two
modes of addition are possible. However, the 4-methyl product 5.3 is chiefly produced.’®
Using frontier molecular orbital arguments, the determination of the major isomer to be
formed is easily found. The HOMO of the isoprene (5.1) is interacting with the LUMO of the
methyl acrylate (5.2) in such a way that the larger and smaller coefficients (sizes) of orbitals
can respectively place side by side (Scheme 5.3). To highlight the regioselectivity of this
reaction, a 2 mL plug of a mixture of isoprene (1 equiv.) and methyl acrylate (1 equiv.) in
toluene ([C] = 1.98 M) was injected into the flow set-up (Figure 5.8 without the initial 10 mL
PFA loop). After 50 min at 200 °C, the reaction mixture was collected at the end of the reactor
and purified on silica gel. A mixture of both isomers 5.3 and 5.4 was isolated (48%) with a ratio
4-methyl/3-methyl = 65/35. To compare with the literature, Hosomi et al.'® carried out this
experiment in batch mode for 6 h at 120 °C in toluene. A mixture of both isomers 5.3 and 5.4
was isolated (83%) with a ratio 4-methyl/3-methyl = 70/30. In our case, the reaction was
probably not complete after 50 min of reaction because the yield is about half that described

by Hosomi.
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Scheme 5.3: FMO arguments to describe the major isomer to be formed in the studied Diels-Alder reaction.
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For the application of the dispersion phenomenon on this 2™ order reaction, only one
plug containing the starting materials in toluene was injected into the flow set-up (Figure 5.8)
heated to 200 °C. The concentration profiles of the methyl acrylate (5.2) and the products
(both isomers 5.3 and 5.4) recorded using an in-line IR spectrometer and off-line GC analysis

are highlighted in the following Figure 5.11.

4 -
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Figure 5.11: 5 mL plug injection of isoprene (5.1) and methyl acrylate (5.2) in toluene at 0.3 mL/min and through the
10 mL PFA loop followed by the 10 mL heated reactor (200 °C). Concentration profile of the methyl acrylate (5.2)
and the products (both isomers 5.3 + 5.4) obtained after conversion of the peak area (GC) into molar units using
calibration curves (in dots). Concentration profile of the methyl acrylate (5.2) and the products 5.3 + 5.4 obtained
after normalisation of the IR data processed with BORIS (in solid lines). Calculation of the conversion according to
the GC and IR data and using Equation 5.4.

[methyl acrylate], [methyl acrylate],

or, = 1 — o4
Conversion, [methyl acrylate], [methyl acrylate]; + [products];

Equation 5.4: Formula used for the calculation of the conversion.

First of all, a good overlap is noticed between the different results (concentration
profiles and conversion) obtained from in-line IR and off-line GC analysis. By opposition to the
1% order reaction results, the conversion of a 2" order reaction is dependant to the initial
starting material concentration (ty;, = 1/([Co] x k)). Indeed, the conversion is smaller with the
low initial starting material concentration and grows till a maximum (85%) for the highest

concentration.

Then, by using these dispersion data, kinetic information of this second order reaction
was extracted. The integrated second-order rate equation is described by Equation 5.5. By
plotting 1/[5.2]¢ vs. 1/[5.2]o from the dispersion curve data (Figure 5.11) (with [5.2]p =
[methyl acrylate 5.2]; + [products 5.3 + 5.4];), a straight line of slope around 1 and intercept
ktg was obtained (Figure 5.12).
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5.2, [5.2], X

Equation 5.5: Integrated second-order rate equation.
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Figure 5.12: Plot of 1/In[5.2], vs. 1/In[5.2],.

From this intercept, k (200 °C) = 1.33 x 10 L.mol™.s™ (with tz = 2000 s).

As a summary, the application of the concentration gradient methodology on the
thermolysis of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) (1** order reaction) and on the Diels-
Alder reaction between the isoprene (5.1) and the methyl acrylate (5.2) (2™ order reaction)
enables the rapid calculation of reaction rate constants. Using this methodology with various

temperatures, the activation energy can be calculated.

5.3 Application of dispersion in flow: a novel methodology towards the fast

optimisation of photochemical reaction conditions

5.3.1 Principle of this novel methodology

Based on the dispersion phenomenon which occurs in flow tubes and on a former Ph.D.
student’s study,'® we developed with Prof Richard J. Whitby a novel methodology for the fast
optimisation of reaction conditions. As explained before, a plug of solution injected into a tube
spreads down the length of this tube and a concentration gradient can be recorded at the exit.
These concentration gradient experiments under flow conditions were conducted using a
Vapourtec R series system with a 10 mL capacity PFA loop for dispersion of compounds, a
photoflow PFA reactor (14.1, 28.0 or 31.8 mL capacity) of 1 mm internal diameter equipped
with a UV lamp (UV-A/B or C 9 W or 36 W) and an automated sample collector for off-line
analysis (Figure 5.13).
Two different cases were studied in the next sections 5.3.3 and 5.3.4.
In the first case, if the reaction to optimise; A + B = C is performed by mixing a continuous

flow of A ([A] = Ap) with a flow of a dispersed plug of B (0 < [B] < By), different equivalents of B
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can react with the same amount of A during one single experiment. The different experimental
conditions can be studied by collecting samples at the outlet of the reactor and further off-line
GC analysis.

In a second case, if the reaction to optimise is B 2 C (with compound A as an internal
standard), the influence of the concentration of reagent B on the conversion and the yield of
the reaction can be investigated. The different experimental conditions can be studied by

collecting samples at the outlet of the reactor and further off-line GC analysis.
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Figure 5.13: Flow set-up for concentration gradient experiments.

Thanks to this novel concentration gradient methodology, a large amount of
experimental conditions can be investigated with only one attempt (different amount of
dispersed compound B reacting with the same amount of A, various concentration of B) and

therefore optimisation of reaction conditions can be performed very quickly.

5.3.2 Photochemistry

Photochemical reactions were used as models to study the two cases described above
([2 + 2] photocycloaddition and photocyclisation of stilbene). For this reason, before discussing
the results, a rapid overview of photochemistry and more particularly flow photochemistry is

provided.

71



5.3.2.1 Batch photochemistry vs. flow photochemistry

Photochemistry is based on the absorption of light by a molecule (UV or visible) to provide
the required energy to cause a reaction. In many cases, photochemical reactions allow the
synthesis of polycycles or highly functionalized molecules without adding extra reagents, and
therefore minimising waste generation. Photochemistry is probably one of the most attractive
‘clean’ chemistry techniques.

Despite being a reagentless method, the amount of photochemistry applications in
industry is very low (e.g. Vitamin D synthesis).'® Indeed, conventional batch reactors have
limited applications especially for large scale photochemical synthesis. First of all, the lack of
scalability of the light source remains one of the main drawbacks because most photoreactions
occur within a short distance from the lamp. As shown in Figure 5.14, the transmittance
decreases rapidly with distance from the lamp. In these conditions, the light is totally absorbed
for a distance higher than 2 mm. Consequently, using a larger batch reactor will reduce the
amount of photons with the distance from the light (Equations 5.6 and 5.7) and therefore, will
reduce the throughput. Secondly, most of the batch photoreactors are equipped with medium
pressure mercury lamps (> 125 W) emitting intense UV broadband radiation and heat (about
600 °C). Therefore, the reactor must be equipped with an appropriate water-cooled system
and be shielded to protect the user. Finally, it is very difficult to get full conversion for large
scale batch photochemical reactor because the reaction solution close to the lamp screens the
rest of the solution from UV irradiation. For this reason, attempts to increase the conversion
can lead to the over-irradiation of the reaction mixture and therefore the formation of side
products. These different constraints make batch photochemical reactions very challenging.

1
09

08
97 A=elC
E 0.6
Eos Equation 5.6: Beer-Lambert law.
Eo
gos
E,C 3
=02
I
01
A = —log—
o 10
0 0.05 0.1 0.15 0.2
Distance from lamp (cm) Equation 5.7: Relation between absorbance and

transmittance.
Figure 5.14: Light transmission profile of a solution at 0.05

M, €554 = 200 M™.cm™ vs. the distance from the Iamp.107
To overcome these various limitations, the advantages offer by photoflow reactors lead
the chemists to perform general improvements in photochemistry:
- easy scale-up as no change in the reactor size is required
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- efficient and homogeneous irradiation by minimizing light transmission versus distance
constraint

- precise control of the reaction time to avoid over irradiation and formation of
unwanted products

- use of low energy and interchangeable lamps which allows the control of irradiation
wavelengths centred around 254 nm (UV-C), 313 nm (UV-B) or 370 nm (UV-A)

- access to in-line analysis

5.3.2.2 Design of coiled photoflow reactors

Based on the work of Booker-Milburn and co-workers,'®® former Ph.D. students David
Bolien, Cyril Henry and Mubina Mohamed working for Prof Richard J. Whitby and Prof David C.
Harrowven constructed a photochemical reactor (Reactor 1) for use under flow mode.
Reactor 1: 36.0 m of PFA tubing (capacity = 28.0 mL, double coiled) was wrapped around a
Quartz cylinder (38 mm i.d., length = 20 cm) containing the low energy interchangeable UV
lamp (Philips 2-pin PL-S 9 W UV-A/B or C). Perfluoroalkoxy polymer (PFA) tubing was used for
the design of the reactor because the absorbance of the light is very low above 230 nm.'®
Even if the UV lamp does not heat too much (around 50-60 °C), a condenser tubing was coiled
to maintain the system at ambient temperature. Between the PFA and the condenser tubing, a
layer of aluminium foil was placed to maximise the efficiency of the light inside the reactor and

to protect the user from UV irradiation. The different parts of this set-up are described in

Figure 5.15.2

warm air out\£>" Low-energy 9W lamp

interchangable, giving access to
vanous wavelengths

amm— | 13
water out — Condenser tubing
layer 3 — ~ UV lamp (9 W)
- | Al foil
layer 2 <~
PFA tubing, double coiled PFA tubing
| ’ /[I =36m; Internal d = 1 mm]
ayer with sandwiched Thermocouple
Lamp housing Quartz tube
""/_d:38mm, 1=20cm
layer 1 % -w«—_ reactant solution in
_ Jd T T product solution out Co':denser
tubing

m\ ~«— cooling water in

cool airin

Figure 5.15: Photochemical set-up featuring a double layer of PFA tubing (28.0 mL capacity, 1 mm i.d.) and
interchangeable UV lamp (Philips 2-pin PL-S 9 W UV-A/B or C).
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Based on the same design as described in Figure 5.15, 2 other photochemical reactors
were built with only one layer of PFA tubing wrapped around the quartz cylinder.
Reactor 2: 18.0 m of PFA tubing (capacity = 14.1 mL, single coiled) was wrapped around a
Quartz cylinder (38 mm i.d., length = 20 cm) containing the low energy interchangeable UV
lamp (Philips 2-pin PL-S 9 W UV-A/B or C).
Reactor 3: 40.5 m of PFA tubing (capacity = 31.8 mL, single coiled) was wrapped around a
Quartz cylinder (47 mm i.d., length = 41 cm) containing the low energy interchangeable UV
lamp (Philips 4-pin PL-L 36 W UV-A/B or C).
The different UV lamps are relatively cheap, around £10 for the 9 W and £30 for the 36 W and
very easy to interchange. The 2 or 4-pin lamps from Philips just need to be clicked in the
corresponding lamp holder. The photochemical set-up is robust and easily integrated in any
continuous flow processes.
Until 2013, the majority of the photochemical reactors were designed with high power
mercury lamps (> 125 W) which emit intense UV irradiation across a broad area of the UV

108 110 This broad range of wavelengths was one of the main disadvantages of these

spectrum.
lamps because UV irradiation can excite more than the desired chromophore, leading to
unwanted products. The use of filters to control the wavelength leads to very poor power
efficiency and increases heat generation. More recently, a second generation of
photochemical reactor was built with low power mercury lamps (< 36 W) which allow the

selection of the irradiation wavelength by simply changing the light bulb (UV-A, B or C).5 ™!

5.3.3 Application of the concentration gradient methodology on a [2 + 2]
photocycloaddition (A + B = C)

5.3.3.1 Preliminary study of [2 + 2] cycloadditions towards the application of the

concentration gradient methodology (A + B =2 ()

The [2 + 2] photocycloaddition has been widely described in the literature*® as it is a very
useful reaction in organic synthesis since two new C-C bonds are created. In several total
syntheses,'*® this reaction can provide key intermediates towards the formation of target
molecules. The enone-alkene cycloaddition, probably the most useful photochemical reaction
to organic chemists, is a light induced combination of an excited state enone with a ground
state alkene to form a cyclobutane. A maximum of four new chiral centres can be formed in
the target cyclobutane molecule. The first [2 + 2] photocycloaddition was observed by
Ciamician and Silber in 1908 with the intramolecular cyclisation of carvone (5.5) to

camphorcarvone (5.6) by irradiation with sunlight (Scheme 5.4).***
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Scheme 5.4: Synthesis of camphorcarvone.

During the last few years, the number of [2 + 2] photocycloaddition applications in
flow chemistry has increased intensively due to major advances in continuous flow processes
(productivity, efficiency). The first step towards the application of the concentration gradient
methodology was to identify in the literature a simple model [2 + 2] photocycloaddition. In

115
.

2011, Fukuyama et a performed [2 + 2] cycloadditions of cyclohexenones 5.7 with olefins
5.8 in a microflow system using a 15 W black light (Scheme 5.5). This reaction gave promising

yields but poor diastereoselectivity.

(0]
R® h H
+ )\ . v R3
R’ R’ OR BL (15 W), 2 h R S 1ORE
R? R? n-decane R? R?
5.7 5.8 59
R'=H, Me R3=H, Me 51-81% (3-8 diastereoisomers)
R%2=H, Me R*= Ac, Bu

Scheme 5.5: [2 + 2] photocycloaddition in microflow system of cyclohexenones and olefins."®

According to Fukuyama’s reaction conditions, the [2 + 2] cycloaddition (Scheme 5.6) of
cyclohex-2-enone (5.7a) with vinyl acetate (5.8a) was investigated with our Vapourtec
machine equipped with the photoflow reactor (UV-A lamp 9 W). After analysis by GC-MS, the
isolated crude mixture highlighted 4 isomeric products and cyclohex-2-enone dimers. No
products were isolated as pure compounds. Due to the formation of this mixture, this reaction

was not kept as model for further dispersion studies.

(0]
. UV-A (9 W)
/\OAC C4oH1403 + homo-dimers
hexane, 120 min
1eq 27 eq 4 isomeric products
5.7a 5.8a

Scheme 5.6: [2 + 2] photocycloaddition in flow of cyclohex-2-enone (5.7a) and vinyl acetate (5.8a).

In 1994, Weedon et al.'*® highlighted the formation of seven racemic cycloadducts

(5.10-5.16) during the photocycloaddition of cyclohex-2-enone (5.7a) to ethoxyethene (5.9), in
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the respective ratio 23/28/7/23/7/2/10 (Scheme 5.7). The regioisomeric ratio of head-to-head
to head-to-tail cycloadducts was 19/81. In addition to diastereoselectivity limitations, this

experiment emphasises the regioselectivity issues of [2 + 2] cycloadditions.

0
H  oFt
+ A O0E
OEt

5.9
5.7a
5.10, 5.11 5.12,5.13 5.14-5.16

Scheme 5.7: [2 + 2] photocycloaddition in batch of cyclohex-2-enone (5.7a) and ethoxyethene (5.9)."°
Based on previous literature and experimental results (Schemes 5.5, 5.6 and 5.7), the
use of a symmetric alkene turns out to be the ideal solution to minimise the formation of
diastereosiomers and to avoid regioselectivity issues (head-to-head vs. head-to-tail product).
The reaction between cyclohex-2-enone (5.7a) and tetramethylethylene (5.17)*" to form a
mixture of trans and cis 7,7,8,8-tetramethylbicyclo[4.2.0]octan-2-ones 5.18 and 5.19 as major
products was used as a first model to develop the concentration gradient methodology to
optimise a photochemical reaction.

As a preliminary experiment, this reaction was investigated (Scheme 5.8) with our
Vapourtec system. Using one single pump and the 28.0 mL double coiled photoflow reactor
(UV-A lamp, 9 W), a mixture of cyclohex-2-enone (5.7a, 1 equiv.) and tetramethylethylene
(5.17, 19 equiv.) in THF ([Ccyciohexenone] = 0.052 M) was injected into the flow machine without
dispersion loop. After 140 min, the reaction mixture was collected at the end of the reactor
and purified on silica gel. The reaction was not 100% complete because cyclohex-2 enone (5.7a)
was observed on TLC. A mixture of both diastereoisomers 5.18 and 5.19 was isolated (36%
yield) with a ratio trans/cis = 90/10. The trans diastereoisomer 5.18 appeared to be the major

product as previously reported.™’”®

No oxetane or dimers were formed under these conditions.
However, the unsaturated cyclohexanone (called open cyclobutane in this report) 5.20 was
formed in 3% vyield according to a Norrish type Il fragmentation of the photoreactive

cyclobutanes 5.18 and 5.19.'*"

(0]
‘ UV-A (9 W)
" THF 140 min
5.7a 517

5.20

Y 3%
36%

Scheme 5.8: [2 + 2] photocycloaddition of cyclohex-2-enone (5.7a) and tetramethylethylene (5.17) - Model reaction
for concentration gradient studies.
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Although the yield was not high, this reaction was used as a model for further

optimisations by applying the concentration gradient methodology.

5.3.3.2 Application of the concentration gradient methodology to the [2 + 2]
photocycloaddition of cyclohex-2-enone and tetramethylethylene (A + B = ()
The concentration gradient methodology was tested using the [2 + 2] photocycloaddition
of cyclohex-2-enone and tetramethylethylene. In order to develop this methodology and find
the optimum conditions, various concentration gradient experiments were performed
(dispersion of tetramethylethylene with constant amount of cyclohex-2-enone, dispersion of
cyclohex-2-enone with constant amount of tetramethylethylene, dispersion experiment with
different photoflow reactor design and volume, and dispersion experiment with different UV
lamp power). Before discussing the different results, the general methodology of experimental

data acquisition (conversion, yield) is described.

5.3.3.2.1 General methodology for the concentration gradient process and data
acquisition (A +B > C)

In the following general description of the methodology, ‘reagent B’ is the dispersed
reagent and ‘reagent A’ is the non-dispersed one. The graphs used to illustrate the
methodology were taken from a specific example (reagent A: cyclohex-2-enone (5.7a, 1 equiv.)
and reagent B: tetramethylethylene (5.17, 19.6 equiv.)). However, in the results section, an
experiment with dispersion of cyclohex-2-enone was performed but the process and the data

acquisition is the same.

Step 1: The first step towards the acquisition of the experimental information (conversion,
yield) is the generation of the gradient of concentration of the reagent to disperse (reagent B).
A plug of this reagent was injected into the flow set-up (Figure 5.16) at a specific flow rate. This
plug dispersed in the 10 mL loop to generate the gradient of concentration which was
recorded via an in-line UV or IR spectrometer. After processing the spectra with BORIS
software (OPA processing or height of non-overlapping peaks processing), the gradient of

concentration profile was generated (Figure 5.17).
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Figure 5.16: Flow set-up for the generation of concentration gradient profile.
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Figure 5.17: Example of concentration gradient profile of a 10 mL plug of reagent B (tetramethylethylene in MeCN
([Co] = 0.4 M)) after going through a 10 mL PFA loop at 0.1 mL/min. In-line IR detection and height of non-
overlapping peaks processing at 1160 nm.

Step 2: The second step consists of performing the [2 + 2] photocycloaddition with dispersion
of reagent B using the flow set-up described below (Figure 5.18). Reagent A, which was mixed
with an internal standard and MeCN, was injected straight into the UV reactor whereas
reagent B, which was mixed with MeCN, dispersed in the 10 mL loop. At the exit of the loop,
the flow with the dispersed concentration of reagent B was inserted into a flow of constant
concentration of reagent A and internal standard. Therefore, thanks to the concentration
gradient, different amount of reagent B can mix with the same amount of reagent A with only
one experiment. The combination of these two flows with different experimental conditions
went through the UV reactor and samples were collected and analysed via off-line GC analysis
(Figure 5.19). For each concentration gradient experiment, the sampling rate was precisely

determined.
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Figure 5.18: Flow set-up for the application of the concentration gradient methodology on the [2 + 2]
photocycloaddition.
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Figure 5.19: Example of a GC analysis during the concentration gradient experiment. In this case, the dispersed
reagent B was the tetramethylethylene (5.17) and the reagent A was the cyclohex-2-enone (5.7a). N-butyl ether was
used as an internal standard. With low amount of tetramethylethylene, dimers of cyclohex-2-enone were formed.

Step 3: Based on the series of GC analysis obtained, the ratios of the peak area of each
compound over the peak area of the internal standard (IS) were calculated and the following
Figure 5.20 was generated. Then, the concentration gradient profile of reagent B obtained
during step 1 was incorporated with few normalisations to get Figure 5.21. Indeed, as the flow
used to collect the samples for GC analysis (Figure 5.20) was twice as high (0.2 mL/min in the
example) as the flow used to record the concentration gradient profile (Figure 5.17) (0.1
mL/min in the example), the x-axis scale (time) of the concentration gradient profile was
doubled. In the same time, the maximum of the concentration gradient profile was normalised
with the maximum peak area 2 diastereoisomers/peak area IS. The determination of the right
position of the concentration gradient curve on the x-axis was the main difficulty in this

incorporation (See experimental part for explanations).
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Figure 5.20: Example of the ratio of the peak area of each compound oVer [the peak area of the IS plotted against
the experimental time. In this experiment, the dispersed reagent B, the t¢tramethylethylene (5.17, [By] =1 M, 19.6
equiv.), and the reagent A, the cyclohex-2-enone (5.7a, [Ag] = 0.051 M, 1 ¢qyiv.), were injected into the flow system
at 0.1 mL/min respectively. The UV reactor (28 mL capacity) was equippgd with a UV-A lamp (9 W). N-butyl ether
was used as an internal standard [IS] = 0.044 M.
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Figure 5.21: Example of the ratio of the peak area of each compound over the peak area of the IS plotted against
the experimental time. Incorporation of the concentration gradient profile of reagent B (gradient of concentration
tetramethylethylene from 1 to 19.6 equiv.) obtained in step 1.

Step 4: Once data in Figure 5.21 were obtained, the conversion and the yield for each GC
analysis were calculated using Equations 5.8 and 5.9 respectively. They were plotted in the

following Figure 5.22.

(Peak area cyclohex — 2 — enone/ Peak area internal standard),
(Peak area cyclohex — 2 — enone/ Peak area internal standard),

Conversion; =1 —

Equation 5.8: Formula used for the calculation of the conversion at a given moment.

) n(2 diastereoisomeres);
Yield; =

n(2 diastereoisomeres)yeoretical

Equation 5.9: Formula used for the calculation of the yield at a given moment.
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Figure 5.22: Example of the ratios of the peak arep of each compound over the peak area of the IS plotted against
the experimental time. Incorporation of the concgntfation gradient profile of reagent B (tetramethylethylene) and
calculation of the conversion and the yield.
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Figure 5.23: Two specific series of point towards the generation of the curves highlighting the evolution of the
conversion and the yield according to the equivalents of dispersed reagent B (tetramethylethylene) (Figures 5.24
and 5.25).

Step 5: Using this previous Figure 5.22, the conversion and the yield can be plotted against the
equivalents of dispersed reagent B. Indeed, for specific experimental times, equivalents of
reagent B, conversion and yield are aligned (Figure 5.23). Using this series of specific data, the
following Figures 5.24 and 5.25 can be obtained. Two examples at 4.1 and 11.1 equivalents of

reagent B (tetramethylethylene) are highlighted to explain the methodology (Figure 5.23).
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The rapid generation of these two curves is very useful towards the optimisation of
reaction conditions. Indeed, the optimum conditions (optimum amount of reagent B) are

highlighted to get the best conversion and yield.

5.3.3.2.2 Results of the concentration gradient experiments using the [2 + 2]
photocycloaddition of cyclohex-2-enone to tetramethylethylene as a model
reaction (A+B = (C)

Using the methodology previously described, concentration gradient experiments were
performed with different reactors: a double coiled 28.0 mL photoflow reactor equipped with a
9 W UV-A lamp (Tables 5.2 and 5.5), a single coiled 14.1 mL photoflow reactor equipped with a
9 W UV-A lamp (Table 5.3) and a single coiled 31.8 mL photoflow reactor equipped with a
36 W UV-A lamp (Table 5.4).

Dispersion results using the double coiled 28.0 mL photoflow reactor - UV-A (9 W):

R tA R tB(di d i

Reagent Reagent Internal eagean ‘ eagent B ( |:perse ) ISC Rea.|ct|on

Entry A B Standard  equiv [A]® flow rate equiv [B]” flowrate [IS] time
quiv. (M) (mL/min) quiv. (M) (mL/min) (M) (min)

o
1 ij I dibutyl 1 0051 0.1 5 026 0.1 0.044 140
ether
(@]
2 \ dibutyl 1 0051 0.1 19.6 1 0.1 0.044 140
ether

Table 5.2: Concentration gradient experiments performed with the double coiled 28.0 mL photoflow reactor.
®[A] Concentration of reagent A in the stock solution 1, b [B] Concentration of reagent B in the stock solution 2, [IS]
Concentration of Internal Standard in the stock solution 1.
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0.8 + x Dispersion tetramethylethylene at 0.1 mL/min in the 10 mL loop
@ Peak area 2 diastereoisomers/Peak area IS
0.7 - x Peak area cyclohex-2-enone/Peak area IS
x X X X X XXy ® Peak area open cyclobutane/Peak area IS
0.6 - x % A Peak area 2 homo-dimers/Peak area IS
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x Yield (2 dia *
0.5 A
¥ x X ¢ @ ® : z ® o 'y °
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Figure 5.26: Concentration gradient results Table 5.2, entry 1.
x Dispersion tetramethylethylene at 0.1 mL/min in the 10 mL loop
1.4 -+ ¢ Peakarea 2 diastereoisomers/Peak area IS
x Peak area cyclohex-2-enone/Peak area IS
12 4 ® Peak area open cyclobutane/Peak area IS
' A Peak area 2 homo-dimers/Peak area IS
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N 19.6 equiv.
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Figure 5.27: Concentration gradient results Table 5.2, entry 2.
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These two first experiments were performed with the injection of a constant amount
of cyclohex-2-enone (5.7a) (1 equiv., [C] = 0.051 M) into a gradient of concentration of
tetramethylethylene (5.17) (0 to 5 equivalents for entry 1 and 0 to 19.6 equivalents for entry 2).
In Figure 5.26, the conversion and the yield stabilise at 48% and 26% respectively from about 4
equivalents of tetramethylethylene. However, this stabilisation is not confirmed when the
dispersed amount of tetramethylethylene is increased to 19.6 equivalents (Figure 5.27).
Indeed, the stabilisation of the conversion and the vyield is observed at 82% and 58%
respectively from about 16 equivalents of tetramethylethylene. These slightly inconsistent
results obtained between entry 1 and 2 are highlighted in the following Figure 5.28 (poor overlap).

During the increase of the amount of 5.17, we can notice the decrease of the amount of dimer.

0.6 -
- + HHH
08 + + * " 05 |
+
06 + 0.4
.2 + k=)
204 x)??i% X Entry 1 203 - Entry 1
o =
2 X+ + Entry 2 0.2 - Entry 2
S02 %,
0 T T T 1 0 K T T T 1
0 5 10 15 20 0 5 10 15 20
Equivalent tetramethylethylene Equivalent tetramethylethylene

Figure 5.28: Evolution of conversion and yield for Table 5.2, entries 1 and 2.

In order to find an explanation for this inconsistency which might be from the use of a
double coiled photoflow reactor, the same experiments were tried with single coiled ones

(Tables 5.3 and 5.4).

Dispersion results using the single coiled 14.1 mL photoflow reactor - UV-A (9 W):

Reagent A [ Reagent B (dispersed) IS Reaction
Reagent Reagent Internal 3 b c .
Entry A B Standard  equiv [A] flow rate equiv [B]” flowrate [IS] time
AV My (muyming SV (M) (mU/min) (M) (min)
o .
1 @ I dbutl 3 0051 005 5 026 005 0084 140
ether
O .
2 ij I dibutyl 1 0051 005 196 1 005 0044 140
ether
O .
3 @ I dbutl 1 0153 005 5 0.77 005 0131 140
ether
(@]
4 ij I dibutyl 1 0.153  0.05 196 299 005 0131 140
ether

Table 5.3: Concentration gradient experiments performed with the single coiled 14.1 mL photoflow reactor.
®[A] Concentration of reagent A in the stock solution 1, e [B] Concentration of reagent B in the stock solution 2, [IS]
Concentration of Internal Standard in the stock solution 1.
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x Dispersion tetramethylethylene at 0.05 mL/min in the 10 mL loop
0.8 - # Peak area 2 diastereoisomers/Peak area IS
x Peak area cyclohex-2-enone/Peak area IS
0.7 4 « x o XX ox oy ® Peak area open cyclobutane/Peak area IS
x X X A Peak area 2 homo-dimers/Peak area IS
0.6 - % ® Conversion
: x Yield (Zdial oo e
0.5 - xx ..:. @ oo © o000 0
04_ .:‘xx xxxxxxxxxxxxxxxxx
' 5 equiv.
0.3 - °
L o0 o*
e ° °
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0.1 ‘::éiﬁti---|---na-nn------
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Figure 5.29: Concentration gradient results Table 5.3, entry 1.
x Dispersion tetramethylethylene at 0.05 mL/min in the 10 mL loop
@ Peak area 2 diastereoisomers/Peak area IS
1.4 - x Peak area cyclohex-2-enone/Peak area IS
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Figure 5.30: Concentration gradient results Table 5.3, entry 2.
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As previously stated, these two experiments (Figures 5.29 and 5.30) were performed
with the same parameters as Table 5.2, entries 1 and 2 but using a single coiled photoflow
reactor (14.1 mL, UV-A 9W). The results are similar and the slight inconsistencies between the
5 and 19.6 equivalents experiments are still present (Figure 5.31). The double coiled photoflow
reactor is not the cause of this difference but the dispersion profile position on the x-axis
(difficulty to find an accurate position on the x-axis, see experimental part for methodology)

might be another potential explanation.

R 0.6 -
0.8 - +
+ 0.5 -
+
+
206 - N 0.4
5 ok
£0.4 4 X X Entry 1 % 0.3 7 Entry 1
> xX + i~
g ot +Entry 2 0.2 Entry 2
(&)
0.2 %+ 0.1 -
0 T T T 1 0 = T T T L
0 5 10 15 20 0 5 10 15 20
Equivalent tetramethylethylene Equivalent tetramethylethylene
Figure 5.31: Evolution of conversion and yield for Table 5.3, entries 1 and 2.
1 x Dispersion tetramethylethylene at 0.05 mL/min in the 10 mL loop
# Peak area 2 diastereoisomers/Peak area IS
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Figure 5.32: Concentration gradient results Table 5.3, entry 3.
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x Dispersion tetramethylethylene at 0.05 mL/min in the 10 mL loop
1.6 & Peak area 2 diastereoisomers/Peak area IS
' x Peak area cyclohex-2-enone/Peak area IS
14 4" Peak area open cyclobutane/Peak area IS
' 4 Peak area 2 homo-dimers/Peak area IS
1.2 - Conversion
Yield (2 dia)
1
0.8
0.6 Xxxxxxxxxxxxxx
04 s o0000elWieoqgee®
0.2 AAAAAAAA‘AAAAAA :.Q...lllllilllllil.lll
0 N ‘fKXxx§xxxx§xxxx§xxxx§
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Experimental time (min)
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N o © 0 000D 0.8 -
0.8 - .
c b .6 1
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o
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Figure 5.33: Concentration gradient results Table 5.3, entry 4.

In the previous Figures 5.32 and 5.33 (Table 5.3, entries 3 and 4), the initial
concentrations of cyclohex-2-enone (5.7a) and tetramethylethylene (5.17) were tripled
compared to entries 1 and 2. The other reaction parameters remained the same. 2" order
reactions occurred during these experiments so tripling the initial concentration increases the
overall conversions (e.g. max conversion = 93% (Figure 5.33) vs. max conversion = 84% (Figure
5.30)). A larger amount of dimer is formed before the dispersion of the tetramethylethylene
and a larger amount of diastereoisomers is generated after the dispersion. Consequently, the
maximum yields are increased (e.g. max yield = 80% (Figure 5.33) vs. max yield = 60% (Figure
5.30)). As the previous entries 1 and 2 (Tables 5.2 and 5.3), a slight difference is observed

between the dispersion of 5 and 19.6 equivalents of tetramethylethylene (Figure 5.34).

1 - 0.8 -
0.9 - Lo+ T AT
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c 08 i + 06 |
2 0.7 +
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0.3 T T T 1 0 K T T T 1
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Equivalent tetramethylethylene Equivalent tetramethylethylene

Figure 5.34: Evolution of conversion and yield for Table 5.3, entries 3 and 4.
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Dispersion results using the single coiled 31.8 mL photoflow reactor - UV-A (36 W):

Reagent A | Reagent B (dispersed) IS Reaction
Entry ReaAgent Reagent SI:te;naId . [A]? flowrate ) [B]b flow rate [1s1°¢ time
andard-eauv- vy (mu/min) MY (M) (mU/min) (M) (min)

o
1 \ dibutyl 4 5051 0113 5 026 0113 0.044 140
ether

(@]
2 ij I dibutyl 3 5051 0113 196 1 0.113 0.044 140
ether

O
3 \ dibutyl ) 5153 0113 5 077 0113 0.131 140
ether

(@]
4 ij I dibutyl 5153 0113 196 299  0.113 0.131 140
ether

Table 5.4: Concentration gradient experiments performed with the single coiled 31.8 mL photoflow reactor.
®[A] Concentration of reagent A in the stock solution 1, b [B] Concentration of reagent B in the stock solution 2, [IS]
Concentration of Internal Standard in the stock solution 1.

x Dispersion tetramethylethylene at 0.113 mL/min in the 10 mL loop
1.2 | o Peakarea 2 diastereoisomers/Peak area IS
x Peak area cyclohex-2-enone/Peak area IS
1 m Peak area open cyclobutane/Peak area IS
b Peak area 2 homo-dimers/Peak area IS e000000000000O0O0COOOCOLOGS
e Conversion o ® ®
0.8 Yield (2 dia) o ® ° .
000000 gg00 00
0.6 -
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XXX X X X X X X X XXX XX XX X X X X
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Figure 5.35: Concentration gradient results Table 5.4, entry 1.
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14 7 * Dispersion tetramethylethylene at 0.113 mL/min in the 10 mL loop
® Peak area 2 diastereoisomers/Peak area IS
1.2 - x Peak area cyclohex-2-enone/Peak area IS
m Peak area open cyclobutane/Peak area IS ° b ® i o
1 Peakargazhomo—dimers/Peak a:ea.ls. co 4 : : : ,: St o
e Conversion ° * .
Yield (2 dia) o® d * \
0.8 -+ °
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Figure 5.36: Concentration gradient results Table 5.4, entry 2.

These two experiments (Figures 5.35 and 5.36) were performed with the same
parameters as Tables 5.2 and 5.3, entries 1 and 2 but using a single coiled photoflow reactor
equipped with a 36 W UV-A lamp. With these reaction conditions and this higher power lamp,
the reaction proceeds to completion, and the conversion and the yield increase much faster
with the amount of tetramethylethylene (e.g. vyield = 40% for 5 equivalents of
tetramethylethylene (Figure 5.36) vs. yield = 30% for 5 equivalents of tetramethylethylene
(Figure 5.30)). However, as observed previously, a small deviation is noticed between the

dispersion of 5 and 19.6 equivalents of tetramethylethylene (Figure 5.37).
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Figure 5.37: Evolution of conversion and yield for Table 5.4, entries 1 and 2.
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1.4

T = Dispersion tetramethylethylene at 0.113 mL/min in the 10 mL loop
@ Peak area 2 diastereoisomers/Peak area IS
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Figure 5.38: Concentration gradient results Table 5.4, entry 3.
16 1 x Dispersion tetramethylethylene at 0.113 mL/min in the 10 mL loop
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Figure 5.39: Concentration gradient results Table 5.4, entry 4.

90




In the previous Figures 5.38 and 5.39, the initial concentration of tetramethylethylene
and cyclohex-2-enone were tripled to highlight the influence of the concentration in a second
order reaction. For this purpose, for the same amount of tetramethylethylene, the conversion
and yield are higher in these cases (Figure 5.39) than with the lower concentration (Figure
5.36). However, with the same conditions, the maximum yield with the 36 W lamp (63%,
Figure 5.39) is lower than using the 9 W lamp (80%, Figure 5.33). This difference can be
explained by the degradation of the starting material and diastereoisomers due to the over

exposure to the high energy UV irradiation.

1.05 0.7
1 ++ + +  + 4+ o+ HiHHH 0.6 -
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Equivalent tetramethylethylene Equivalent tetramethylethylene

Figure 5.40: Evolution of conversion and yield for Table 5.4, entries 3 and 4.

Dispersion results using the double coiled 28.0 mL photoflow reactor - UV-A (9 W) - Dispersion

of cyclohex-2-enone:

R tA R t B (di d i

Reagent Reagent Internal eagaen ‘ eagen b( ispersed) ISc Rea_lctlon

Entry A B Standard  equiv [A] flow rate equiv [B] flow rate [1S] time
AV vy muyming YT (M) (mUmin) (M) (min)

o
1 I ij dibutyl 194 099 0.1 1 0051 01 0.044 140
ether

Table 5.5: Concentration gradient experiments performed with the double coiled 28.0 mL photoflow reactor.
®[A] Concentration of reagent A in the stock solution 1, b [B] Concentration of reagent B in the stock solution 2, “[IS]
Concentration of Internal Standard in the stock solution 1.

For this experiment (Table 5.5, Figure 5.41), a concentration gradient of cyclohex-2-
enone (0 to 1 equiv.) was injected into a constant amount of tetramethylethylene (19.4 equiv.,
[C] = 0.99 M). This dispersion attempt gives access to lower ratios between the initial amount
of cyclohex-2-enone and tetramethylethylene (1 to 19.6 was the lowest ratio tried in the
previous experiments). The conversion of the reaction is constant with the amount of
cyclohex-2-enone injected (about 80%). However, the yield reaches a maximum (80%) for
about 0.5 equivalent of ketone (ratio ketone/tetramethylethylene = 1/38.8). As it is the

cyclohex-2-enone which is absorbing the light, there is a balance between not absorbing the
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light at low concentrations to the situation where there is not enough light for complete
reaction at high concentration. This experiment is particularly interesting because it clearly

highlights the conditions for which the yield is maximum.

x Dispersion cyclohex-2-enone at 0.1 mL/min in the 10 mL loop
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Figure 5.41: Concentration gradient results Table 5.5, entry 1.

With this series of experiments, it has been shown that it is possible to monitor crucial
information (evolution of the amount of the different compounds, conversion and vyield
according to the amount of the dispersed reagent) using this novel concentration gradient
methodology. In spite of small inconsistencies observed between a few experiments, the
power and efficiency of such a method remains in the rapid generation of this crucial set of
information towards the fast optimisation of reaction conditions. After complementary
investigations especially on the development of an in-line monitoring (UV or IR), time saving
and reduction of waste material would be much more significant and will increase the

efficiency and the power of this methodology.
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5.3.4 Application of the concentration gradient methodology to the Mallory
photocyclisation (B = C)
5.3.4.1 Preliminary study on the Mallory photocyclisation of cis-stilbene towards the
application of the concentration gradient methodology (B 2 ()
Over the past few decades, n-conjugated compounds have attracted lots of interests in
organic synthesis due to their various applications in electronics and more particularly in

semiconductors.**®

Due to their high chemical stability on exposure to air and light, and their
high OFET performance, phenacenes are promising organic electronic materials.'*® The Mallory
photocyclisation? is the typical reaction for the synthesis phenacene skeletons but very few
literature publications are available with the development of this reaction under flow

conditions.***

For this reason, we decided to apply our new concentration gradient
methodology using this photocyclisation.

Photolysis of cis-stilbene (5.21) induces the reversible cyclisation to dihydrophenanthrene
(5.22), an intermediate which can be irreversibly oxidised with hydrogen acceptors such as
iodine, oxygen or cyclohexene to form 5.23 (Scheme 5.9). Moreover,
cis-stilbene (5.21) undergoes photoisomerisation to trans-stilbene (5.24) (Scheme 5.10) which

can then dimerise to form a mixture of 5.25 and 5.26 (Scheme 5.11) in high concentration

conditions.**?

2)

: = | e )
e ———
S
OO = O Ol
HH
5.21 5.22 5.23

Scheme 5.9: Photolysis of cis-stilbene.

@ hy ©® "
P Ph = PN
hv
5.21 5.24

Scheme 5.10: Photoisomerisation of stilbene.

Ph Ph
@ Ph & Ph hv Ph ~Ph
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5.24 5.24 5.25 5.26

Scheme 5.11: Photodimerisation of trans-stilbene.

As preliminary experiments, the photocyclisation of cis-stilbene (5.21) was performed

using a Vapourtec system equipped with the 31.8 mL single coiled photoreactor. As described

123
I,

by Bedekar et a the first attempt was performed with the cyclohexene (2 equiv.) as
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hydrogen acceptor. With the conditions described in Scheme 5.12, only 50% conversion was
noticed after 30 min reaction time. However, as described by Okamoto et al. e using a
catalytic amount of iodine (0.1 equiv.) instead of cyclohexene proceeded to better results with

full conversion and 96% vyield (Scheme 5.12). No dimers were formed with this low

concentration [C] = 0.005 M.
AN UV-A 36 W, 30 min
O O‘ 50% conversion
O O,, cyclohexene, Not isolated
cyclohexane

[C]=0.005M 5.21 5.23

N UV-A 36 W, 30 min
C L0 sy
O 0y, |, cyclohexane O

[C]1=0.005M 5.21 5.23

Scheme 5.12: Phenanthrene synthesis in flow chemistry using cyclohexene and iodine as hydrogen acceptors.

According to these results, iodine was kept as hydrogen acceptor for our concentration

gradient experiments.

5.3.4.2 Application of the concentration gradient methodology to the photocyclisation
of cis-stilbene (B = C)
5.3.4.2.1 General methodology for the concentration gradient process and data
acquisition (B 2 C)
Based on a comparable general methodology to that described in section 5.3.3.2.1, the
following 5 steps were performed during the concentration gradient process and data

acquisition.

Step 1: Generation of the gradient of concentration of the dispersed reagent B (cis-stilbene

(5.21)) using the flow set up described in Figure 5.16.

Step 2: Photocyclisation with dispersion of reagent B (cis-stilbene) using the flow set-up
described in Figure 5.42. Compound A (internal standard) was injected straight into the UV
reactor whereas reagent B dispersed in the 10 mL loop. At the exit of the loop, the flow with
the dispersed concentration of reagent B was inserted into a flow of constant concentration of
internal standard. At the exit of the reactor, the sample collection and off-line GC analysis
enable the determination of the reaction mixture composition, the conversion and the yield

according to the reaction time.
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Stock solution 1: Waste
Compound A (IS) BPR collection

in solvent M l

Stock ! ﬁ
Solvent Pump B > UV Reactor

(cyclohexane)

Stock solution 2: / hﬁ] GCvials

Reagent B with I,
in solvent 10 mL sample
loop to disperse
reagent B
Figure 5.42: Flow set-up for the application of the concentration gradient methodology on the photocyclisation of
cis-stilbene (5.21).
Step 3: Calculation of the ratios of the peak area of each compound over the peak area of the
internal standard (IS) thanks to the GC analysis and generation of the graph with these ratios
plotted against the experimental time. Then, incorporation with few normalisations of the

gradient of concentration curve obtained during step 1.

Step 4: Calculation of the conversion and yield for each GC analysis using equations 5.10 and
5.11 respectively and incorporation of the corresponding values into the graph plotting the

different ratios against the reaction time.

(Peak area cis — stilbene/ Peak area internal standard),

Conversion; =1 —
t (Peak area cis — stilbene/ Peak area internal standard), ;

Equation 5.10: Formula used for the calculation of the conversion at a given moment.

n(phenanthrene
Yield, = (p e

n(phenanthrene) theoretical t

Equation 5.11: Formula used for the calculation of the yield at a given moment.

Step 5: Generation of the graph with the conversion and the yield plotted against the initial

concentration of the cis-stilbene.

5.3.4.2.2 Results of the concentration gradient experiments using the
photocyclisation of cis-stilbene as a model reaction (B = C)

Using the methodology previously described, different concentration gradient

experiments were performed. As the UV absorption of the cis-stilbene is in the range 240-320

124

nm, " attempts were investigated with 3 different UV lamps (UV-A, B and C 36 W) (Table 5.6).
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Compound A Compound A (IS) ‘ Reagent B (dispersed) Reaction

R t i v v
Entry Internal eagen [A]? flow rate [B]b flow rate time IaUmp re:Jctor
Standard (M) (mL/min) (M) (mL/min) (min)

. Ph Single

d'f:tyl ] 036 0.353 0.1 0.353 45 ;’g’ x coiled
ether Ph 31.8mL

. Ph Single

d'b:ty' ] 036 0.353 0.1 0.353 45 ;Jg’ V;B/ coiled
ether Ph 31.8mL

. Ph Single

3 d':’:tyl ] 036 0.353 0.1 0.353 45 ;’g’ V\C/ coiled
ether on 31.8mL

Table 5.6: Concentration gradient experiments performed with the single coiled 31.8 mL photoflow reactor.
®[A] Concentration of compound A (Internal standard) in the stock solution 1, b [B] Concentration of reagent B in the
stock solution 2.

x Dispersion cis-stilbene at 0.353 mL/min in the 10 mL loop
B Peak area phenanthrene/Peak area IS

1 ““’“'o-. @ Peak area cis-stilbene/Peak area IS
e X Peak area 2 dimers/Peak area IS
0.8 ® e Conversion
) .
. Yield (phenan.) [C]=0.05M

0.6

0.4

00e*

4 XXXXXXXXX XXX X
XXX XXX XX XXXXXXXX XXX XXXX XXX
-;!xx!I.Ili“‘llIllllIlllllllllllllllllllllllll

0 T T T 1
0 5 10 . 15 20
Experimental time (min) ]
1 - ocsswjocecg . v
1 1
0.8 ' ' *e ® Conversion
! ! ® Yield
0.6 1 | | .o
0.4 - > teeccep et e
1 1
0.2 Ao.oos\ i i 0.012
O : T :/ T T T 1
0 0.01 0.02 0.03 0.04 0.05
Initial concentration of cis-stilbene (mol/L)

Figure 5.43: Concentration gradient results Table 5.6, entry 1 (UV-A).

From this first concentration gradient experiment performed with the UV-A lamp
(Figure 5.43), the evolution of the conversion and the yield according to the initial
concentration of cis-stilbene ([C], = 0.05 M) is clearly highlighted. For the reaction conditions
described in Table 5.6 (entry 1), an initial concentration of cis-stilbene between 0.006 and
0.012 M leads to the highest conversion and yield (around 1 and 1 respectively), and low
formation of dimers. For an initial concentration of cis-stilbene at 0.012 M, a production
efficiency of 91 mg/h of phenanthrene is obtained. For lower initial concentrations, the
reaction is complete but the yield decreases, probably because of the over irradiation and the

degradation of the product. For concentrations higher than 0.012 M, the decrease of the
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conversion and the yield is due to the over concentration of the reaction mixture compared to
the amount of photons provided in 45 min by the UV-A lamp (36 W). Moreover, the increase of
the formation of dimers with the increase of the initial concentration is another explanation of
the decrease of the yield.

For the experiment with the UV-B lamp (Figure 5.44), the maximum yield and conversion
(around 1 and 1 respectively) are obtained for an initial concentration between 0.012 and
0.025 M. The production efficiency of phenanthrene is 189 mg/h for an initial concentration of
cis-stilbene at 0.025 M and a 36 W UV-B lamp. This production is slightly better than the one
mentioned by Okamoto with an initial concentration of cis-stilbene at 0.005 M, a 8 min

121c For lower concentration

reaction time and with a 450 W high pressure Hg lamp (175 mg/h).
than 0.012 M, the decrease of the yield is probably due to the same reasons as the UV-A lamp.
For higher concentration than 0.025 M, the formation of dimers is the explanation for the
decrease of the yield.

Finally, for the experiment with the UV-C lamp (Figure 5.45), the maximum vyield and
conversion (around 1 and 1 respectively) are obtained for an initial concentration between 0.016

and 0.021 M. The production efficiency of phenanthrene is 158 mg/h for an initial concentration

of cis-stilbene at 0.021 M.

x Dispersion cis-stilbene at 0.353 mL/min in the 10 mL loop
® Peak area phenanthrene/Peak area IS
@ Peak area cis-stilbene/Peak area IS
x Peak area 2 dimers/Peak area IS
1.2 -+ e Conversion
Yield (phenan.)

1 -eceeccecccccccccencivoscin °
0.8 - [C]=0.05 M
0.6 -

0.4 -
mpuESSEEEgSpinSaeapEEEEEEEERE
0.2 A

HHXKHXKXXX XXX XXX KXXX XX XX XXX XXX XX

0 . 1(? . . 15 20
Experimental time (min) —
1 -@m®emeceenl Co e0iaon 0n0oe OVN
1 1
0.8 - | |
0.6 -
0.4 - i i ® Conversion
1 1 Yield
0.2 - 0.012 : : 0.025
0 - x\: T :/ T T L
0 0.01 0.02 0.03 0.04 0.05
Initial concentration of cis-stilbene (mol/L)

Figure 5.44: Concentration gradient results Table 5.6, entry 2 (UV-B).



x Dispersion cis-stilbene at 0.353 mL/min in the 10 mL loop
® Peak area phenanthrene/Peak area IS
@ Peak area cis-stilbene/Peak area IS
x Peak area 2 dimers/Peak area IS
12 4 Conversion
1 seesslililiiNUblecseccananag, .,
0.8 - [C1=0.05M
0.6 -
0.4 -
0.2 5 EEmgtNEENEENSEESsEEEpsEnEnEn
0 = &
2 . 12 | ) 1 22
Experimental time (min) —

1 ;-.o.ooooo e C Clan a fe0ee,
i i ® o wononsay
0.8 - o
0.6 - -
1 1
1 1
0.4 - :4—’: e Conversion
1 1 Yield
0.2 1 0.016 | | 0.021 *
O 7‘ T \ I YI/ T T 1
0 0.01 0.02 0.03 0.04 0.05
Initial concentration of cis-stilbene (mol/L)

Figure 5.45: Concentration gradient results Table 5.6, entry 3 (UV-C).

With these three different experiments, it has been emphasised that the concentration
gradient experiment can enable identification of the optimum initial reaction mixture
concentration to get the best conversion and yield. According to our results, a mixture of cis-
stilbene in cyclohexane ([cis-stilbene] = 0.025 M) going through the 31.8 mL photoflow reactor
for 45 min and equipped with the UV-B lamp (36 W) led to the best conversion, yield,

productivity and low formation of dimers.

The concentration gradient methodology employed for the model 2" and 1% order
photoreactions (A + B = C ([2 + 2] photocycloaddition) and B = C (photocyclisation)) quickly
highlights the optimum reaction conditions (optimum ratio A/B or optimum initial
concentration of B) to get the best conversion and yield. This methodology was studied with
photochemical reactions but the application on thermal reactions could be possible. Using this
concentration gradient process, the promising and consistent results emphasise the efficiency
of flow chemistry to quickly produce a large amount of relevant data towards the fast

optimisation of reaction conditions.
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5.4 Turn off light methodology in photoflow chemistry
5.4.1 Principle of this novel methodology

In the context of optimisation of reaction conditions, the determination of the
optimum reaction time remains one of the main goals. For this purpose, we developed with
Prof Richard J. Whitby another novel methodology using our photoflow reactors to quickly find
the optimum reaction time.

The turn off light experiments under flow conditions were conducted using a
Vapourtec R series system with a single coiled photoflow PFA reactor (14.1 or 31.8 mL capacity)
of 1 mm internal diameter equipped with a UV lamp (UV-A/B or C 9 W or 36 W) and an
automated sample collector (Figure 5.46).

The general principle of this methodology is described as follows: the starting
materials (Reagent A or Reagents A + B or Reagents A + B + C) are injected into the UV reactor
(capacity = Vy) with the light on at a constant flow rate FR. Once the reactor is entirely filled up
with the reaction mixture, the UV lamp is turned off and the content of the reactor is pushed
out with the stock solvent. At the end of the reactor, the mixture is collected in vials for off-
line GC analysis. After turning off the light and before pushing out the content of the reactor,
Figure 5.47 highlights 3 different reaction times according to the position in the tube. Thanks
to the GC analyses, the different mixture compositions can be determined according to the
reaction time (0 < RT < Vy/FR), and the corresponding conversion and yield can be calculated
(Equations 5.12 and 5.13). In the following sections 5.4.3 to 5.4.6, this methodology was
investigated with several photochemical reactions (A > D, A+B > Dand A+ B+ C > D).

Dispersion was not considered in this methodology.

Stock solution 1

Reagent Aor BPR 250 psi

Reagents A + B Waste
ol - l Folecton

UV Reactor ﬁ

Sample collector

Y

Stock

Stock solution 2
Reagent C

Figure 5.46: Flow set-up for turn off light methodology.

V=0 V=V/2 V=V,
Solvent ——» | | | | | | ——p Collection
RT=0 RT = (V,/2)/FR RT =V /FR

Figure 5.47: Turn off light methodology - Reaction times according to the position in the UV reactor.
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(Peak area reagent A/ Peak area internal standard),

Conversion; = 1 —
t (Peak area reagent A/ Peak area internal standard),

Equation 5.12: Formula used for the calculation of the conversion at a given moment.

n(product),;

n(prOdUCt) theoretical

Equation 5.13: Formula used for the calculation of the yield at a given moment.

5.4.2 Correction to apply to the turn off light methodology for the determination of the

optimum reaction time

During a photoflow chemical reaction, the intensity of the light is not homogeneous
throughout the UV reactor. Indeed, the amount of photons is higher in the middle of the
reactor than at the entrance and the end, creating a difference of efficiency between the
reaction occurring in the middle and the ends. For the turn off light experiments, the lower
efficiency at the ends is an issue as it increases the reaction time. Therefore, to assess this
difference of intensity/efficiency, the reaction between the cyclohex-2-enone (1 equiv.,
[C] = 0.025 M) and the tetramethylethylene (19.6 equiv.) was used as a model. The reaction
mixture was injected into the photoflow reactor (light turned off). Once the reactor was
entirely filled up, the pump was turned off, the light was turned on and the reaction was left to
proceed. After the indicated reaction time, the light was turned off and the content of the
reactor was pushed out, collected in GC vials and analysed. From these GC data (Figures 5.48
and 5.50), the efficiency/intensity of the UV lamp (UV-A 9 W and 36 W inside the 14.1 and 31.8
mL UV reactor respectively) according to the area in the UV reactor was generated (Figures
5.49 and 5.51). These data were used in the following sections 5.4.3 to 5.4.6 for the
determination of the real reaction time (corrected reaction time). Details about the correction

process are described in the experimental part.

1.2 X Peak area cyclohex-2-enone/Peak area IS 120 -
[%2] # Peak area 2 diastereoisomers/Peak area IS © Efficiency UV lamp (9 W)
©
£ 1 v | >00 1 ..M
= & », S
© * — L
gos s o X $80 | .
? X & ¢ xx»(x ) . g
x & 4
g 0.6 X ox g 60 ° °
Q X X‘ ‘S [
€ *% X @ & ° °
8 4 W “ i 40 1 .'0
L °
© * °
9]
50.2 4 * Endofthe Entrance of the®, 20 1 ®  Endofthe Entrance of the®
x . UV reactor UV reactor * ° UV reactor UV reactor °
©
o A/ Y °
@ 0 y r \ﬂ 0 “/ : x R *
0 5 10 15 0 5 10 15
Volume eluted (mL) Area in the UV reactor (mL)

Figure 5.48: GC data of the different vials collected at  Figure 5.49: Conversion of the GC data into % efficiency
the exit of the reactor (14.1 mL, UV-A 9 W) - light on  of the lamp according to the area in the UV reactor (14.1
during 60 min. mL, UV-A 9W).

100



16 - X Peak area cyclohex-2-enone/Peak area IS 120 - o Efficiency UV lamp (36 W)
w @ Peak area 2 diastereoisomers/Peak area IS |
© 1.4 4 100 +
Q * & * m
& wao""W\ z
a‘s 1.2 y 'S < 20 ..
9 g . S 1 e ¢
& 14 o - N
- ¢ o N
€08 1% & X c 60
e oy X < °
£06 - % £ 40 1° .
o X X
S04 - »
o #* Endofthe Entrance of thex o 20 -° End of the Entrance of the
® 0.2 1 % UVreactor uv x UV reactor °
N M reactor . / UV reactor \
s 9 M ® °
T T T

g T T T 0

0 10 20 30 0 10 20 30

Volume eluted (mL) Area in the UV reactor (mL)

Figure 5.50: GC data of the different vials collected at Figure 5.51: Conversion of the GC data into % efficiency

the exit of the reactor (31.8 mL, UV-A 36 W) - light on  of the lamp according to the area in the UV reactor (31.8

during 30 min. mL, UV-A 36 W). The dips at each ends are due to the
locating clips on the lamp.

5.4.3 Application of this turn off light methodology on a [2 + 2] photocycloaddition
between the cyclohex-2-enone and the tetramethylethylene (A + B - D)
The first photochemical reaction investigated with this novel methodology was the 2™
order [2 + 2] photo-cycloaddition between the cyclohex-2-enone and the tetramethylethylene
(Scheme 5.13). The different attempts performed with this methodology and the different

results after GC analysis and processing of the data (see experimental part) are highlighted in

the following Table 5.7 and Figures 5.52 to 5.56.

o

5.20 5.27 528 O

5.19
Scheme 5.13: [2 + 2] photocycloaddition of cyclohex-2-enone and tetramethylethylene - Turn off light experiments.
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Reaction conditions

Reaction

Entry ReaAgent Reagent Slsatscrir;i:i cquiv. A [A°  equiv. [B]® [ISI° flow rate time uv uv
quiv. (M) B (M) (M) (mL/min) ) lamp reactor
(min)
o Single
dibutyl UV-A  coiled
1 @ I other 1 0.025 19.6 0.50 0.022 0.058 240 9w 141
mL
o Single
dibutyl UV-C  coiled
2 ij I other 1 0.025 19.6 0.50 0.022 0.058 240 9W 141
mL
o Single
dibutyl UV-A  coiled
3 @ I other 1 0.025 19.6 0.50 0.022 0.133 240 36W 318
mL
o Single
dibutyl UV-B  coiled
4 @ I other 1 0.025 19.6 0.50 0.022 0.133 240 36W 318
mL
o Single
dibutyl UV-C coiled
5 @ I other 1 0.025 19.6 0.50 0.022 0.133 240 36 W 318
mL

Table 5.7: Turn off light experiments performed in the single coiled 14.1 and 31.8 mL photoflow reactors.
?[A] Concentration of reagent A in the stock solution 1. b [B] Concentration of reagent B in the stock solution 1. °[IS]
Concentration of Internal Standard in the stock solution 1.

1.6 e Peak area 2 diastereoisomers/Peak area IS 1 .o’.'" —
® Peak area open cyclobutane/Peak area IS 0.9 *x °
1.4 {4 Peakarea 2 homo-dimers/Peak area IS I °
x Peak area cyclohex-2-enone/Peak area IS 0.8 - xx ..
1.2 -{e® Conversion ..“.00“'" 07 - R @ Peak area 2 diastereoisomers/Peak area IS
Yield (2 dia) ..00“ : x B Peak area open cyclobutane/Peak area IS
1 “0’ 0.6 - X @ 4 Peakarea2homo-dimers/Peak area IS
.0’ ....”.M X @ * Peak area cyclohex-2-enone/Peak area IS
0.8 5&( A 0.5 1 x e Conversion
B N A ® © Yield (2 dia)
X" ""& 0.4 x

0 50 100 150 0 50 100 150
Corrected reaction time (min) Corrected reaction time (min)
Figure 5.52: Turn off light results - Table 5.7, entry 1 Figure 5.53: Turn off light results - Table 5.7, entry 2
(UV-A9 W). (UV-CoWwW).

These first two attempts were performed with the low energy UV-A and UV-C lamps
(9 W) (Figures 5.52 and 5.53 respectively). 66% and 19% are the maximum yields obtained
after 175 and 45 min respectively (corrected reaction time). For the UV-C experiment, the
degradation of the product after about 45 min is due to the over exposure of the reaction
mixture to the higher energy UV irradiation (UV-C). In the range of reaction time studied, this

degradation is not present with the UV-A lamp.
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Peak area 2 diastereoisomers/Peak area IS

.
1.8 + X Peak area trans diastereoisomer/Peak area IS
+ Peak area cis diastereoisomer/Peak area IS
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e Conversion
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Figure 5.54: Turn off light results - Table 5.7, entry 3 (UV-A 36 W).
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04 - ® X M A Peak area 2 homo-dimers/Peak area IS
: : x§"’“xxx PS x Peak area cyclohex-2-enone/Peak area IS
0.3 +-- ._XE_ = % 0. x Peak area impurities/Peak area IS
% kg{ X & e Conversion
0.2 - ° Xx & Yield (2 dia)
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0 50 100 150 200
Corrected reaction time (min)
Figure 5.55: Turn off light results - Table 5.7, entry 4 (UV-B 36 W).
1 -
o0
..
0.9 1 °
08 ¢, °
[ ]
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05 4 x a Peak area 2 homo-dimers/Peak area IS
o . x Peak area cyclohex-2-enone/Peak area IS
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Figure 5.56: Turn off light results - Table 5.7, entry 5 (UV-C 36 W).
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These 3 last attempts were performed with a higher power UV-A, B and C lamps (36 W)
(Figures 5.54, 5.55 and 5.56 respectively). 65%, 30% and 22% (UV-A, B and C) are the maximum
yields obtained after 45, 28 and 23 min respectively (corrected reaction time). Compared to the
lower energy lamps (Figures 5.52 and 5.53), the maximum yields are consistent but are achieved
after a shorter reaction time. Regarding the UV-B and C experiments (Figures 5.55 and 5.56),
complete degradation of the product was observed for long reaction time, due to over exposure
of the reaction mixture to the higher energy radiations. Regarding the UV-A experiments

(Figure 5.54), specific degradation of the cis-diastereoisomer is highlighted after about 45 min.

5.4.4 Application of this turn off light methodology on a [2 + 2] photocycloaddition be-

tween the 2,2,6-trimethyl-4H-1,3-dioxin-4-one and the tetramethylethylene (A+B > D)

5.4.4.1 Preliminary study on the [2 + 2] photocycloaddition between the 2,2,6-
trimethyl-4H-1,3-dioxin-4-one and the tetramethylethylene

As the 2,2,6-trimethyl-4H-11,3-dioxin-4-one (2.38) was widely used during the kinetic

study section, the [2 + 2] photocycloaddition between this dioxinone and the
tetramethylethylene (5.17) was tried using the turn off light methodology.

12> the synthesis of 5.29

As a preliminary experiment and based on Baldwin’s study,
(Scheme 5.14) was investigated using our Vapourtec system. Equipped with the 28.0 mL
double coiled photoflow reactor (UV-C lamp, 9 W), a mixture of dioxinone 2.38 (1 equiv.) and
tetramethylethylene (5.17, 20 equiv.) in MeCN ([Cgioxinone] = 0.05 M) was injected into the flow
set-up. After 120 min (88 min corrected reaction time), the reaction mixture was collected at
the end of the reactor and purified on silica gel. The target product 5.29 was isolated in low
yield (22%). The same experiment was performed with the UV-A and UV-B lamp but no
product was formed (2,2,6-trimethyl-4H-1,3-dioxin-4-one absorbs at 245 nm). In order to find

the optimum reaction time and increase the yield of this reaction, the turn off light experiment

was applied.

X

o><o ) I UV-COW oo
MO 120 min o 2%
5.2

MeCN

2.38 5.17 .29

Scheme 5.14: [2 + 2] photocycloaddition of 2,2,6-trimethyl-4H-11,3-dioxin-4-one (2.38) and tetramethylethylene (5.17).
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5.4.4.2 Application of the turn off light experiment
The attempt performed with this methodology and the results after GC analysis and

processing of the data are highlighted in the following Table 5.8 and Figure 5.57.

Reaction conditions

R t R t Int | Reacti
Entry eaien eagen S:ar?;r;?d equiv. [A’  equiv. [BI° [ISI° flow rate et?;;on uv uv
A (M) B (M) (M) (mL/min) (min) lamp reactor

dibutyl uv-c ingle

1 oo I 1 005 20 1 0044 0116 120 coiled
PANEN ether W41
0 1 mL

Table 5.8: Turn off light experiments performed in the single coiled 14.1 mL photoflow reactor.
?[A] Concentration of reagent A in the stock solution 1. b [B] Concentration of reagent B in the stock solution 1. “[IS]
Concentration of Internal Standard in the stock solution 1.

1 - 00000 00000000000 0000000000000 O00CKKNMNMNMD
°
° @ Peak area dioxinone/Peak area IS
® Peak area product/Peak area IS
0.8 - ° L e Conversion
" L T Yield (5.29)
= o = mEn
0.6 - °= '."'--..
04 1%, " : gLt
. | ° 1
O ! My
oy® |
0.2 - o * !
A
g 1
0 V—’Q“MWMMWQM
0 20 40 60 80
Corrected reaction time (min)

Figure 5.57: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the corrected
reaction time (UV-C 9 W).

Having these results, the best conversion and yield (100 and 53% respectively) are
obtained after 18 min (corrected reaction time). During the preliminary experiment (Scheme
5.14), the reaction time applied (120 min, 88 min corrected reaction time) was too long and
over-irradiation is the reason of the degradation of the product and the low yield of the

reaction.

5.4.5 Application of this turn off light methodology on the photocyclisation of cis-stilbene
(A=> D)
As a third model reaction for the application of the turn off light methodology, the 1%
order photocyclisation of cis-stilbene (5.21), the so-called Mallory photocyclisation, to afford
phenanthrene (5.23) was investigated (Scheme 5.15). As the UV absorption of the cis-stilbene

124

is in the range 240-320 nm, " turn off light experiments with UV-A, B and C lamps were
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performed. The following Table 5.9 and Figures 5.58 to 5.63 describe the various attempts

with different initial conditions carried out with the 31.8 mL photoflow reactor.

X hv Ph, Ph Ph_  .Ph
® OO = |
O 0O,, I, cyclohexane O PH "'Ph Ph‘c. oh
5.21 5.23 5.25 5.26
_ J
e
dimers
Scheme 5.15: Photocyclisation of cis-stilbene - Turn off light experiments.
Reagent Internal Reaction conditions
Entry /f oy AT [S° flowrate Reaction uv uv
(M) (M) (mL/min)  time (min) lamp reactor
Ph . Single
1 ] dibutyl - 0050 0018 0.707 45 UV-A coiled
ether 36 W
Ph 31.8 mL
Ph . Single
2 ] d'i’;’ty' 0050 018 0177 180 ;’gﬁ coiled
Ph ether 31.8mL
Ph . Single
3 | dibutyl =) 0050 0018 0.707 45 uv-B coiled
ether 36 W
Ph 31.8 mL
Ph . Single
4 | dibutl = 5050 018 0177 180 uv-B coiled
ether 36 W
Ph 31.8 mL
Ph . Single
5 ] dibutyl 0050 0018 0707 45 uv-C coiled
ether 36 W
Ph 31.8 mL
Ph . Single
6 | dibutyl = 5050 018 0177 180 uv-c coiled
ether 36 W
Ph 31.8mL

Table 5.9: Turn off light experiments performed in the single coiled 31.8 mL photoflow reactor.
®[A] Concentration of reagent Ain the stock solution 1. b [IS] Concentration of Internal Standard in the stock solution 1.

1 A pee po = Y )
’:‘y
0.8 A ,-‘ ¢ Peak area cis-stilbene/Peak area IS
® ® Peak area phenanthrene/Peak area IS
0.6 - ] ® Conversion
: Yield (phenan.)
~

0 10 20 30 40
Corrected reaction time (min)

1.2 - @ Peak area cis-stilbene/Peak area IS

B Peak area phenanthrene/Peak area IS
1 - x Peakarea 2 dimers/Peak area
e Conversion
0.8 - Yield (phenan.)
’ °
0.6 -
<
0.4 +
&
0.2 A
P i
0 P

0 50 100
Corrected reaction time (min)

150

Figure 5.58: Turn off light results - Table 5.9, entry 1
(UV-A).

Figure 5.59: Turn off light results - Table 5.9, entry 2
(UV-A). The odd behaviour is due to the formation of
dimers which are poorly soluble in cyclohexane
(blockage)
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Figure 5.60: Turn off light results - Table 5.9, entry 3

Figure 5.61: Turn off light results - Table 5.9, entry 4
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Figure 5.62: Turn off light results - Table 5.9, entry 5
(UV-C).

Figure 5.63: Turn off light results - Table 5.9, entry 6
(UV-C).

For low concentration of cis-stilbene ([C] = 0.005 M) (Table 5.9, entries 1, 3 and 5), the

UV-A and UV-B lamps highlights the best results with 100% yield for reaction times of 16 and 6

min respectively (Figures 5.58 and 5.60). To confirm Figure 5.58 results, the cyclisation

experiment with exactly the same initial conditions and equipment ([cis-stilbene] = 0.005 M,

31.8 mL single coiled reactor, UV-A 36 W) was performed for a reaction time of 30 min (26 min

corrected reaction time) (Scheme 5.16). The phenanthrene was isolated in 96% yield which is

consistent with the turn off light data (96% vs. 100%). No dimers were formed.

UV-A 36 W, 30 min

9P

L o

O 0,, |, cyclohexane O

[C]=0.005M 5.21

5.23

Scheme 5.16: Phenanthrene synthesis in flow chemistry - Low concentration.
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For higher concentration of cis-stilbene ([C] = 0.050 M) (Table 5.9, entries 2, 4 and 6), the
best results are obtained with the UV-C lamp (80% yield after 95 min) (Figure 5.63). For these 3
different attempts (Figures 5.59, 5.61 and 5.63), the formation of dimers of the stilbene 5.25
and 5.26 is observed. In the same way, to confirm Figure 5.59 results, the cyclisation
experiment with exactly the same initial conditions and equipment ([cis-stilbene] = 0.050 M,
31.8 mL single coiled reactor, UV-A 36 W) was performed for a reaction time of 180 min (156
min corrected reaction time) (Scheme 5.17). The phenanthrene was isolated in 55% yield

which is consistent with the GC data (55% vs. 60%).

B UV-A 36 W, 180 min Ph Ph Ph Ph
C SO NN = N |
O O,, I, cyclohexane O PH “Ph PH oh

C]=0.05M 5.21 5.23 55% 5.25 .
[C] o g 5.26 j

Y
33%

Scheme 5.17: Phenanthrene synthesis in flow chemistry - High concentration.

5.4.6 Application of this turn off light methodology on a Sgy1 reaction (A+B + C = D)
5.4.6.1 Preliminary study on the Si\1 reaction
The Sgy1 reaction has been widely used in organic synthesis to achieve new carbon-carbon

bonds. The mechanism of this reaction is described in the following Scheme 5.18.

Ar—x N [Ar—X]"

lAF_X]._ —_— Ar. + X_

Ar + Nu [Ar—Nu]'_

lAr—Nul? M» Ar—Nu + [Ar—Xl'_

Scheme 5.18: Mechanism of Sgy1 reactions.

126 the Spy1 reaction between 2-

Based on the work developed by Beugelmans,
bromobenzonitrile (5.30) and ethyl 2-cyanoacetate (5.31) was used as a final model to illustrate
our new turn off light methodology. As the UV absorption of the 2-bromobenzonitrile is in the
range 260-300 nm, the preliminary synthesis of the ethyl 2-cyano-2-(2-cyanophenyl)acetate
(5.32) was performed using the UV-B lamp. With complete conversion, 50% yield was obtained

for a reaction time of 120 min (104 min corrected reaction time) (Scheme 5.19).
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Scheme 5.19: Formation of ethyl 2-cyano-2-(2-cyanophenyl)acetate (5.32) through a Sgy1 reaction.

5.4.6.2 Application of the turn off light experiment

Based on this preliminary result (Scheme 5.19), investigations about the optimum reaction
time were carried out using the turn off light methodology (Table 5.10 and Figure 5.64). For
this particular reaction, the in situ formation of ethyl 2-cyano-2-(2-cyanophenyl)acetate salt

requires the addition of acid (TFA) before GC analysis.

Reaction conditions

Reagent A Reagent B IS Reagent C
Br
Triethylene glycol N o
t-BuOK . N
@:CN ! dimethyl ether \\)J\O/\ Reaction UV uv
. . e
Stock solution 1 Stock solution 2 time (min) lamp  reactor
equiv. [A]® equiv. [B] [IS]° flowrate equiv. [c]* flow rate
A (M) B (M) (M) (mL/min) C (M) (mL/min)
UV-B Single
1 0.080 4 0.32 0.092 0.133 4 0.32 0.133 120 Coiled
36 W
31.8mL

Table 5.10: Turn off light experiment performed in the single coiled 31.8 mL photoflow reactors.

®[A] Concentration of reagent A in the stock solution 1. b [B] Concentration of reagent B in the stock solution 1. € [IS]
Concentration of IS in the stock solution 1. [C] Concentration of reagent C in the stock solution 2. ¢ At the end of
the UV reactor and before the collection in the GC vials, a flow of a solution of TFA in DMSO was injected in the
reaction mixture.

Peak area ethyl 2-cyano-2-(2-cyanophenyl)acetate/Peak area IS
Peak area bromobenzonitrile/Peak area IS
Peak area ethyl cyanoacetate/Peak area IS
Peak area benzonitrile/Peak area IS
Conversion

@y o Yield (5.32)
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Figure 5.64: Turn off light results - Table 5.10.
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According to Figure 5.64, the best yield obtained during this turn off light experiment
is 55% which remains constant between 10 and 50 min of reaction time. This medium yield can
be explained by the formation of benzonitrile by-product by a C-Br cleavage during the
irradiation. Degradation of the product is highlighted after 50 min of irradiation. For the same
reaction conditions, good consistency was obtained between the preliminary experiment yield

(Scheme 5.19) and the turn off light yield for 104 min corrected reaction time (50% vs. 43%).

To conclude with the turn off light experiments, it has been shown with these 4 model
reactions ([2 + 2] photocycloadditions, Mallory photocyclisation, and Sgy1 reaction) that it is
possible to quickly find with our single coiled photoflow reactor the optimum reaction time.
Consistent values of yield were obtained between the reaction at a particular reaction time
and the turn off light results which highlight the reliability of the method. This new method is
intended to be broadly applicable to a wide range of chemical reactions (e.g. thermal reactions)

for which optimum reaction time needs to be determined.
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6 Conclusion and future work

During this Ph.D. thesis, the potential of flow chemistry has been demonstrated (precise
control of reaction parameters, high level of automation, in-line analysis, efficient heat
transfer and access to more hazardous reactions).

After unfavourable results in the optimisation of final steps of the synthesis of
epicocconone analogues and in the in situ generation of isocyanides, the development of an
efficient and innovative methodology based in a step-change in flow rate and in-line analysis
for rapid acquisition of kinetic information has been described (Figure 6.1). This powerful
procedure, developed using the thermolysis of 1,3-dioxoin-4-ones as model reactions (1*
order), offers very interesting feature such as cutting down the time spent to solve kinetic
investigations and can be used as a reliable tool to accelerate reaction study and process
development. The application of this procedure to 2™ order reactions could be an interesting

target for future research.

~
Kinetic information

Activation Energy
Data analysis

Reaction time £, (s) |
1 -
50.0 100.0 150.0 200.0 250.0 300.0

J/

0 4
0.8 - s00600000
) ™ -0.2<AAAAAAAAAA 8888388333
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c = ] Aa,
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= R oy ", A120°C
0 . . e 16 o 2130°C
54 56 58 60 1.8 4 0L m135°C
Experimental time 7 (min) 2 o 0140 °C

Figure 6.1: Overall view of the fast kinetic study procedure: The push-out method

Then, other novel methodologies were developed to quickly optimise reaction conditions.
The concentration gradient procedure based on the dispersion phenomenon was first
investigated for the fast determination of kinetic information of 1% (thermolysis of
2,2,6-trimethyl-4H-1,3-dioxin-4-one) and 2" order reactions (Diels-Alder reaction). This
methodology will be pursued with other reactions to highlight its reliability. Then, this
concentration gradient methodology was developed to rapidly extract reaction information

like the conversion or the yield as a function of the amount of dispersed reagent (Figures 6.2
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and 6.3). The entire profile can be extracted with only one experiment whereas conventional

methodologies will require one reaction for each desired data point.

1.2 4
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Figure 6.2: Concentration gradient procedure, [2 + 2]

photocycloaddition.
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Figure 6.3: Concentration gradient procedure, Mallory

photocyclisation.

Finally, the turn off light methodology applied to [2 + 2] photocycloadditions, photocyclisations

and Sgy1 reactions demonstrated the efficiency and the reliability of the procedure for the fast

determination of the optimum reaction time. The application of this procedure to thermal

reactions would be an interesting target for future research.

The development of these efficient and innovative methodologies is really promising

towards the fast optimisation of reaction conditions using continuous flow processing as they

can considerably impact on synthetic procedures and chemical engineering.
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7 Experimental Part

7.1 Instrumentation, general analytical techniques and general procedures in

flow chemistry

NMR Analysis: NMR spectra were recorded on Bruker AV-300 (300/75 MHz) or Bruker DPX-400
(400/100 MHz) spectrometers in the deuterated solvents indicated (CDCl; or DMSO-dg) at
298 K. The residual peak of the solvent was used as reference for 'H spectra (7.27 ppm for
CDCl; and 2.50 ppm for DMSO-dg) and *C spectra (77.00 ppm for CDCl; and 39.51 ppm for
DMSO-dg). The information related to the spectra are written as follows: the chemical shift 6
(in ppm), the multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet,
sxt = sextet, m = multiplet), the coupling constant J (in Hz), the integration and the atom
concerned. DEPT, COSY, HSQC and HMBC correlation experiments were used to aid
assighnment of spectra. The numbered assignment for proton and carbon signals is for

identification purposes only and does not represent the systematic IUPAC numbering.

Mass Spectrometry Analysis: Electron impact ionisation mass spectra (EI) and chemical

ionisation (Cl) were recorded on a ThermoQuest TraceMS GCMS. Electrospray mass spectra
(ES) were recorded using Microsaic 4000 MID quadrupole spectrometer using ES™ or ES
ionisation. The electrospray is previously linked to an HPLC (HP Agilent 1100 platform) using a
Sigma Aldrich Hypersil ODS C18 column (5 pum, 4.6 x 150 mm). The gradient was 20-95% MeCN
in water within 10 min and 2 min hold. The column was kept at 30 °C. The UV detection was a
summed signal from wavelength of 210 nm to 350 nm.

Accurate mass spectra were recorded on a VG analytical 70-250-SE double focussing mass
spectrometer using electron impact ionisation (El) at 70eV or a Bruker Apex Ill using

electrospray ionisation or Orbitrap - Biomax 088259.

Infrared Analysis: Infrared spectra were run as neat films on a Thermo Nicolet 380 FT-IR

spectrometer with a Smart Orbit Goldengate ATR attachment.

All in situ IR measurements were recorded on Bruker ALPHA FT-IR Universal Sampling Module
at room temperature using OPUS Software. Harrick’s DLC 2™ Demountable Liquid Flow Cell
with NaCl windows and 100 pum spacers was connected to the flow system at the indicated
positions.

Absorptions are given in wavenumbers (cm™). Peaks are recorded as s (strong), m (medium), w

(weak), sh (shoulder) and br (broad).
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UV-vis Analysis: Ultra Violet measurements were recorded with the Ocean Optics DH-2000-BAL
UV spectrometer at room temperature using SpectraSuite Software. All in situ UV
measurements were performed with a Type 583-F Starna® fluorimeter flow cell (path length:
1 mm, volume: 0.011 mL). The other UV measurements were run with UV Fused Quartz
cuvette (path length: 10 mm, volume: 3.5 mL). The wavelengths are given in nanometers and

the corresponding extinction coefficient in M™.cm™.

Melting Points: Melting points were recorded on a GallenKamp melting point apparatus and

are uncorrected.

GC Analysis: GC was performed on a Hewlett Packard HP 6890 series GC system, using a HP-5
(cross-linked 5% Ph Me siloxane) 30 m column, with a film thickness of 0.25 um and 0.32 mm
internal diameter. The carrier gas was helium and the flow rate was 2.7 mL min~". The injector
is maintaining at 300 °C with 1 pL injection. The run start at 80 °C with a gradient of 25 °C/min
until 275 °C which is hold during 4 min.

HPLC Analysis: All HPLC experiments were run on HP Agilent 1100 platform using a Zorbax SB-
C18 column (1.8 micron, 3.0 x 50 mm rapid resolution). The gradient was 20-95% MeCN in
water over 10 min and a 5 min hold. The column was kept at 60 °C. The UV detection was a

summed signal from wavelength of 190 nm to 400 nm

TLC Analysis: TLC was performed using Merck silica gel 60 A F,s, plates with detection by UV
and/or various stains (phosphomolybdic acid, potassium permanganate, iodine, 5% sulfuric

acid in methanol).

DFT Calculation: DFT calculations (B3LYP/6-31G(d)) using Spartan software were performed by
Prof Richard J. Whitby.

General Experimental Procedures: When needed, experiments were performed under argon or

nitrogen atmosphere. The glassware was dried in an oven (160 °C for at least 12 h) before
cooling in a sealed desiccator over silica gel.

DCM, DMSO and MeCN were freshly distilled from CaH,. Et,0, THF and toluene were freshly
distilled from sodium/benzophenone. n-BulLi was used as a 2.5 M solution in hexane and was
stored at 4 °C. All other solvents and commercially available reagents were used as received or
purified using standard procedures.

Purifications were performed using either silica gel 60A from Fisher Scientific or basic alumina
Brockman | deactivated with 6% of H,0 (for acid sensitive products). Columns were packed and

run under light pressure. Solvent compositions are described as ratios prior to mixing.

114



Flow Experiments: The Vapourtec® R series Integrated Flow Chemistry System (R2+/R2+/R4)

was the platform used for the flow experiments. Various configurations (bottle-feed, sample
loop, Stainless Steel and PFA reactor) and customisation of this platform (photochemical flow
reactor, Grant Optima™ TXF200 heated bath with high temperature silicone oil with home-
made Stainless Steel reactor, UV and IR spectrometers, sample collector, auto sampler, Gilson
Prep Fraction Collector) enables a large access of reaction conditions and analyses. Flow
consumables such as HPLC fittings, ferrules, check valves, tubing, back pressure regulators,
seals and mixers were employed to perform the various flow reactions and to ensure the

proper functioning of the platform.

General Procedure for a Thermal Reaction in Flow: Using the flow machine (Vapourtec

R2+/R2+/R4), the thermal reactions were performed either with bottle-feed or sample loop
(10 pL, 2, 5 or 10 mL) configurations. Two types of reactor were employed: either the Stainless
Steel reactor (SS, 10 mL capacity, ambient to 250 °C) or the plastic reactor (PFA, 5 or 10 mL
capacity, ambient to 150 °C). The SS reactor was connected to a 100 cm cooling loop (1 mm
i.d.). To increase the boiling point of the solvent, an appropriate Back-Pressure Regulator (BPR)
was connected to the exit of the reactor (40, 100 or 250 psi). During an experiment, the stock
solution was injected straight into the reactor or into the sample loop, and pumped at the
indicated flow rate FR (which corresponds to a residence time RT = Volume reactor/FR) and at
the indicated temperature. At the end of the reaction, when indicated, the mixture was
pumped through an in-line spectrometer (UV or IR), was then collected either by sample

collector or into a round bottom flask and then treated as described.

General Procedure for a Photochemical Reaction in Flow: Using the flow machine (Vapourtec

R2+/ R2+/R4), the photochemical reactions were performed either with bottle-feed or sample
loop (2, 5 or 10 mL) configurations. The reaction mixture was degassed by sonication whilst
being saturated with nitrogen gas or air. Before starting the reaction, the indicated UV lamp
(Philips 2-pin PL-S 9 W UV-A/B/C or Philips 4-pin PL-L 36 W UV-A/B/C) was switched on and left
to warm up for 10-15 minutes. The water cooling system was turned on. During an
experiment, the stock solution was injected straight into the UV reactor (single or double
coiled with 14.1, 28.0 or 31.8 mL capacity) or into the sample loop and pumped at the
indicated flow rate FR (which corresponds to a residence time RT = Volume reactor/FR). At the
end of the reaction, when indicated, the mixture was pumped through an in-line spectrometer
(UV or IR), was then collected either by sample collector or into a round bottom flask and then

treated as described.
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7.2 Procedures and analytical data

7.2.1 Chapter 2: Flow chemistry - A tool for optimisation of complicated batch reactions

2,2-Dimethyl-6-(2-(2-naphthyl)-2-oxoethyl)-4H-1,3-dioxin-4-one (2.28c)

o C18H1604
MW =296.32 g.mol *
Rf=0.19 (hexane/acetone, 8:2)

Pale yellow solid
Yield =40%
m.p. =104 °C

In a RBF flushed with argon, n-Buli at 2.5 M in hexane (4.04 mL, 10.1 mmol) was slowly added
at -78 °C to a 50 mL THF solution containing DIPA (1.40 mL, 10.0 mmol). After 30 min at 0 °C,
the media was cooled again at -78 °C and 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38, 1.33 mL,
10.0 mmol) was added dropwise. Finally, after 50 min at -78 °C, naphthoyl chloride (0.95 g, 5.0
mmol) was added dropwise at this temperature. After the addition was complete, the media
was left at -40 °C for 2 h and 30 min. The reaction mixture was quenched at 0 °C with HCI
(20 mL of 1 M aq.) and extracted three times with EtOAc (3 x 50 mL). The combined organic
layers were the washed with brine (3 x 50 mL), dried over MgSQ,, filtered and the solvent was
evaporated under reduced pressure to afford the crude product. This crude material was then
purified on silica gel (hexane/acetone, 8:2) to give the title compound 2.28¢ (0.60 g, 2.0 mmol,
40%) as a pale yellow solid, m.p. = 104 °C (lit. m.p. = 119 °C, lit. yield = 43%).° NMR data are
consistent with the literature.”*

'H NMR (400 MHz, CDCl;) 6 ppm: 8.46 (d, J = 1.0 Hz, 1H, ArH), 8.03-7.88 (m, 4H, ArH), 7.69-
7.57 (m, 2H, ArH), 5.48 (s, 1H, H-2), 4.04 (s, 2H, H-4), 1.73 (s, 6H, H-17).

13C NMR (75 MHz, €DCl;) 6§ ppm: 192.9 (C, C-5), 165.2 (C, C-3), 160.7 (C, C-1), 135.9 (C), 133.2
(C), 132.4 (C), 130.4 (CH), 129.6 (CH), 129.1 (CH), 128.9 (CH), 127.9 (CH), 127.2 (CH), 123.5 (CH),
107.3 (C, C-16), 97.0 (CH, C-2), 43.4 (CH,, C-4), 25.0 (CH3, C-17).

UV (MeCN) C = 1.88x10” M, A = 250.75 nm, £ = 48983 M™".cm™.

IR viax (Neat)/cm™ = 1724 (s), 1676 (m), 1371 (m), 1272 (m), 1179 (m), 811 (s), 764 (m), 472 (m).
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(2)-3-(3-Hydroxy-3-(naphthalen-2-yl)acryloyl)-4,5,5-trimethylfuran-2(5H)-one (2.30c¢’) and

1-(Naphthalen-2-yl)-3-(4,5,5-trimethyl-2-ox0-2,5-dihydrofuran-3-yl)propane-1,3-dione  (2.30c)

C20"'1804
MW =322.35 g.mol *

Yellow-orange solid

N Purity = 93%
O O e} Yield =94%
Ratio keto/enol: 10/90
m.p.=132°C

In a RBF flushed with argon, 2,2-dimethyl-6-(2-(2-naphthyl)-2-oxoethyl)-4H-1,3-dioxin-4-one
(2.28c, 122 mg, 0.412 mmol) and dried 3-hydroxy-3-methylbutan-2-one (2.25 distilled over
CaH,, 41.9 mg, 0.412 mmol) were dissolved in dried toluene (distilled) to make a 5 mL solution
([dioxinone] = 24 g/L). This solution was injected into the flow set-up described below using
the sample loop configuration. Then, the content of the loop was pushed by toluene (Stock
solvent) into the flow stream. The residence time was set at 10 min (flow = 1 mL/min) and the
oil bath was heated to 120 °C. The 10 mL Stainless Steel reactor was connected to a cooling
loop (100 cm, 1 mm i.d.) followed by a backpressure regulator (250 psi). At the end of the
reaction, the product was poured into a 20 mL solution of toluene containing triethylamine (63
pL, 0.45 mmol) and heated to 90 °C. After 15 min of mixing at this temperature, the crude
mixture was evaporated and concentrated under reduced pressure. To remove water, the
crude mixture was dissolved in EtOAc (20 mL) and dried over MgS0O,. The organic layer was
filtered and the solvent was evaporated under reduced pressure to afford the desired product
(134 mg (purity = 93%), 0.387 mmol, 94%) as a yellow-orange solid, m.p. = 132 °C. No
purification was performed. The 'H NMR spectrum reported on the following page identified
the Knoevenagel products 2.30¢’ and 2.30c (about 93%,,,,) with a small amount of decarboxylated

product 2.41 (about 4.5%,,) and &-lactone product 2.40 (about 2.5%,).

Mixture of o > misampleloop  gop 550 g
2 reagents l
m "

Waste
collection
stock Heated
SS Reactor
(sc:lvent) 10 mL Reaction mixture
toluene

poured in a solution
of Et,N in toluene

Figure 7.1: Flow set-up for the synthesis of 2.30c and 2.30c¢’- Sample loop configuration.
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Keto form (2.30c):

'H NMR (400 MHz, DMSO-dg) & ppm: 8.66 (s, 1H, ArH), 8.20-7.93 (m, 4H, ArH), 7.72-7.58 (m,
2H, ArH), 4.73 (s, 2H, H-25), 2.40 (s, 3H, H-37), 1.47 (s, 6H, H-38).

Enol form (2.30c’):

'H NMR (400 MHz, DMSO-dg) 6 ppm: 8.61 (d, J = 1.5 Hz, 1H, ArH), 8.20-7.93 (m, 4H, ArH), 7.72-
7.58 (m, 2H, ArH), 7.46 (s, 1H, H-6), 2.47 (s, 3H, H-18), 1.50 (s, 6H, H-19).

3¢ NMR (100 MHz, DMSO-d;) & ppm: 187.3 (C, C-7), 180.2 (C, C-3), 177.7 (C, C-5), 168.2 (C,
C-1), 135.1 (C), 132.2 (C, C-8), 131.9 (C), 129.6 (CH), 128.8 (CH), 128.8 (CH), 128.6 (CH), 127.7
(CH), 127.1 (CH), 122.9 (CH), 119.1 (C, C-4), 96.9 (CH, C-6), 86.0 (C, C-2), 23.9 (CH;, C-19), 13.6
(CHs, C-18).

UV (MeCN) C = 4.4x10° M, A = 348.85 nm, £ = 22954 M".cm™.

IR vimax (Neat)/cm™ = 2982 (w), 2926 (w), 2360 (w), 1745 (s), 1494 (m), 1271 (m), 1191 (m), 804
(s), 466 (s).

LRMS (LC/ES’): m/z = 321, 100% [M-H] .

HRMS (ES’): Found 345.1101 Da, CyoH1sNaO, [M+Na]* requires 345.1097 Da.

(2)-3-(1-Hydroxy-3-(naphthalen-2-yl)-3-oxoprop-1-en-1-yl)-6,6,9a-trimethyl-5,6-dihydro-2H-
furo[3,2-glisochromene-2,9(9aH)-dione (2.20c)

OH O 0 C7H2,06

MW =442.46 g.mol "
Rf=0.46 (EtOAc/hexane, 1:1)
Pale yellow solid

Yield =13%

In a vial flushed with argon, 2,2-dimethyl-6-(2-(2-naphthyl)-2-oxoethyl)-4H-1,3-dioxin-4-one
(2.28c, 24 mg, 0.081 mmol) and 7-hydroxy-3,3,7-trimethyl-3H-isochromene-6,8(4H,7H)-dione

(2.21, 16 mg, 0.072 mmol) were mixed in dried toluene (distilled) to make a 1 mL solution
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([dioxinone] = 24 g/L). This solution was injected into the flow set-up described below using
the sample loop configuration. Then, the content of the loop was pushed by toluene (Stock
solvent) into the flow stream. The residence time was set at 10 min (flow = 1 mL/min) and the
oil bath was heated to 120 °C. The 10 mL Stainless Steel reactor was connected to a cooling
loop (100 cm, 1 mm i.d.) followed by a backpressure regulator (250 psi). At the end of the
reaction, the product was poured into a 5 mL solution of toluene containing triethylamine (12
pL, 0.088 mmol) and heated to 60 °C. After 16 h of mixing at this temperature, the crude
mixture was quenched with HCl (0.13 mL of 1 M aq.). The aqueous layer was extracted three
times with EtOAc (3 x 10 mL). The combined organic layers were washed with brine (2 x 15 mL),
dried over MgSQ,, filtered and the solvent was evaporated under reduced pressure to afford
the crude product 2.20c. This crude mixture was then purified on silica gel (EtOAc/hexane, 1:1)
to give the title compound 2.20c (4 mg, 0.009 mmol, 13%) as a pale yellow solid. (lit.

yield = 33%).”> NMR data are consistent with the literature.”

Mixture of - 1 mL sample loop BPR 250 psi
2 reagents l
WM —— .

Waste
collection
Stock Heated
SS Reactor
(tsollvent) 10 mL Reaction mixture
oluene

poured in a solution
of Et,N in toluene

Figure 7.2: Flow set-up for the synthesis of 2.20c - Sample loop configuration.

'H NMR (300 MHz, CDCl5) & ppm: 8.57 (s, 1H), 8.10-7.99 (m, 2H), 7.96-7.87 (m, 2H), 7.79 (d,
J=1.1Hz, 1H), 7.67 (s, 1H), 7.65-7.53 (m, 2H), 7.15 (d, J = 1.5 Hz, 1H), 2.78 (d, J=17.0 Hz, 1H),
2.74(d, J = 17.0 Hz, 1H), 1.76 (s, 3H, CH), 1.49 (s, 3H, CHs), 1.42 (s, 3H, CH;).

(2E,AE,6E)-Ethyl octa-2,4,6-trienoate (2.45) and (2Z,4E,6E)- Ethyl octa-2,4,6-trienoate (2.45’)

O Ci0H140,
XX
T Y oy, MW = 166.22 g.mol *
2.45
Rf=0.54 (hexane/acetone, 7:3)
Ve 1;4 N2 Orange brown solid
11 19 .
Yield = 94%
245 O O % °

Ratio £E/Z: 86/14
m.p.=30°C
Ethyl 2-(diethoxyphosphoryl)acetate (1.77 mL, 8.92 mmol) was added dropwise at 25 °C to a

stirred solution of toluene (35 mL) and potassium tert-butoxide (1.00 g, 8.92 mmol).
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Dissolution of the potassium tert-butoxide was incomplete but the reaction was carried out.
The white viscous mixture was stirred for 1 h and the sorbaldehyde (2.44, 0.990 mL, 8.92 mmol)
was then added slowly. The colour changed immediately to red/brown. Using a water bath,
the temperature was maintained between 20 and 25 °C because this reaction was exothermic.
The reaction was then stirred overnight (14 h) at r.t. TLC showed the total conversion of the
starting materials. To this mixture was added 60 mL of water with 15 mL of toluene, and the
media was stirred for 30 min. The phases were separated and the aqueous layer was extracted
twice with toluene (2 x 50 mL). The combined organic layers were washed with brine (50 mL),
dried over MgSQ,, filtered and the solvent was evaporated under reduced pressure to afford
the title compounds 2.45 and 2.45’ (1.40 g, 8.42 mmol, 94%) as an orange brown solid,
m.p. = 30 °C (lit. m.p. = 30 °C,"” lit. yield = 100%'*®). The NMR highlights the ratio £/Z: 86/14.
They are consistent with the literature.**

E form (2.45):

'H NMR (300 MHz, CDCl;) 6 ppm: 7.30 (dd, J = 15.5, 11.0 Hz, 1H), 6.53 (dd, J = 15.0, 11.0 Hz,
1H), 6.27-6.07 (m, 2H), 6.02-5.88 (m, 1H), 5.84 (d, J = 15.3 Hz, 1H, H-2), 4.20 (g, J = 7.2 Hz, 2H,
H-9), 1.84 (d, J = 6.8 Hz, 3H, H-8), 1.30 (t, J = 7.2 Hz, 3H, H-10).

3C NMR (75 MHz, CDCl5) 6 ppm: 167.2 (C, C-1), 144.8 (CH), 141.0 (CH), 135.0 (CH), 131.2 (CH),
127.6 (CH), 120.0 (CH), 60.2 (CH,, C-9), 18.6 (CHs), 14.3 (CHs).

Zform (2.45°):

'H NMR (300 MHz, CDCl;) 6 ppm: 7.37 (dd, J = 15.4, 11.3 Hz, 1H), 6.88 (dd, J = 14.7, 11.3 Hz,
1H), 5.73-6.57 (m, 4H), 4.21 (q, J = 7.2 Hz, 2H, H-19), 1.92 (d, J = 5.3 Hz, 3H, H-18), 1.31 (t,
J=7.2 Hz, 3H, H-20).

(2E,4E,6E)-Octa-2,4,6-trienoic acid (2.46) and (2Z,4E,6E)-Octa-2,4,6-trienocic acid (2.46’)

NN oH MW = 138.16 g.mol *
2.46 . .
. White solid

» Yield =61%

15\ 13\ Xy 10 .

16 14 12 . Ratio E/Z: 92/8

2.46'

0" OH m.p.=170°C

In a RBF flushed with argon, ethyl octa-2,4,6-trienoates (E and Z) (2.45 and 2.45’, 1.40 g, 8.42
mmol) were dissolved at r.t. in 7 mL of ethanol. Then, NaOH (10.5 mL of 2 M aq., 21.0 mmol)
was added dropwise to the mixture. Using a water bath, the temperature was maintained
between 20 and 25 °C during this addition. The mixture was stirred at r.t. for 18 h. Evaporation

of the solvent under reduced pressure afforded the sodium octa-2,4,6-trienoate as an orange
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oil. 20 mL of deionised water were added to the concentrated crude oil followed by 0.23 g of
charcoal. The mixture was stirred at 40 °C for one hour, filtered on celite to remove the
charcoal and washed with water (10 mL). An orange solution was obtained.

The crude mixture was then reloaded into a flask and the temperature was cooled down
between 0 and 10 °C. Without exceeding 20 °C, HCl (21.0 mL of 1 M aqg., 21.0 mmol) was added
and the solution changed from orange translucent to turbid soft yellow (mixing during 25 min
at r.t.). The mixture was then filtered, washed with 10 mL of deionised water and dried under
reduced pressure to obtain the title compounds 2.46 and 2.46’ (0.71 g, 5.1 mmol, 61%) as a
white solid, m.p. = 170 °C (lit. m.p. = 188 °C," lit. yield = 77%"*%). The NMR highlights the ratio

E/Z: 92/8. They are consistent with the literature.’*

The Z form is not entirely described due to
some overlaps with the £ form on the *H NMR.

E form (2.46):

'H NMR (300 MHz, DMSO-dg) 6 ppm: 12.15 (br s, 1H, OH), 7.18 (dd, J = 15.4, 11.3 Hz, 1H), 6.65
(dd, J =14.8, 10.8 Hz, 1H), 6.30 (dd, J = 15.0, 11.3 Hz, 1H), 6.20 (ddd, J = 14.9, 10.9, 1.5 Hz, 1H),
5.96 (dq, J = 15.0, 6.6 Hz, 1H, H-7), 5.84 (d, J = 15.0 Hz, 1H, H-2), 1.79 (d, J = 6.6 Hz, 3H, H-8);
[Selected peaks for the Z form are: 7.29 (dd, J = 15.5, 11.5 Hz, 1H), 7.04 (dd, J = 14.5, 11.5 Hz,
1H), 6.40 (dd, J = 15.0, 11.5 Hz, 1H)].

3C NMR (75 MHz, DMSO-d;) 8§ ppm: 167.6 (C, C-1), 144.3 (CH), 140.7 (CH), 134.8 (CH), 131.3

(CH), 127.7 (CH), 121.0 (CH), 18.3 (CHs, C-8).

(2E,4E,6E)-Ethyl octa-2,4,6-trienoate (2.47) and (2Z,4E,6E)-Ethyl octa-2,4,6-trienocate (2.47’)

/\/\/\)J\ .0
§TYT s e UNTTY MW =181.23 g.mol *
2.47 lg
+ Rf = 0.52 (hexane/acetone, 1:1)
17 15 13 Yellow oil
X X 12
18 16 " 1 Yield =90%
247 O ONT "
(')\ Ratio E/Z: 90/10

20

In a RBF flushed with argon, oxalyl chloride (0.375 mL, 4.36 mmol) and DMF (1.1 uL, 0.014
mmol) were added all at one time at r.t. to a CH,Cl, solution (50 mL) containing octa-2,4,6-
trienoic acids (2.46 and 2.46’, 0.482 g, 3.49 mmol). After 2 h, the media was evaporated under
reduced pressure to remove the excess of oxalyl chloride. Afterwards, CH,Cl, (30 mL),
N,O-dimethylhydroxylamine (0.476 g, 4.88 mmol) and Et;N (1.46 mL, 10.5 mmol) were
successively added at r.t.. After adding the Et;N, a white fume appeared and disappeared

progressively. The media was stirred for 16 h and the reaction was quenched at r.t. with 15 mL
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of NaHCO; 4,; and extracted twice with 15 mL of CH,Cl,. The combined organic layers were
then washed four times with 20 mL of NH,Cl,,;, dried over MgSQ,, filtered and the solvent was
evaporated under reduced pressure to afford the title compounds 2.47 and 2.47’ (0.57 g, 3.1
mmol, 90%) as a yellow oil. The NMR highlights the ratio £/Z: 90/10. The Z form is not entirely
described due to some overlaps with the £ form on the *H NMR.

E form (2.47):

'H NMR (400 MHz, CDCl5) 6 ppm: 7.35 (dd, J = 15.2, 11.3 Hz, 1H, H-3), 6.53 (dd, J = 14.9, 10.9
Hz, 1H, H-5), 6.44 (d, J = 15.2 Hz, 1H, H-2), 6.27 (dd, J = 14.9, 11.3 Hz, 1H, H-4), 6.16 (ddd,
J=14.9,10.9, 1.0 Hz, 1H, H-6), 5.92 (dq, / = 14.9, 7.1 Hz, 1H, H-7), 3.71 (s, 3H, CH3), 3.25 (s, 3H,
CH;), 1.83 (dd, J/ = 7.1, 1.2 Hz, 3H, H-8); [Selected peaks for the Z form are: 7.41 (dd, J = 15.0,
11.0 Hz, 1H), 6.88 (dd, J = 15.0, 11.0 Hz, 1H), 6.36 (dd, J = 15.0, 11.0 Hz, 1H)].

3C NMR (100 MHz, CDCl;) & ppm: 167.4 (C, C-1), 143.6 (CH, C-3), 140.4 (CH, C-5), 134.3 (CH,
C-7), 131.3 (CH, C-6), 128.2 (CH, C-4), 117.8 (CH, C-2), 61.7 (CHs), 32.5 (CHs), 18.5 (CHs, C-8).

UV (MeCN) C = 3.66x10° M, A = 298.4 nm, e = 32131 M".cm™.

IR vinax (n€at)/cm™ = 2936 (br), 1649 (m), 1603 (s), 1413 (m), 1376 (m), 1087 (m), 999 (s), 435 (m).
LRMS (LC/ES’): m/z = 182, 50% [M+H]"; 204, 60% [M+Na]"; 385, 100% [2M+Na]".

HRMS (ES*): Found 204.0997 Da, C;oH,sNNaO, [M+Na]* requires 204.0995 Da.

2,2-Dimethyl-6-((3E,5E,7E)-2-oxonona-3,5,7-trien-1-yl)-4H-1,3-dioxin-4-one  (2.43)

C15H1804
14 14 1
MW =262.30 g.mol
O 010
N S Rf = 0.32 (hexane/acetone, 7:3)
12111098765432 (@)

Yellow solid

Yield =22%

m.p. =66 °C

In a RBF flushed with argon, (COCI), (0.400 mL, 4.52 mmol) and DMF (1.1 pL, 0.014 mmol)
were added all at one time at room temperature to a 50 mL solution of CH,Cl, containing octa-
2,4,6-trienoic acids (2.46 and 2.46’, 0.500 g, 3.62 mmol). After 3 h, the media was evaporated
under reduced pressure to remove the excess of oxalyl chloride and to isolate 0.530 g of octa-
2,4,6-trienoyl chloride (93%). Then, in another RBF flushed with argon, n-Buli at 2.5 M in
hexane (4.20 mL, 10.5 mmol) was slowly added at -78 °C to a 50 mL THF solution containing
DIPA (1.42 mL, 10.2 mmol). After 45 min at 0 °C, the media was cooled again at -78 °C and
2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38, 1.35 mL, 10.2 mmol) was added dropwise. After
30 min at -78 °C, octa-2,4,6-trienoyl chloride (0.530 g, 3.38 mmol) previously isolated and

dissolved in 5 mL of THF was added at -50 °C. After 3 h 15 min at -40 °C, the reaction was
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complete. It was quenched at 0 °C with NaHCO;,; (20 mL) and extracted three times with
EtOAc (3 x 70 mL). The combined organic layers were washed with NH,Cl, (3 x 50 mL), dried
over MgSQ,, filtered and the solvent was evaporated under reduced pressure to afford the
crude product. This crude mixture was then purified on silica gel (hexane/acetone, 8:2) to give
the title compound 2.43 (192 mg, 0.732 mmol, 22%) as a yellow solid, m.p. =66 °C.

'H NMR (400 MHz, CDCl3) 6 ppm: 7.24 (dd, J = 15.2, 11.2 Hz, 1H, H-7), 6.64 (dd, J = 15.2, 10.6
Hz, 1H, H-9), 6.22 (dd, J = 15.2, 11.2 Hz, 1H, H-8), 6.20 (J-coupling not resolved due to an
overlap with H-6 and H-8, 1H, H-10), 6.17 (d, J = 15.3 Hz, 1H, H-6), 6.04 (dq, J = 14.5, 7.0 Hz, 1H,
H-11), 5.38 (s, 1H, H-2), 3.46 (s, 2H, H-4), 1.86 (d, / = 7.1 Hz, 3H, H-12), 1.71 (s, 6H, H-14).

3C NMR (100 MHz, CDCl5) § ppm: 192.2 (C, C-5), 165.1 (C, C-3), 160.7 (C, C-1), 145.2 (CH, C-7),
143.9 (CH, C-9), 137.0 (CH, C-11), 131.2 (CH, C-10), 127.5 (CH, C-8), 126.8 (CH, C-6), 107.2 (C,
C-13), 96.6 (CH, C-2), 45.3 (CH,, C-4), 25.0 (CHs, C-14), 18.7 (CHs, C-12).

IR Viax (n€at)/ecm™ = 1725 (m), 1610 (m), 1390 (w), 1268 (w), 1188 (s), 998 (s), 808 (m), 499 (w).
UV (MeCN) C=4.24x10° M, 1, =251.12 nm, &, =10397 M .cm™ %,=32131 nm, &,=30665M*.cm™.
LRMS (LC/ES’): m/z = 203, 100% [M-acetone-H], 261, 40% [M-H]".

HRMS (ES*): Found 227.0682 Da, C;,H;,NaO; [M-acetone+Na]* requires 227.0679 Da.

7.2.2 Chapter 3: In situ generation of isocyanides, indispensable building blocks of multi-
component reactions (MCRs)
7.2.2.1 Synthesis

7-t-Butoxynorbornadiene (3.42)

CllHlSO
6

MW = 164.25 g.mol *

1 Ojée &

/% 6 Colourless oil

3/ 4
3T Purity = 95%

Yield =17%

Following the procedure described by Story,”® in a 50 mL RBF flushed with argon,
norbornadiene (3.40, 10.0 mL, 98.3 mmol) and cuprous bromide (21 mg, 0.15 mmol) were
added all at one time to 20 mL of benzene. Argon was introduced continuously, and, after
heating the media to reflux, a solution of t-butyl perbenzoate (7.28 mL, 38.3 mmol) in benzene
(5 mL) was added over 1 hour to the stirred reaction mixture. After the end of the addition, the
media was heated to the reflux temperature for an additional 1 h. To check that the t-butyl
perbenzoate was completely reacted, an IR of the reaction mixture was performed. t-Butyl
perbenzoate absorbs in the infrared at 5.65 - 5.70 um. However, no characteristic peaks were

noticed in this area. It is important to check the presence of this compound because during a
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distillation, it can lead to an explosion. Afterwards, the media was cooled down to r.t., washed
with brine (3 x 25 mL) to remove copper salts, and with 10% aqueous NaOH (3 x 25 mL) to
remove benzoic acid. The organic layer was then washed again with brine (3 x 25 mL), dried
over MgSO, and filtered. The crude mixture was then purified by distillation under lower
pressure. First, the benzene and the excess of norbornadiene (3.40) were removed at r.t.
under approximately 200 mmHg. Then, the pressure was slowly lowered to 10 - 15 mmHg and
the product was collected until the temperature reached 100 - 120 °C. Traces of
norbornadiene and benzene were identified on the 'H NMR, but after leaving the flask open
over night, the title compound 3.42 (1.14 g (purity = 95%), 6.59 mmol, 17%) was obtained as a
colourless oil (lit. yield = 20%).%® NMR data are consistent with the literature.”!

'H NMR (400 MHz, CDCl;) & ppm: 6.65 (dd, J = 2.1, 2.0 Hz, 2H, CH=CH), 6.62-6.56 (m, 2H,
CH=CH), 3.81-3.77 (m, 1H, H-1), 3.43-3.38 (m, 2H, H-2), 1.15 (s, 9H, H-6).

3C NMR (100 MHz, CDCl;) 8 ppm: 139.8 (CH, CH=CH), 137.3 (CH, CH=CH), 104.3 (CH, C-1), 73.6
(C, C-5), 55.5 (CH, C-2), 28.3 (CH3, C-6).

7-Norbornadienyl acetate (3.43)

O\%(Z C9H1002
3
= 5 MW = 150.07 g.mol *
5
6
s £~ Light yellow oil
Yield = 77%

Following the procedure described by Story,”® in a RBF previously flushed with nitrogen,
7-t-butoxynorbornadiene (3.42, 55 mg, 0.32 mmol) was slowly added to a mixture of glacial
acetic acid (0.550 mL, 9.61 mmol) and acetic anhydride (0.106 mL, 1.12 mmol). The media was
stirred at r.t. for 30 min. Then, the reaction mixture was cooled down in an ice bath and
quickly added to a precooled solution of perchloric acid at 60% (54 pL, 0.50 mmol). The yellow
mixture was swirled in an ice bath for exactly 1 min. The media was then transferred into a
separatory funnel containing about 5 mL of ice and water. The aqueous layer was extracted
three times with DCM (3 x 5 mL). The combined organic layers were washed with saturated
sodium bicarbonate (2 x 5 mL), brine (2 x 5 mL), dried over MgSQ,, filtered, and the solvent
was evaporated under reduced pressure to afford the desired product 3.43 (37 mg, 0.25 mmol,
77%) as a light yellow oil (lit. yield = 73%).°® NMR data are consistent with the literature.’® **?
'H NMR (400 MHz, CDCl;) 6§ ppm: 6.72 (dd, J = 2.3, 2.2 Hz, 2H, CH=CH), 6.61-6.58 (m, 2H,
CH=CH), 4.60-4.57 (m, 1H, H-3), 3.64-3.60 (m, 2H, H-4), 1.99 (s, 3H, H-2).

3C NMR (100 MHz, CDCl;) § ppm: 171.0 (C, C-1), 140.3 (CH, CH=CH), 137.8 (CH, CH=CH), 99.3
(CH, C-3), 52.4 (CH, C-4), 21.1 (CH3, C-2).
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7-Acetoxy guadricyclane (3.44)

o ﬁ(z CoH100;
3 -
) MW = 150.07 g.mol *
p 6
5 A Yellow oil
Yield = 95%

In a RBF previously flushed with nitrogen, 7-norbornadienyl acetate (3.43, 61 mg, 0.37 mmol)
was dissolved in 10 mL of hexane. This solution was degassed by sonication whilst being
saturated with nitrogen gas. Using the sample loop configuration, the reaction mixture was
injected into the 28 mL length photoflow reactor (UV-C lamp, 9W) at 1 mL/min. The crude
mixture was collected at the output of the reactor and evaporation of the solvent under
reduced pressure afforded the desired product 3.44 (53 mg, 0.35 mmol, 95%) as a yellow oil

(lit. yield = 63%)."*"* NMR data are consistent with the literature.”® "

10 mL
sample loop . Waste
7-norbornadienyl / BPR 100 psi collection
acetate (3.43) in
hexane

Stock UV Reactor
solvent 28 mL
(hexane) UV-C (9 W)

Product collection

Figure 7.3: Flow set-up for the synthesis of the 7-acetoxy quadricyclane (3.44) - Sample loop configuration.

'H NMR (400 MHz, CDCl3) & ppm: 5.63 (t, J = 1.7 Hz, 1H, H-3), 2.12 (s, 3H, H-2), 1.83 (ddd,
J=5.6,4.3,2.2 Hz, 2H, H-5/6), 1.61 (ddd, J = 5.5, 4.0, 2.3 Hz, 2H, H-5/6), 1.53 (ddd, J = 4.3, 4.3,
1.6 Hz, 2H, H-4).

3C NMR (100 MHz, CDCl;) 6 ppm: 171.8 (C, C-1), 82.3 (CH, C-3), 25.6 (CH, C-4), 21.4 (CH3, C-2),
15.9 (CH, C-5/6), 14.6 (CH, C-5/6).

7-Quadricyclanol (3.45)

C;HgO
MW =108.14 g.mol *
,_OH Rf = 0.38 (Et,0/PET, 1:1)
3 4 Yellow oil
Purity = 78%
Yield = 46%
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Following the procedure described by Lustgarten,”* in a RBF previously flushed with nitrogen,
7-acetoxy quadricyclane (3.44, 300 mg, 2.00 mmol) was dissolved in 15 mL of anhydrous
diethyl ether. This solution was added over 30 min to a cold (0 °C) mixture of lithium
aluminium hydride (128 mg, 3.36 mmol) and anhydrous ether (17 mL). This mixture was
allowed to stir at r.t. for an additional 30 min and then cooled down to 0 °C. 20 mL of aqueous
saturated Rochelle’s salt were added to quench the reaction. The aqueous layer was extracted
three times with ether (3 x 20 mL). The combined organic layers were washed with brine (3 x
20 mL), dried over MgSQ,, filtered and the solvent was evaporated under reduced pressure to
afford the crude product. This yellow crude oil was then purified on basic alumina (Et,O/PET,
1:1) to give the title compound 3.45 (126 mg (purity = 78%), 0.909 mmol, 46%) as a yellow oil
(lit. yield = 96%).”* Using either silica gel or basic alumina, it was very difficult to obtain a pure
product. NMR data are consistent with the literature.’”® **?

'H NMR (400 MHz, CDCl5) 8 ppm: 4.90 (br s, 1H, H-1), 1.82-1.74 (m, 2H, H-3/4), 1.60-1.55 (m,
2H, H-3/4), 1.39 (ddd, J=4.2, 4.1, 1.6 Hz, 2H, H-2), 1.35 (br s, 1H, OH).

3¢ NMR (100 MHz, CDCl;) & ppm: 79.3 (CH, C-1), 28.8 (CH, C-2), 15.6 (CH, C-3/4), 14.7 (CH,
C-3/4).

Tetracyclo[3.2.0.0>”.0**]heptan-3-one (3.46)

C,H:0

MW =106.12 g.mol *
;
2 2 Yellow oil

Following the procedure described by the patent from Srinivasu,’? in a RBF flushed with
nitrogen, DMSO (34 L, 0.47 mmol) in 0.5 mL of DCM was slowly added at -78 °C to a solution
of oxalyl chloride (20 pL, 0.24 mmol) in 0.5 mL of DCM. The media was stirred for 10 min. Then,
a solution of 7-quadricyclanol (3.45, 21 mg, 0.20 mmol) in 0.5 mL of DCM was slowly added
followed by a solution of Et;N (143 pL, 1.03 mmol) in 0.1 mL of DCM. The media was stirred at
-78 °C for 35 min and then warmed to r.t. 5 mL of water with 2 mL of HCI (1 M aq.) were added
to the mixture and the media was stirred at r.t. for 30 min. The aqueous layer was extracted
three times with DCM (3 x 5 mL). The combined organic layers were washed with brine (2 x 5
mL), dried over MgSQ,, filtered and the solvent was evaporated under reduced pressure to
afford the crude mixture. 'H NMR data showed the presence of a 4:6 mixture of
tetracyclo[3.2.0.0%”.0*®]heptan-3-one (3.46) and 7-norbornadienol (3.50) in the crude.
Tetracycloheptan-3-one (3.46) has not been isolated. NMR data of tetracycloheptan-3-one
(3.46) contained in the crude mixture are consistent with the literature."

'H NMR (400 MHz, CDCl;) & ppm: 2.24 (d, J = 4.3 Hz, 4H, H-2), 1.12 (t, J = 4.2 Hz, 2H, H-1).
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3-Tosyloxytetracyclo[3.2.0.0%’.0*°lheptane (3.47)

C14H14O3S
T _
1 OTS MW = 262.32 g.mol !
2
% ° Rf=0.15 (hexane/EtOAc, 6:4)
3 2 3

Following the procedure described by Gassman,™? in a RBF previously flushed with nitrogen,
p-toluenesulfonyl chloride (120 mg, 0.629 mmol) was added over a 30 min period to a cold
(-10 °C) solution of 7-quadricyclanol (3.45, 40 mg, 0.37 mmol) dissolved in dry pyridine
(0.333 mL, 4.12 mmol). The solution was let to stand at -10 °C for 12 h. The reaction mixture
was then added to a cold solution of hydrochloric acid (2 mL of 2 M aq.). The mixture was
poured into a separatory funnel and the aqueous layer was extracted three times with
DCM (3 x 5 mL). The combined organic layers were then washed with brine (3 x 5 mL), dried
over MgSQ,, filtered, and the solvent was evaporated under reduced pressure to afford
the crude mixture. 'H NMR data showed the presence of a 35:45:20 mixture of
3-tosyloxytetracyclo[3.2.0.0%”.0*°]heptane (3.47), TsCl, and 7-norbornadienol (3.50) in the
crude. This crude mixture was then purified on silica gel (hexane/EtOAc, 6:4) but only the
excess of TsCl and PTSA were collected in the fractions. NMR data of

2,7 446
.0

3-tosyloxytetracyclo[3.2.0.0 lheptane (3.47) contained in the crude product are
consistent with the literature.”*
'H NMR (400 MHz, CDCl;) § ppm: 7.88 (d, J = 8.3 Hz, 2H, ArH), 7.35 (d, J = 7.8 Hz, 2H, ArH), 5.48

(t,J = 1.7 Hz, 1H, H-1), 2.46 (s, 3H, CHs), 1.87-1.80 (m, 2H, H-2), 1.46-1.40 (m, 4H, H-3).

7-Benzoyloxybicyclo[2.2.1]hepta-2,5-diene (3.49)

CuH1,0,

MW =212.25 g.mol *
Rf = 0.5 (PET/EtOAc, 9:1)
White solid

7 % Yield =47%
m.p. =50 °C

Following the procedure described by Fairlamb,™ in a 50 mL RBF flushed with argon,
norbornadiene (3.40, 5.00 mL, 49.2 mmol) and cuprous bromide (77 mg, 0.53 mmol) were
added to 10 mL of benzene. Argon was introduced continuously, and, after heating the media
to 40 °C, a solution of benzoyl peroxide (12.23 g, 37.86 mmol) in 12.5 mL of benzene was

added over 2 hours to the stirred reaction mixture. After the end of the addition, the media
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was heated to the reflux temperature for 3 days. After one day, the mixture turned green.
After 3 days, the brown mixture was cooled down to r.t.,, washed with saturated sodium
carbonate (3 x 10 mL), brine, dried over MgSO,, filtered and the solvent was evaporated under
reduced pressure to afford the crude product. This crude mixture was then purified on silica
gel (PET/EtOAc, 95:5) to give the title compound 3.49 (2.16 g, 10.2 mmol, 47%) as a white solid,
m.p. = 50 °C (lit. m.p. = 54 °C,"** lit. yield = 34%'*®). NMR data are consistent with the
literature."**

'H NMR (400 MHz, CDCl5) 6 ppm: 8.02-7.96 (m, 2H, H-3), 7.55 (tt, J = 7.5, 1.5 Hz, 1H, H-5), 7.42
(dd, J = 7.8, 7.8 Hz, 2H, H-4), 6.78 (dd, J = 2.2, 2.1 Hz, 2H, CH=CH), 6.69-6.63 (m, 2H, CH=CH),
4.89-4.81 (m, 1H, H-6), 3.77-3.71 (m, 2H, H-7).

3¢ NMR (100 MHz, CDCl;) 6 ppm: 166.5 (C, C-1), 140.3 (CH, CH=CH), 137.9 (CH, CH=CH), 132.9
(CH, C-5), 130.3 (C, C-2), 129.6 (CH, C-3), 128.3 (CH, C-4), 99.5 (CH, C-6), 52.6 (CH, C-7).

7-Norbornadienol (3.50)

C/Hs0
MW = 108.14 g.mol *

, OH Rf=0.37 (hexane/ether, 6:4)
3, 4 NMR Yield (crude mixture) =57%
3 > 4
Light yellow oil

Purity = 50%

Yield (after purification) = 5%

From the procedure described by Tsuji,”® in a RBF flushed with nitrogen, a solution of
benzoylnorbornadiene (3.49, 448 mg, 2.11 mmol) in 2 mL of anhydrous ether was added
slowly to a solution of phenylmagnesium bromide (951 mg, 5.25 mmol) in 3 mL of dry ether.
After refluxing for 2 hours, the media was mixed with 20 mL saturated aqueous solution of
ammonium chloride. The aqueous layer was extracted three times with ether (3 x 10 mL). The
combined organic layers were washed with brine (2 x 10mL), dried over MgSQ,, filtered and
the solvent was slowly evaporated under reduced pressure to afford the crude volatile product.
An internal standard (toluene) was used to determine the crude NMR yield (130 mg, 1.20
mmol, 57%). This crude product was mixed with hexane and the triphenylmethanol
precipitates. After filtration and evaporation, the residue was purified on silica gel
(hexane/ether, 6:4) to give the title compound 3.50 (22 mg (purity = 50%), 0.10 mmol, 5%) as a
light yellow oil with traces of hexane and few impurities (lit. yield = 83% after distillation).”
Even with a basic alumina column, the purification of this volatile alcohol was very complicated.

NMR data are consistent with the literature.’”
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'H NMR (400 MHz, CDCl;) § ppm: 6.69-6.65 (m, 2H, CH=CH), 6.62 (dd, J = 2.3, 2.2 Hz, 2H,
CH=CH), 3.90 (d, J = 12.5 Hz, 1H, H-1), 3.51-3.45 (m, 2H, H-2), 3.10 (d, J = 13.2 Hz, 1H, OH).

13C NMR (100 MHz, CDCl;) & ppm: 139.0 (CH, CH=CH), 138.2 (CH, CH=CH), 102.3 (CH, C-1), 56.0
(CH, C-2).

7-Norbornadienyl methanesulfonate (3.51)

CsH10055
MW = 186.22 g.mol ™

*in a RBF flushed with nitrogen, a solution of

From the procedure described by Bentley,’
7-norbornadienol (3.50, 18 mg, 0.17 mmol) and triethylamine (50 uL, 0.36 mmol) in anhydrous
chloroform (2 mL) was cooled to -20 °C. Methanesulfonyl chloride (67 uL, 0.20 mmol) was
added slowly and stirring was continued for 30 min at the same temperature. A 'H NMR of the
crude mixture was performed and identified the presence of a 64:32:3:1 mixture of MsCl, Et3N,
7-norbornadienyl methanesulfonate (3.51) and 7-chloronorbornadiene. After standing at
5 °C for 4 h, the NMR tube was run again and 7-norbornadienyl methanesulfonate (3.51) was
not identified. It was probably converted into 7-chloronorbornadiene. 7-norbornadienyl
methanesulfonate (3.51) has not been isolated. NMR data of 7-norbornadienyl
methanesulfonate (3.51) contained in the crude mixture (after 30 min of reaction time at
-20 °C) are consistent with the literature.”

'H NMR (400 MHz, CDCl;) & ppm: 6.65 (dd, J = 2.2, 2.1 Hz, 2H, CH=CH), 6.55 (m, 2H, CH=CH),
4.40 (s, 1H, H-1), 3.64 (m, 2H, H-2), 2.92 (s, 3H, CHs).

2-Chloro-7-acetoxynorbornane (3.53)

CyH13CIO,
O -
¢ MW = 188.65 g.mol
Cl 3/; © Rf=0.5 (hexane/Et,0, 7:3)
5 9 . ]
6 T% Light yellow oil
Yield =61%

Following the procedure described by Baird,” in a RBF flushed with nitrogen, norbornene
(3.41, 5.50 g, 58.4 mmol), anhydrous sodium acetate (4.65 g, 56.7 mmol), anhydrous cupric
chloride (13.18 g, 98.00 mmol) and anhydrous palladium chloride (260 mg, 1.47 mmol) were

added to glacial acetic acid (55.34 mL, 966.6 mmol). The reaction mixture was heated to 80 °C
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and stirred for 68 hours. The media was then cooled down, filtered, and the filter cake was
washed twice with glacial acetic acid (2 x 15 mL). Water (200 mL) was added to the combined
filtrate and washings. The aqueous layer was extracted four times with n-pentane
(4 x 60 mL). The combined organic layers were washed with saturated sodium carbonate
solution (2 x 100 mL), with brine (2 x 100 mL), dried over MgSQ,, filtered and the solvent was
evaporated under reduced pressure to afford the crude product. This crude mixture was then
purified on silica gel (hexane/Et,0, 7:3) to give the title compound 3.53 (6.50 g, 34.5 mmol,
61%) as a light yellow oil (lit. yield = 84% after distillation).”” NMR data are consistent with the
literature.”

'H NMR (400 MHz, CDCl;) & ppm: 4.72-4.67 (m, 1H, H-3), 3.97 (ddd, J = 8.0, 4.0, 1.0 Hz, 1H,
H-5), 2.62 (d, J = 4.4 Hz, 1H, H-4), 2.37-2.32 (m, 1H, H-7), 2.32-2.26 (m, 1H, endo/exo-H-6), 2.16
(dd, J = 13.5, 8.3 Hz, 1H, endo/exo-H-6), 2.07 (s, 3H, H-2), 1.77 (dddd, J = 12.4, 12.0, 4.7, 4.6 Hz,
1H, endo/exo-H-9), 1.68-1.57 (m, 1H, endo/exo-H-8), 1.23 (ddd, J = 12.8, 10.0, 4.0 Hz, 1H,
endo/exo-H-9), 1.14 (ddd, J = 12.0, 10.2, 4.3 Hz, 1H, endo/exo-H-8).

13C NMR (100 MHz, €DCl;) § ppm: 171.3 (C, C-1), 80.3 (CH, C-3), 59.5 (CH, C-5), 46.4 (CH, C-4),
41.6 (CH,, C-6), 39.2 (CH, C-7), 24.9 (CH,, C-9), 23.9 (CH,, C-8), 21.2 (CH3, C-2).

7-Norbornenol (3.54)

MW = 110.16 g.mol*
, OH g:mo
. ) Rf = 0.55 (DCM/Et,0, 7:3)
8 /2 4 colourless oil

Yield =35%

Following the procedure described by Baird,”® in a RBF flushed with nitrogen, a solution of
potassium t-butoxide (9.13 g, 81.4 mmol) in 80 mL of dimethyl sulfoxide was added all at one
time to a solution of 2-chloro-syn-7-acetoxynorbornane (3.53, 6.50 g, 34.5 mmol) in 16 mL of
dimethyl sulfoxide. The solution turned brown straight after the addition of t-BuOK. The media
was stirred overnight (22 h) at room temperature. Afterwards, 65 mL of water were added to
the reaction mixture and it was stirred for one hour. The aqueous layer was extracted four
times with ether (4 x 150 mL). The combined organic layers were washed with water (2 x 200
mL), with brine (2 x 200 mL), dried over MgSQ,, filtered and the solvent was evaporated under
reduced pressure to afford the crude product. This crude mixture was then purified twice on
silica gel (DCM/Et,0, 7:3) to give the title compound 3.54 (1.34 g, 12.2 mmol, 35%) as a

colourless oil (lit. yield = 70%).”> NMR data are consistent with the literature.”” ’* 3
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'H NMR (400 MHz, CDCl;) & ppm: 6.07 (dd, J = 2.2, 2.0 Hz, 2H, H-3), 3.77 (d, J = 10.8 Hz, 1H,
H-1), 2.81-2.71 (m, 2H, H-2), 1.95 (d, J = 11.5 Hz, 1H, OH), 1.79-1.66 (m, 2H, exo-H-4), 0.93 (dd,
J=11.5,3.9 Hz, 2H, endo-H-4).

3C NMR (100 MHz, CDCl;) & ppm: 132.3 (CH, C-3), 87.2 (CH, C-1), 47.6 (CH, C-2), 22.2 (CH,,
C-4).

Bicyclo[2.2.1]hept-2-en-7-one (3.37)

C/Hs0
o MW =108.14 g.mol *
N, Rf = 0.8 (DCM/Et,0, 8:2)

3 z 4 ) Light yellow oil

Purity = 87%
Yield =58%

Following the procedure described by the patent from Srinivasu,’” in a RBF flushed with
nitrogen, DMSO (430 uL, 6.06 mmol) in 6 mL of DCM was added slowly at -78 °C to a solution
of oxalyl chloride (256 pL, 3.03 mmol) in 6 mL of DCM. The media was stirred for 10 min. Then,
a solution of 7-norbornenol (3.54, 278 mg, 2.52 mmol) in 6 mL of DCM was slowly added
followed by a solution of Et;N (1.83 mL, 13.1 mmol) in 2 mL of DCM. The media was stirred at
-78 °C for 1 h 40 min and then warmed to r.t. 6 mL of water were added and the media was
stirred at r.t. for 30 min. 20 mL of water were added with 20 mL of HCl (1 M aq.) and the
solution was stirred for 10 min. The aqueous layer was extracted three times with DCM (3 x 50
mL). The combined organic layers were washed with brine (2 x 50 mL), dried over MgSQ,,
filtered and the solvent was evaporated under reduced pressure to afford the crude product.
Few millilitres of bleach were added in the trap of the rotary evaporator to remove the
unpleasant odour of the dimethyl sulfide. The crude product was then purified on silica gel
(DCM/Et,0, 8:2) to give the title compound 3.37 (182 mg (purity = 87%), 1.46 mmol, 58%) as a
light yellow oil (lit. yield = 49%).”> NMR data are consistent with the literature.”

'H NMR (400 MHz, CDCl;) 8 ppm: 6.54 (dd, J = 2.5, 2.3 Hz, 2H, H-3), 2.83 (dt, J = 3.9, 2.2 Hz, 2H,
H-2), 2.03-1.93 (m, 2H, endo/exo-H-4), 1.26-1.19 (m, 2H, endo/exo-H-4).

3C NMR (100 MHz, CDCl5) § ppm: 206.0 (C, C-1), 133.3 (CH, C-3), 45.3 (CH, C-2), 21.0 (CH,,
C-4).
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N-Benzylbicyclo[2.2.1]hept-2-en-7-imine (3.39b)

12 C14H15N
11 11
MW =197.28 g.mol *
10 10
° Yellow oil
8
N\ Purity = 75%
1
2 Yield = 70%
7/ 3
6 5 4

In a RBF previously dry and flushed with nitrogen, 3 A molecular sieves were added to a
solution of ketone 3.37 (136 mg, 1.25 mmol) in 11 mL of toluene. Then, benzylamine (137 uL,
1.25 mmol) was quickly added to the reaction mixture. The media was stirred for 22 h at 80 °C.
It was then filtered on celite, and the cake was washed few times with toluene. Evaporation of
the solvent under reduced pressure afforded the crude product 3.39b (230 mg (purity = 75%),
0.87 mmol, 70%) as a vyellow oil. The impurities highlighted in the synthesis of
bicyclo[2.2.1]hept-2-en-7-one (3.37) were recovered at the end of this reaction.

'H NMR (400 MHz, CDCl;) & ppm: 7.39-7.20 (m, 5H, ArH), 6.46 (dd, J = 6.1, 3.2 Hz, 1H, H-6/7),
6.34 (dd, J=6.2, 3.3 Hz, 1H, H-6/7), 4.45 (d, J = 14.0 Hz, 1H, H-8), 4.41 (d, J = 14.0 Hz, 1H, H-8),
3.51 (dd, J = 3.5, 3.4 Hz, 1H, H-2/5), 3.04 (dd, J = 3.5, 3.4 Hz, 1H, H-2/5), 1.93 (ddd, J = 9.3, 7.1,
3.9 Hz, 1H, endo/exo-H-3/4), 1.82 (ddd, J = 9.3, 7.1, 3.9 Hz, 1H, endo/exo-H-3/4), 1.23 (dd,
J=10.0, 2.0 Hz, 1H, endo/exo-H-3/4), 1.18 (dd, / = 10.0, 2.0 Hz, 1H, endo/exo-H-3/4).

3C NMR (100 MHz, CDCl;) 6 ppm: 181.3 (C, C-1), 139.8, 135.8, 133.5, 128.4, 127.7, 126.7, 56.5,
45.6,37.5,22.9, 22.6.

IR Ve (Neat)/cm™ = 2938 (w), 1716 (s), 1451 (m), 1080 (m), 859 (w), 734 (s), 694 (s).

Due to the fast hydrolysis of the target compound in the RBF, no other analyses were
performed (After one day, 22% of conversion to the bicyclo[2.2.1]hept-2-en-7-one (3.37), ‘H
NMR ratio imine 3.39b/ketone 3.37 = 3.51).

7.2.2.2 Fragmentation tests towards the formation of isocyanides

Experimental set-up and Instrumentation: Using the flow machine (Vapourtec R2+/R2+/R4),

fragmentation tests of the mixture of imine 3.39b and ketone 3.37 (Ratio imine/ketone = 3.51)
were carried out with the commercial air-heated stainless steel reactor (10 mL capacity, 1 mm
i.d.). The reactor was connected to a cooling loop (100 cm, 1 mm i.d.) immersed in an ice bath
followed by a backpressure regulator. In-line IR measurements were recorded on an alpha
transmission FT-IR from Bruker integrated into the flow system thanks to a Harrick DLC2™

demountable liquid flow cell with NaCl windows. IR spectra were collected with an interval of 6
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sec. At the exit of the reactor, the reaction mixture was collected, the solvent was evaporated

under reduced pressure and the sample was analysed by NMR spectroscopy.

and ketone é é é é

3.37in
t0|uene w

Stock
solvent
(toluene)

Mixture of 2 mL sample loop
BPR
imine3.30 | ——J=—— ‘]IP‘/ l

Waste
collection

10 mL
SS Reactor

Product collection
- NMR analysis

Figure 7.4: Flow set-up for the fragmentation tests towards the formation of isocyanides.

General procedure for the fragmentation tests: At the indicated concentration, a sample of

imine 3.39b and ketone 3.37 (Ratio imine/ketone = 3.51) in dry toluene was prepared and
injected into the 2 mL loop. Solvent (toluene) was pumped at the indicated flow rate and the
reactor was set to a temperature. Once the temperature was stable, the valve was switched to
the loop and the content was injected into the reactor. At the end of the reactor, the reaction
was monitored by in-line IR analysis. Spectra were recorded every 6 seconds. For each attempt,
the reaction mixture was collected, the solvent was evaporated under reduced pressure and
the resulting sample was analysed by NMR spectroscopy. IR spectra were processed with

BORIS software (OPA processing).

Sample Weight imine 3.39b  Volume sample Concentration Temp. reactor Flow rate Reaction
p + ketone 3.37 (mg) (mL) sample (mg/mL) (°C) (mL/min) time (min)

1 9.1 0.4 22.75 250 0.25 40

2 23 0.3 76.7 250 0.25 40

Table 7.1: Reaction conditions for the fragmentation tests.
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7.2.3 Chapter 4: Kinetic Studies

3-0x0-3-phenylpropanoic acid (4.6a) and (Z)-3-Hydroxy-3-phenylacrylic acid (4.6a’)

0] (0]
2 CoHsO3
6 23 2 1 "OH
7 s 4.6a MW = 164.16 g.mol *
° + White solid
OH O Yield =63%
12
13 11(: X5 0H Ratio keto/enol: 79/21
9
14 12 4.6a" m.p. = 85 °C

13

In a RBF flushed with argon, the mixture of B-keto acid 4.6a and the enol form 4.6a’ were
prepared from a mixture of ethyl benzoylacetate (4.5a, 1.73 mL, 10.0 mmol) and sodium
hydroxide (20 mL of 0.53 M ag., 10.5 mmol). The mixture was stirred at 0 °C during 3 h and
then left to stand at room temperature for 20 h. The reaction mixture was washed with diethyl
ether and acidified with hydrochloric acid (1.30 mL at 36% in 11.7 mL of water, 15.0 mmol).
The collected solid was then dissolved in diethyl ether, dried over MgSQ,, filtered and the
solvent was evaporated under reduced pressure to afford the title compounds 4.6a and 4.6a’
(1.04 g, 6.34 mmol, 63%) as a white solid, m.p. = 85 °C (lit. m.p. = 80 °C)."** NMR data are
consistent with the literature.™’

Keto form (4.6a):

'H NMR (300 MHz, CDCl;) 6 ppm: 8.00 (d, J = 8.0 Hz, 2H, H-5), 7.69 (t, J = 7.5 Hz, 1H, H-7), 7.55
(t,J=7.7 Hz, 2H, H-6), 4.11 (s, 2H, H-2).

Enol form (4.6a’):

'H NMR (300 MHz, CDCl;) § ppm: 7.82 (d, J = 8.0 Hz, 2H, H-12), 7.50-7.42 (m, 3H, H-13, 14),
5.74 (s, 1H, H-9).

7.2.3.1 GENERAL PROCEDURE A: Synthesis of Weinreb amides
In a RBF flushed with argon, oxalyl chloride (1.25 equiv.) and dimethylformamide (0.004 equiv.)
were added at room temperature to a solution of CH,Cl, with benzoic acid (1 equiv., 0.1 -
0.3 mol.L™). After 3 h, the media was evaporated under reduced pressure to remove the
excess of oxalyl chloride. Then, N,O-dimethylhydroxylamine (1.4 equiv.) and Et;N (3 equiv.)
were added at room temperature to a solution of CH,Cl, (0.1 - 0.3 mol.L™) with the isolated
acyl chloride. After half a day, the reaction was quenched at room temperature with NaHCO; o
and extracted twice with CH,Cl,. The combined organic layers were then washed four times
with NH,Cl,,; and once with NaCl,,.. The organic layer was then dried over MgSQ,, filtered and

the solvent was evaporated under reduced pressure to afford the desired Weinreb amide.
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N-Methoxy-N-methylbenzamide (4.8a)

CoH1:NO,
.0 MW = 165.19 g.mol ™
4 g T/O\a Yellow oil
s 3 Yield = 68%

From benzoic acid (4.7a, 7.39 g, 60.5 mmol), the reaction was performed as detailed in the
general procedure A to give the title amide 4.8a (6.83 g, 41.3 mmol, 68%) as a yellow oil (lit.
yield = 98%).’° NMR data are consistent with the literature.™®

'H NMR (400 MHz, CDCl;) § ppm: 7.75-7.64 (m, 2H, H-3), 7.51-7.36 (m, 3H, H-4, 5), 3.56 (s, 3H,
H-8), 3.36 (s, 3H, H-9).

3C NMR (100 MHz, CDCl;) 6 ppm: 169.5 (C, C-1), 133.8 (C, C-2), 130.1 (CH, C-5), 127.7 (CH, C-3),
127.6 (CH, C-4), 60.6 (CH3, C-8), 33.3 (CH3, C-9).

N,4-Dimethoxy-N-methylbenzamide (4.8b)

C10H13NO3
o} MW =195.22 g.mol *
3
4 1 N/O\e Yellow oil
8 2 |
075 I Yield = 95%

From p-methoxybenzoic acid (4.7b, 10.0 g, 65.7 mmol), the reaction was performed as
detailed in the general procedure A to give the title amide 4.8b (12.2 g, 62.5 mmol, 95%) as a
yellow oil (lit. yield = 95%).>° NMR data are consistent with the literature.*

'H NMR (300 MHz, CDCl5) 6 ppm: 7.73 (d, J = 9.0 Hz, 2H, H-3), 6.91 (d, J = 9.0 Hz, 2H, H-4), 3.85
(s, 3H, H-8), 3.56 (s, 3H, H-6), 3.36 (s, 3H, H-7).

*C NMR (75 MHz, €DCl5) § ppm: 169.3 (C, C-1), 161.5 (C, C-5), 130.5 (CH, C-3), 126.0 (C, C-2),
113.2 (CH, C-4), 60.8 (CHs, C-6), 55.3 (CHs, C-8), 33.9 (CH3, C-7).

N-Methoxy-N-methyl-4-nitrobenzamide (4.8e)

C9HlON204
0 MW =210.19 g.mol *
4 3 . T/O\e Yellow solid
0N 2 - Yield = 92%
m.p.=75°C

135



From p-nitrobenzoic acid (4.7e, 2.39 g, 14.3 mmol), the reaction was performed as detailed in
the general procedure A to give the title amide 4.8e (2.77 g, 13.2 mmol, 92%) as a yellow solid,
m.p. = 75 °C (lit. m.p. = 72 °C,**° lit. yield = 96%°""). NMR data are consistent with the
literature."*

'H NMR (300 MHz, CDCl;) 6 ppm: 8.20 (d, J = 9.0 Hz, 2H, H-3/4), 7.77 (d, J = 9.0 Hz, 2H, H-3/4),
3.46 (s, 3H, CHs), 3.33 (s, 3H, CH;3).

7.2.3.2 GENERAL PROCEDURE B: Synthesis of t-butylesters
In a RBF flushed with argon, n-butyllithium (2.5 M in hexane, 3.1 equiv.) was slowly added at
-78 °C to a THF solution (0.1 mol.L") containing diisopropylamine (3 equiv.). After 45 min at
0 °C, the media was cooled again to -78 °C and t-butylacetate (3 equiv.) was slowly added
followed by the Weinreb amide (1 equiv.). After 1 h 45 min, the reaction was quenched at
room temperature with NaHCO; ,,; and extracted three times with EtOAc. The combined
organic layers were then washed four times with NH,Cl,;, dried over MgSQ,, filtered and the

solvent was evaporated under reduced pressure to afford the desired t-butylester.

t-Butyl 3-oxo-3-phenylpropanoate (4.9a) and (Z2)-t-Butyl 3-hydroxy-3-phenylacrylate (4.93’)

0] 0] o 9 C13H16()3
5 8)< _ 1
6 WO . MW =220.27 g.mol
7 5 4.9a Orange oil
6
+ Purity = 81%
OH O " 18 Yield =81%
18 23100 18 Ratio keto/enol: 89/11

16 14 4.9a’
15

From the Weinreb amide 4.8a (2.00 g, 12.1 mmol), the reaction was performed as detailed in
the general procedure B to give the title compounds 4.9a and 4.93’ (2.67 g (purity = 81%), 9.82
mmol, 81%) as an orange oil (lit. yield = 99%).’® NMR data are consistent with the literature.*
Keto form (4.9a):

'H NMR (300 MHz, CDCl;) & ppm: 7.87 (d, J = 7.7 Hz, 2H, H-5), 7.52 (tt, J = 7.5, 1.5 Hz, 1H, H-7),
7.41 (t,J = 7.5 Hz, 2H, H-6), 3.83 (s, 2H, H-2), 1.36 (s, 9H, H-9).

Enol form (4.92’):

'H NMR (300 MHz, CDCl;) & ppm: 12.65 (s, 1H, OH), 7.69 (dd, J = 8.0, 1.6 Hz, 2H, H-14), 7.37-
7.30 (m, 3H, H-15, 16), 5.51 (s, 1H, H-11), 1.47 (s, 9H, H-18).
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t-Butyl 3-(4-methoxyphenyl)-3-oxopropanoate (4.9b) and (Z2)-t-Butyl 3-hydroxy-3-(4-

methoxyphenyl)acrylate (4.9b’)

O (0] 9
5
6 4 OBJ< Ci4H1304

“’\O . s 4.9b MW = 250.29 g.mol *
: + Orange oil
OH 0 | Yield = 96%
P 1,:2 » O1Q<19 Ratio keto/enol: 96/4
BN

0 7 ' 4.9p

16

From the Weinreb amide 4.8b (3.00 g, 15.4 mmol), the reaction was performed as detailed in
the general procedure B to give the title compounds 4.9b and 4.9b’ (3.69 g, 14.7 mmol, 96%)
as an orange oil (lit. yield = 98%).>* NMR data are consistent with the literature.*

Keto form (4.9b):

'H NMR (400 MHz, CDCl;) 6 ppm: 7.91 (d, J = 8.7 Hz, 2H, H-5), 6.93 (d, J = 9.1 Hz, 2H, H-6), 3.85
(s, 3H, H-10), 3.83 (s, 2H, H-2), 1.43 (s, 9H, H-9).

13C NMR (100 MHz, CDCl;) § ppm: 191.4 (C, C-3), 166.9 (C, C-1), 163.8 (C, C-7), 130.8 (CH, C-5),
129.3 (C, C-4), 113.8 (CH, C-6), 81.7 (C, C-8), 55.4 (CHs, C-10), 47.1 (CH,, C-2), 27.9 (CHs, C-9).
Enol form (4.9b’):

'H NMR (400 MHz, CDCl;) § ppm: 12.77 (s, 1H, OH), 7.70 (d, J = 8.6 Hz, 2H, H-15), 6.89 (d,
J=8.6 Hz, 2H, H-16), 5.48 (s, 1H, H-12), 3.85 (s, 3H, H-20), 1.52 (s, 9H, H-19).

t-Butyl 3-(4-nitrophenyl)-3-oxopropanoate (4.9e) and (2)-t-Butyl 3-hydroxy-3-(4-

nitrophenyl)acrylate (4.9e’)

O O ’ 0 Ci3H1sNOs
5
WO%Q MW = 265.26 g.mol ™
0N 4.9¢ Rf = 0.62 (hexane/EtOAc, 8:2)
: Yellow oil
18
L N L Yield = 47%
15 G2 o
n 10 18 Ratio keto/enol: 53/47

02N 16 14 4.9e'
15

From the Weinreb amide 4.8e (2.77 g, 13.2 mmol), the reaction was performed as detailed in
the general procedure B. The crude mixture was then purified on silica gel (hexane/EtOAc, 8:2)

to give the title compounds 4.9e and 4.9¢’ (1.65 g, 6.22 mmol, 47%) as a yellow oil (lit.
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yield = 85%).2*® The *H NMR spectrum reported below identified the keto and enol forms. NMR

data are consistent with the literature.**
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Keto form (4.9e):

'H NMR (400 MHz, CDCl;) 6 ppm: 8.34 (d, J = 8.7 Hz, 2H, H-5/6), 8.11 (d, J = 8.7 Hz, 2H, H-5/6),
3.95 (s, 2H, H-2), 1.44 (s, 9H, H-9).

Enol form (4.9¢€’):

'H NMR (400 MHz, CDCl5) & ppm: 12.71 (s, 1H, OH), 8.27 (d, J = 8.7 Hz, 2H, H-14/15), 7.92 (d,
J=8.7 Hz, 2H, H-14/15), 5.69 (s, 1H, H-11), 1.56 (s, 9H, H-18).

7.2.3.3 GENERAL PROCEDURE C: Synthesis of 1,3-dioxin-4-ones (R" = aryl and R? = methyl)
In a RBF flushed with argon, acetic anhydride (15 equiv.) followed by sulfuric acid (1 equiv.)
were slowly added at 0°C to a mixture of acetone (10 equiv.) and t-butylester (1 equiv.). The
solution was then allowed to warm slowly to room temperature over 15 min. After 1 h, the
reaction was quenched at room temperature with Na,COs ,q (30 equiv.) and EtOAc were added.
The biphasic solution was then allowed to stir for 1 h 40 min and the aqueous layer was
extracted three times with EtOAc. The combined organic layers were then washed with
NH,Cl,,,, dried over MgSQ,, filtered and the solvent was evaporated under reduced pressure to

afford the desired dioxinone.
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2,2-Dimethyl-6-phenyl-4H-1,3-dioxin-4-one (2.26a)

C12H1203
MW =204.23 g.mol *
Rf =0.35 (hexane/EtOAc, 8:2)

Yellow solid

Yield =48%
m.p. =59 °C

From the mixture of 4.9a and 4.9a’ (1.57 g, 7.13 mmol), the reaction was performed as
detailed in the general procedure C. The crude mixture was purified on silica gel
(hexane/EtOAc, 8:2) to give the title dioxinone 2.26a (0.710 g, 3.48 mmol, 48%) as a yellow
solid, m.p. = 59 °C (lit. m.p. = 66 °C, lit. yield = 73%).>°> NMR data are consistent with the
literature.”

'H NMR (400 MHz, CDCl5) 6 ppm: 7.71 (d, J = 7.4 Hz, 2H, H-5), 7.57-7.42 (m, 3H, H-6, 7), 5.91 (s,
1H, H-2), 1.82 (s, 6H, H-9).

3C NMR (100 MHz, CDCl5) 6 ppm: 165.0 (C, C-3), 161.9 (C, C-1), 132.1 (CH, C-7), 131.1 (C, C-4),
128.8 (CH, C-6), 126.3 (CH, C-5), 106.6 (C, C-8), 91.3 (CH, C-2), 25.0 (CHs, C-9).

6-(4-Methoxyphenyl)-2,2-dimethyl-4H-1,3-dioxin-4-one (2.26b)

C13H14O4
MW = 234.25 g.mol *
White solid

Yield =39%
m.p.=74°C

From the mixture of 4.9b and 4.9b’ (1.00 g, 4.00 mmol), the reaction was performed as
detailed in the general procedure C. A recrystallization of the crude solid from hexane gave the
title dioxinone 2.26b (0.370 g, 1.58 mmol, 39%) as a white solid, m.p. = 74 °C (lit. m.p. = 68 °C,
lit. yield = 82%).>® NMR data are consistent with the literature.”

'H NMR (400 MHz, CDCl;) 8 ppm: 7.65 (d, J = 9.1 Hz, 2H, H-5), 6.95 (d, J = 9.1 Hz, 2H, H-6), 5.79
(s, 1H, H-2), 3.86 (s, 3H, H-10), 1.79 (s, 6H, H-9).

3C NMR (100 MHz, CDCl;) & ppm: 164.9 (C, C-3), 162.8 (C, C-7), 162.1 (C, C-1), 128.1 (CH, C-5),
123.3 (C, C-4), 114.2 (CH, C-6), 106.3 (C, C-8), 89.4 (CH, C-2), 55.4 (CH3, C-10), 25.0 (CH3, C-9).
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2,2-Dimethyl-6-(4-nitrophenyl)-4H-1,3-dioxin-4-one (2.26e)

C12H1INOs
° Xg MW =249.22 g.mol *
(O JE: N0 Yellow solid
6 o) Yield = 37%
O,N77 m.p. =150 °C

From the mixture of 4.9e and 4.9e’ (0.990 g, 3.73 mmol), the reaction was performed as
detailed in the general procedure C. A recrystallization of the crude solid from Et,0 gave the
title dioxinone 2.26e (0.340 g, 1.36 mmol, 37%) as a yellow solid, m.p. = 150 °C (lit.
m.p. = 142 °C).¥” NMR data are consistent with the literature.?’

'H NMR (400 MHz, CDCl;) 8 ppm: 8.31 (d, J = 9.0 Hz, 2H, H-6), 7.88 (d, J = 9.0 Hz, 2H, H-5), 6.03
(s, 1H, H-2), 1.84 (s, 6H, H-9).

3C NMR (100 MHz, CDCl;) § ppm: 162.3 (C, C-3), 160.8 (C, C-1), 149.7 (C, C-7), 136.9 (C, C-4),
127.2 (CH, C-5), 124.0 (CH, C-6), 107.4 (C, C-8), 94.1 (CH, C-2), 25.1 (CH,, C-9).

7.2.3.4 GENERAL PROCEDURE D: Synthesis of 1,3-dioxin-4-ones (R' = methyl and R? = aryl)

In a RBF flushed with argon, concentrated sulfuric acid (1 equiv.) was added dropwise to a cold
solution (-10 °C) of tert-butyl acetoacetate (1 equiv.) and the corresponding acetophenone
(2 equiv.) in acetic anhydride (3.5 equiv.). The mixture was stirred for 16 - 43 h at 0 - 15 °C,
then carefully transferred to an ice-cooled saturated solution of potassium carbonate (50 - 70
mL) and stirred for 30 min at room temperature. The aqueous layer was extracted with DCM (3
x 100 mL), and the combined organic layers were washed with brine (3 x 100 mL), dried over
MgSQ,, filtered and the solvent was evaporated under reduced pressure to afford the crude

dioxinone.

2-(4-Bromophenyl)-2,6-dimethyl-4H-1,3-dioxin-4-one (4.1b)

Br 1
8 . MW =283.12 g.mol
N ! 8 Rf=0.17 (hexane/EtOAc, 85:15)
6 7 White solid
O 50
S Yield = 18%
4~ 8 (@]
2 m.p. =100 °C

140



From the 4-bromoacetophenone (4.10b, 4.88 g, 24.5 mmol), the reaction was performed as
detailed in the general procedure D. The reaction mixture was stirred for 43 h at 0 °C. The
crude mixture was purified on silica gel (hexane/Et,0, 85:15) to remove the excess of
4-bromoacetophenone and impurities. This column was followed by a recrystallization in 5 mL
of hexane at 65 °C to give the title compound 4.1b (0.600 g, 2.12 mmol, 18%) as a white solid,
m.p. =100 °C.

'H NMR (400 MHz, CDCl5) 6 ppm: 7.52 (d, J = 8.6 Hz, 2H, H-8), 7.34 (d, J = 8.6 Hz, 2H, H-7), 5.18
(d,J=1.0Hz, 1H, H-2), 2.01 (d, J = 1.0 Hz, 3H, H-4), 1.87 (s, 3H, H-10).

3C NMR (100 MHz, CDCl;) & ppm: 169.0 (C, C-3),160.9 (C, C-1), 139.6 (C, C-6), 131.8 (CH, C-8),
126.7 (CH, C-7), 123.3 (C, C-9), 106.1 (C, C-5), 96.6 (CH, C-2), 29.3 (CH3, C-10), 20.0 (CH3, C-4).
UV (MeCN) C = 5.09x10° M, X, =229.75 nm, g, = 12161 M™".cm™, A, =246.63 nm, &, = 7898
M™t.cm™,

IR vimax (neat)/cm™ = 1716 (m), 1387 (m), 1171 (m), 969 (m), 824 (s).

LRMS (LC/ES'): m/z = 199, 25% [1-(4-bromophenyl)ethanone(’®Br)+H]"; 201, 25% [1-(4-
bromophenyl)ethanone(*'Br)+H]"; 283, 100% [M("°Br)+H]"; 285, 100% [M(*'Br)+H]", 300, 25%
[M("Br)+NH,]"; 302, 25% [M(*'Br)+NH,]"; 305, 20% [M(’°Br)+Na]’; 307, 20% [M(*'Br)+Na]".
HRMS (ES*): Found 304.9786 Da, C;,H,;BrNaO; [M+Na]" requires 304.9784 Da.

2-(4-Methoxyphenyl)-2,6-dimethyl-4H-1,3-dioxin-4-one (4.1d)

C13H1404
O— 10 1
8 . MW = 234.25 g.mol
! 8 Rf = 0.1 (hexane/EtOAc, 9:1)
1
o 7 Yellow solid
0" 50
1 Yield =20%
4 3\2 @]
m.p.=70°C

From the 4-methoxacetophenone (4.10d, 9.06 g, 60.3 mmol), the reaction was performed as
detailed in the general procedure D. The reaction mixture was stirred for 16 h at 15 °C. The
crude oil was purified on silica gel (hexane/EtOAc, 9:1) to remove the excess of
4-methoxyacetophenone and impurities. This column was followed by a recrystallization in 60
mL of hexane at 60 °C to give the title compound 4.1d (1.41 g, 6.02 mmol, 20%) as a yellow
solid, m.p. =70 °C.

'H NMR (400 MHz, CDCl;) 6 ppm: 7.38 (d, J = 8.6 Hz, 2H, H-7), 6.89 (d, J = 8.6 Hz, 2H, H-8), 5.17
(d, J = 1.0 Hz, 1H, H-2), 3.81 (s, 3H, H-10), 2.00 (s, 3H, H-4), 1.87 (s, 3H, H-11).
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3¢ NMR (100 MHz, CDCls) § ppm: 168.9 (C, C-3), 161.4 (C, C-1), 160.0 (C, C-9), 132.5 (C, C-6),
126.3 (CH, C-7), 113.9 (CH, C-8), 106.7 (C, C-5), 96.4 (CH, C-2), 55.3 (CH3, C-10), 29.5 (CH5, C-11),
20.1 (CHs, C-4).

UV (MeCN) C-7.56x10" M, A, =230.50 nm, £, - 10966 M™.cm™, A, -245.88 nm, &, - 7725 M .cm™.
IR vinax (n€at)/cm™ = 1710 (m), 1351 (m), 1244 (m), 1163 (m), 840 (m).

LRMS (LC/ES*): m/z = 151, 70% [1-(4-methoxyphenyl)ethanone+H]*; 235, 100% [M+H]*; 257,
10% [M+Na]’; 469, 10% [2M+H]"; 486, 10% [2M+NH,]"; 491, 25% [2M+Na]".

HRMS (ES*): Found 257.0783 Da, C;5H.4,NaO, [M+Na]" requires 257.0784 Da.

2,6-Dimethyl-2-phenyl-4H-1,3-dioxin-4-one (4.1a)

C12H1,03
, TN 8 MW =204.22 g.mol ™
0 —/, Rf =0.22 (hexane/EtOAc, 9:1)
0O 50 Pale yellow solid
O Yield = 31%

m.p. =89 °C

A solution flushed with argon of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38, 1.30 mL, 9.78 mmol)
and acetophenone (11.41 mL, 97.80 mmol) was injected into the flow set-up described below
using the bottle feed configuration. Once the mixture was entirely injected, it was then pushed
into the reactor by acetonitrile (Stock solvent). The residence time was set at 10 min (flow rate
=1 mL/min) and the 10 mL Stainless Steel reactor, connected to a cooling loop (100 cm, 1 mm
i.d.) followed by a backpressure regulator (250 psi), was heated to 150 °C. A brown liquid
mixture was collected and isolated with a lot of acetophenone due to the large excess of this
reagent. A distillation at 70 °C and under reduced pressure was performed to remove this
excess. The crude mixture was then purified on silica gel (hexane/EtOAc, 9:1) to give the title
compound 4.1a (0.620 g, 3.04 mmol, 31%) as pale yellow solid, m.p. = 89 °C (lit. m.p. =93

°C)."*! NMR data are consistent with the literature.*?

BPR 250 psi
Mixture of Waste‘
2 reagents é é é é collection
-5 —m-———

Stock

Heated
solvent SS Reactor
(MeCN) 10 mL

Product collection

Figure 7.5: Flow set-up for the synthesis of the 2,6-dimethyl-2-phenyl-4H-1,3-dioxin-4-one - Bottle-feed
configuration.
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'H NMR (400 MHz, CDCl;) 6 ppm: 7.49-7.44 (m, 2H, H-7), 7.40-7.35 (m, 3H, H-8,9), 5.17 (d,
J=0.9 Hz, 1H, H-2), 2.01 (d, J = 0.9 Hz, 3H, H-4), 1.89 (s, 3H, H-10).

3C NMR (100 MHz, CDCl5) & ppm: 169.1 (C, C-3), 161.3 (C, C-1), 140.5 (C, C-6), 129.1 (CH, C-8
or C-9), 128.6 (CH, C-8 or C-9), 124.9 (CH, C-7), 106.6 (C, C-5), 96.6 (CH, C-2), 29.5 (CH5, C-10),
20.1 (CH;, C-4).

UV (MeCN) C = 1.37x10* M, A = 246.63 nm, ¢ = 6708 M .cm™.

IR vimay (n€at)/cm™ = 1713 (s), 1353 (m), 1171 (m), 972 (m), 831 (m).

7.2.3.5 GENERAL PROCEDURE E: Kinetic Studies

Experimental set-up and Instrumentation: Using the flow machine (Vapourtec R2+/R2+/R4),

kinetic studies experiments were carried out with a home-made stainless steel reactor (10 mL
capacity, 1 mm i.d.). Heating of the reactor was performed by immersion in a high
temperature silicone oil bath (Grant Optima™ TXF200). The reactor was connected to a cooling
loop (100 cm, 1 mm i.d.) immersed in an ice bath and followed by a backpressure regulator. In-
line IR measurements were recorded on an alpha transmission FT-IR from Bruker integrated
into the flow system thanks to a Harrick DLC2™ demountable liquid flow cell with NaCl
windows. IR spectra were collected with an interval of 3.75 sec. In-line UV measurements were
recorded on an Ocean Optics DH-2000-BAL spectrometer integrated into the flow system with
a Type 583-F Starna® fluorimeter flow cell (1 mm path length, 0.011 mL volume). UV spectra
were recorded with an interval of 1.2 sec. When needed for off-line reaction analysis (GC or

NMR), the system was connected to a Gilson Prep Fraction Collector.

300 350

BPR "
Mixture of UVor IR Data Waste
dioxinone $$5% acquisition collection
and alcohol

Stock Heated
solvent SSReactor  bath é
(MeCN) 10 mL

Auto-sample collector

Figure 7.6: Flow set-up for the kinetic studies of the fragmentation of 1,3-dioxin-4-ones in presence of an excess of
alcohol - Bottle-feed configuration.

General procedure of Push-Out Kinetic Studies: A solution of dioxinone (1 equiv., [dioxinone] =

1 mM for UV analysis or 0.015 - 0.3 M for IR analysis) and alcohol (4 equiv.) in dry acetonitrile

was prepared. Solvent (dry acetonitrile) was pumped at flow rate F; and the reactor was set to
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the temperature of interest. Once the temperature was stable, the feeding valve was switched
to the reagent solution at the same flow rate F;. At the end of the reactor, the reaction was
monitored by in-line analysis (UV or IR) or off-line NMR. The flow rate was switched to flow
rate F, when the steady state of conversion was reached (stability of the spectra) and the
mixture exiting the reactor was monitored until a second steady state was reached. The
feeding valve was immediately returned to solvent feed until no further absorption was
noticed on the monitoring and the flow rate was returned to F;. This procedure was repeated
at several reaction temperatures (4-5 different temperatures for a complete study). Data
sampling rate was determined by the acquisition parameters. IR and UV spectra were
processed with BORIS software to perform the kinetic resolution (OPA processing, height of
non-overlapping peaks processing or MLR processing) and by using the spectra of 0% and
100% conversion experiments respectively conducted at 30 °C and 160 °C as references to

scale the spectroscopic data between 0 and 1.

General procedure of Steady-State Kinetic Studies: A solution of dioxinone (1 equiv.,

[dioxinone] =1 mM for UV analysis or 0.015 - 0.3 M for IR analysis) and alcohol (4 equiv.) in dry
acetonitrile was prepared. Solvent (dry acetonitrile) was pumped at a given flow rate and the
reactor was set to a given temperature. Once the temperature was stable, the feeding valve
was switched to the reagent solution and the mixture exiting the reactor was monitored by in
situ analysis (UV or IR). When the steady state of the conversion was reached, the feeding
valve was returned to the solvent feed and the procedure was repeated at the next flow rate
whilst maintaining the same reaction temperature. The completed cycle of multiple
experiments (typically five within a cycle, across a range of flow rates from 1 mL min™ to 10 mL
min’') was itself repeated at several temperatures. The reaction time was calculated from each
flow rate displayed on the flow system with a correction for thermal expansion of acetonitrile
according to FloWefrective = FIOWpump (1 + 0AT) where a = the expansion coefficient of the

solvent.*?

IR and UV spectra were processed with BORIS software by calibration-less methods
(OPA processing or height of non-overlapping peaks processing) and by using the spectra of 0%
and 100% conversion experiments respectively conducted at 30 °C and 160 °C as references to
scale the spectroscopic data between 0 and 1. In the following Figure 7.7, a typical dioxinone
concentration profile for the steady-state method is described and the flow rates effective to

use in the calculations. Analysis of 'H NMR data was carried out manually (see section 'H NMR

Analysis).
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2 2.19728 2.22468 2.25208 2.26578 2.27948 2.30688
3 3.29592 3.33702 3.37812 3.39867 3.41922 3.46032
4 4.39456 4.44936 4.50416 4.53156 4.55896 4.61376
5 5.4932 5.56170 5.63020 5.66445 5.69870 5.76720
7 7.69048 7.78638 7.88228 7.93023 7.97818 -

Figure 7.7: Concentration profile of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) after thermolysis in the presence of
EtOH (4 equiv.) under steady-state conditions. Processing of the IR spectra with the OPA method. Tabulation of the
flow rates effective after correction due to the expansion coefficient of the solvent.

General procedure for data processing:

Orthogonal Projection Approach processing:

To perform the OPA resolution of the UV or IR spectra collected during the push-out or steady
state kinetic experiments, Bristol Online Investigation Software was used. First of all, the
number of spectral components was chosen (set at 2 for thermolysis, Component 1:
1,3-dioxin-4-one and Component 2: mixture of ketone 4.2 and B-ketoester 4.4). The software
cannot distinguish 4.2 and 4.4 as they keep the same ratio during the thermolysis. Then, the
resolution was performed through alternating least squares cycles. The OPA resolution
stopped when the different spectra (relative to the number of spectral components initially
chosen) with the highest dissimilarities are distinguished. The estimated spectra (plot of
absorbance vs. wavelength/wavenumber) and concentration profiles (plot of relative
concentration of the component vs. experimental time) were generated and sent to an Excel
sheet allowing the calculation of the kinetic data. In all cases, the estimated spectra generated
for the 1,3-dioxin-4-one was consistent with the pure one (Figure 7.9(c) vs. 7.10). Examples of
OPA resolutions of UV and IR spectra from thermolysis of 1,3-dioxin-4-one 4.1d (Scheme 7.1)

under push-out conditions are described in Figures 7.8-7.15.
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Scheme 7.1: Thermolysis of 4.1d and acylketene trapping by EtOH.
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Figure 7.8: in-line UV spectra collected during thermolysis of 4.1d in the presence of 4 equiv. of EtOH in MeCN at
85 °C under push-out conditions (Table 4.9, Entry 6 85 °C). From the series of UV spectra collected for each
temperature, the OPA resolution generates the push-out profiles of Components 1 and 2 (Figures 7.9(a) and 7.9(b))
and the estimated UV spectra (Figures 7.9(c) and 7.9(d)).
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Figure 7.9: OPA resolution of the in-line UV spectra collected during the thermolysis of 4.1d with 4 equiv. of EtOH in
MeCN under push-out conditions. Selection of 2 spectral components in the OPA method. Generation of the
corresponding (a) concentration profile of Component 1 4.1d (b) concentration profile of Component 2 (mixture of
4.2d and 4.4a) (c) estimated UV spectrum of Component 1 4.1d and (d) estimated UV spectrum of Component 2
(mixture of 4.2d and 4.4a).
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Figure 7.10: Pure UV spectrum of 4.1d. Figure 7.11: Pure UV spectrum of 4.2d.

As previously stated, 4.2d and 4.4a are identified as a single component during the OPA
resolution. Indeed, the ratio does not change during the thermolysis. Therefore, the OPA
method does not make any distinctions. An example of OPA resolution with 3 spectral
components is described in Figure 7.12. Due to this constant ratio between 4.2d and 4.4a and

the weak signal of 4.4a, the method does not resolve the request.
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Figure 7.12: OPA resolution of the in-line UV spectra collected during the thermolysis of 4.1d with 4 equiv. of EtOH
in MeCN under push-out conditions (same dataset as used for resolution in Figure 7.9). Selection of 3 spectral
components in the OPA method. Generation of the corresponding (a) concentration profile of Component 1 (b)
concentration profile of Component 2 (c) and concentration profile of Component 3.
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Figure 7.13: in-line IR spectra collected during thermolysis of 4.1d in the presence of 4 equiv. of EtOH in MeCN at
85 °C under push-out conditions (Table 4.9, Entry 8 85 °C). From the series of IR spectra collected for each
temperature, the OPA resolution generates the push-out profiles of Components 1 and 2 (Figures 7.14(a) and
7.14(b)) and the estimated IR spectra (Figures 7.14(c) and 7.14(d)).
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Figure 7.14: OPA resolution of the in-line IR spectra collected during the thermolysis of 4.1d with 4 equiv. of EtOH in
MeCN under push-out conditions. Selection of 2 spectral components in the OPA method and selection of the range
of wavenumber to consider in the OPA resolution (removal of the area with noise). Generation of the corresponding
(a) concentration profile of Component 1 4.1d (b) concentration profile of Component 2 (mixture of 4.2d and 4.4a)
(c) estimated IR spectrum of Component 1 4.1d and (d) estimated IR spectrum of Component 2 (mixture of 4.2d and
4.4a).
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Figure 7.15: Pure IR spectrum of 4.1d.
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Height of non-overlapping peak processing:

Height of non-overlapping peak processing, conducted using Bristol Online Reaction
Investigation Software (BORIS), determines the UV or IR peak height above zero (Absorbance)
at a selected wavelength/wavenumber and scales the spectroscopic data between 0 and 1 by
using the spectra of 0% and 100% conversion experiments respectively conducted at 30 °C and
160 °C as references. Clear peaks need to be selected (no overlaps between peaks). For each
wavelength/wavenumber selected, the relative absorbance profiles (plot of relative peak
height of the component vs. experimental time) were generated and sent to an Excel sheet

allowing the calculation of the kinetic data.

Multivariate Linear Regression processing:

Multivariate Linear Regression processing conducted using Bristol Online Reaction
Investigation Software (BORIS), estimates the concentration profiles of the components from
the given pure components spectra (References) and scales the spectroscopic data between 0
and 1 by using the spectra of 0% and 100% conversion experiments respectively conducted at
30 °C and 160 °C as references. In our MLR processing, paired pure spectra of 1,3-dioxin-4-one
and the released ketone 4.2 were used as references for the resolution. For each 1,3-dioxin-4-
one and ketone 4.2, the concentration profiles (plot of relative concentration of the
component vs. experimental time) were generated and sent to an Excel sheet allowing the

calculation of the kinetic data.

Table Data, Arrhenius Plots and NMR of the products:

Table 4.7 Data:
Entry 1: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; = 1 mL.min™ and F, = 10 mL.min™

1/T (k)
0.0024  0.0025  0.0026  0.0027
4 ! ! \
Temp. °C k In(k) 1T (K) 45 -
100 0.000225300 -8.39807  0.00267988 5 y = -14895x + 31.547
110 0.000660526 -7.32247 0.00260994 | _ -5.5 - R2 = 0.9994
120 0.001808672 631516 000254355 | & 6 -
130 0.004704682 -535920 000248046 | 02
135 0.007174536 -4.93722  0.00245008 7; |
140 0.010443578 -4.56177  0.00242042 g
-8.5 -
‘g | E.=123.8479831 kl.mol?
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Entry 2: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using push-out method, in-line UV

analysis and height of non-overlapping peak processing at 245 nm. F; = 1 mL.min™ and F, = 10

mL.min*
1/T (K7)
0.0024 0.0025 0.0026 0.0027
-4 1 1 )
Temp. °C K In(k) 1T (K 4.5 1
100 0.000232959 -8.36464 0.00267988 > y = -14888x + 31.537
110 0.000646222 -7.34436  0.00260994 -5.5 1 R*=0.9997
120 0.001823268 -6.30712  0.00254355 g-e_.g
130 0.004736555 -5.35244  0.00248046 = 5
135 0.007071116 -4.95173  0.00245008 75 -
140 0.010811649 -4.52713 0.00242042 -8 A Ea=123.786915 kJ.mol?
-85 -
_9 J

Entry 3: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using steady-state method, in-

line UV analysis and OPA processing.

1/T(KY)
0.00245 0.00255 0.00265
_5 1 1
Temp. °C k In(k) 1/T (K7) 55 |
100 0.000237024 -8.34735  0.00267988 ' y =-15237x + 32.481
110 0.000677258 -7.29746  0.00260994 6 - R2 = 0.99997
120 0.001893935 -6.26910  0.00254355 ié— 65 -
130 0.004921215  -5.31420  0.00248046 =
_7 -
7.5 -
-8 ¢ _ 1
E, = 126.688103 kJ.mol
-85 -

Entry 4: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using push-out method, in-line IR

analysis and OPA processing. F; = 1 mL.min™ and £, = 10 mL.min™

1/T (K1)

Temp. °C k In(k) 1/T (K7) 0.0024 0.0025 0.0026 0.0027
100 0.000268034 -8.22440  0.00267988 -4 : : J
105 0.000411167 -7.79651  0.00264445 -4.5 -

110 0.000705572 -7.25650  0.00260994 -5 y =-14858x + 31.543
115 0.001167875 675257 000257632 | 55 R?=0.9994
120 0.001915560 -6.25775  0.00254355 € b

125 0.003164512 -5.75576  0.00251161 6.5 1

130 0.005064222 -5.28555  0.00248046 7‘; T

135 0.007967575 -4.83238  0.00245008 :

140 0.011582578 -4.45825  0.00242042 -8 | F,=123.539780 kJ.mol™

o
(]
L
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Entry 5: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using push-out method, in-line IR

analysis and height of non-overlapping peak processing at 1640 cm™. F; = 1 mL.min™ and F, =

10 mL.min™
1/T (K1)

Temp. °C k In(k) YT (KD 00024  0.0025 00026  0.0027
100 0.000247606 -8.30367 0.00267988 4 | | |
105 0.000382279 -7.86936 0.00264445 45 -

110 0.000660319 -7.32279  0.00260994 & y = -15036x + 31,939
115 0.001089549 -6.82199 0.00257632 | __ 55 - R? = 0.9995
120 0001804247 631761 0.00254355 | & -6 -
125 0.003039696 -5.79600 0.00251161 _-6.5 .
130 0.004777281 -5.34388 0.00248046 -7 A
135 0.007564617 -4.88427 0.00245008 -7.5 A
140 0.011361675 -4.47751  0.00242042 8‘8 1 E,=125.019067 kJ.mol*
85 -

Entry 6: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using steady-state method, in-

line IR analysis and OPA processing.

1/T (K?)
0.0024 0.0025 0.0026 0.0027
-4 1 1 )
Temp. °C k In(k) 1/T (K7
110 0.000720672 -7.23533  0.00260994 4.5 1
y =-14965x + 31.811
120 0.001834821 -6.30081 0.00254355 -5 4 RZ = 0.9991
125 0.003145287 -5.76185 0.00251161 g 5.5 -
130 0.005110373 -5.27648 0.00248046 = 6 -
140 0.011962562 -4.42597 0.00242042 6
- 5 .
_7 .
-7.5 - E,=124.428197 ki.mol*

Entry 7: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using reverse push-out method,

in-line UV analysis and OPA processing. F; = 10 mL.min™" and F, =1 mL.min™

|30°c 110°C 115 °C 120°C 125°C 150 °C Reaction time t, (s)
(b) 100 200 300 400
0 . . X

I
N

-

N 02 -
-0.4
0.6 -
0.8 -

1
1.2
1.4

_16 -
0 20 40 60 80 100 g | k=000447157

Experimental Time t (min)) 2

o
o

y =-0.0045x +0.0067
R?=0.9997

o
o

Rglative [2.38]
=

In2.38] ¥

Figure 7.16: (a) OPA resolution of the in-line UV spectra collected during the thermolysis of 2.38 with 4 equiv. of
EtOH in MeCN under reverse push-out conditions. (b) Calculation of the reaction rate constant at 130 °C from the
kinetic plot of 253 data points (vs. 22 data points for the standard push-out experiment at 130 °C) - Extended
transitional part.
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1/T (K?)

0.00247 0.00252 0.00257 0.00262
-5 1 1 )

Temp. °C k In(k) 1/T (K7)
110 0.000623600 -7.38000 0.00260994 55 -
115 0.000955728 -6.95304  0.00257632
120 0.001657503 -6.40244  0.00254355 % 6 1
125 0.002795612 -5.87970 0.00251161 -

130 0.004470768 -5.41019  0.00248046

y =-15482x + 32.988
R*=0.998

E, =128.727202 ki.mol?

Entry 8: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using push-out method, in-line IR

analysis and OPA processing. F; =1 mL.min™" and F, = 2 mL.min™

1/T (K1)
0.00247 0.00252 0.00257 0.00262
-5 1 1 )
Temp. °C k In(k) 1/T (K7)
110 0.000658092 -7.32617 0.00260994 -5.5

y =-14903x + 31.637

115 0.001256256 -6.67962  0.00257632 R2 = 0.9942

120 0.001962024 -6.23378  0.00254355 i;— 6 7
125  0.002926425 -5.83397 0.00251161 |
130 0.004801202 -5.33889  0.00248046

7 E,=123.911974 ki.mol

Entry 9: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; =1 mL.min™ and F, = 2 mL.min™

1/T (KY)
0.0024 0.0025
-4 1
Temp. °C k In(k) 1/T (K7)
115 0.001029629 -6.87856  0.00257632 43 1 y = -15423x + 32.878
120 0.001743752 -6.35172  0.00254355 — -5 A RZ=0.999
125 0.002893492 -5.84529  0.00251161 E-s.s i
130 0.004822791 -5.33440  0.00248046
140 0.011302172 -4.48276  0.00242042 6 7
-6.5 - E,=128.230313 kl.mol?
_7 -
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Entry 10: Thermolysis of 2.38 in the presence of 4 equiv. EtOH using steady-state method and
off-line 'H NMR analysis.

1/T (K?)
0.0024 0.0025 0.0026
_4 1 1
Temp. °C k In(k) 1/T (K1) a5

110 0.000650812 -7.33729  0.00260994 ) y = -15629x + 33.462
120 0.001891984 -6.27013  0.00254355 ] R2 = 0.9995
125 0.002966663 -5.82032  0.00251161 ::— -5.5
130 0.005133186 -5.27203  0.00248046 6 -
140 0.012523923 -4.38011 0.00242042 65 |

_7 .

E, =129.943112 kJ.mol?
-7.5 -

Entry 11: Thermolysis of 2.38 in the presence of 4 equiv. BnOH using steady-state method and
off-line 'H NMR analysis.

1/T (K?)
0.00244 0.00254
- -4.5 !
Temp. °C k In(k) 1/T (K7
110 0.000664943 -7.31581  0.00260994 -5 A y = -15387x + 32.825
120 0.001788730 -6.32625  0.00254355 55 | R? = 0.9993
125 0.002847009 -5.86149  0.00251161 3
130 0.004875351 -5.32356  0.00248046 £ 61
135 0.007744443 -4.86078 0.00245008 -6.5
_7 .
E, = 127.937953 kl.mol
75 -

Table 4.9 Data:
Entry 1: Thermolysis of 4.1a in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; = 1 mL.min™ and £, = 10 mL.min™

1T (KY)
0.0025 ~ 0.0026  0.0027  0.0028
-4.5 : : :

Temp. °C k In(k) 1/T (K7 5

90 0.000235949  -8.35189  0.00275368 55 | y =-15064x + 33.177

95 0.000451353 -7.70326 000271628 | _ | R?=0.9993

100 0.000757243 -7.18583 000267988 | & 65 |

105 0.001315017 -6.63391  0.00264445 5 .

110 0.002190678 -6.12354  0.00260994

115 0.003540051 -5.64361  0.00257632 '7:2

120 0.005745694 -5.15930  0.00254355 g5 J Ea=125:247340 kJ.mol
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Entry 2: Thermolysis of 4.1a in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and MLR processing. F; =1 mL.min™ and F, = 10 mL.min™

Temp. °C k In(k) 1/T (K1)
95 0.000467969 -7.66711 0.00271628
100 0.000712897 -7.24617  0.00267988
105 0.001426878 -6.55227  0.00264445
110 0.002284696 -6.08152  0.00260994
115 0.003807766 -5.57071  0.00257632
120 0.005890714 -5.13438  0.00254355

1/T (k)
0.0025 0.0027
4.5 :
-5 -4
s . y =-15027x + 33.122
' R? = 0.9966
— -6 7
3
£-6.5 -
-7 -
7.5 -
-8 -
E, = 124.943450 kJ.mol!
-8.5 -

Entry 3: Thermolysis of 4.1a in the presence of 4 equiv. EtOH using push-out method, in-line IR

analysis and OPA processing. F; = 1 ml.min™ and F, = 10 mL.min™

1/T (K1)
0.0025 0.0026 0.0027
4.5 * *
Temp. °C k In(k) 1/T (K7) 5
I IR N
: : ' - R2=0.9981
105 0001272883 -6.66647 000264445 | = -6 -
110 0.002077854 -6.17642 0.00260994 |~ g5 _
115 0003547972 -5.64138 0.00257632 5
120 0.005840732 -5.14290  0.00254355
_7'2 | E,=121.410454 kl.mol

Entry 4: Thermolysis of 4.1a in the presence of 4 equiv.

line UV analysis and OPA processing.

EtOH using steady-state method, in-

1/T (K1)
0.00252 0.00262
4.5 *
Temp. °C k In(k) 1T (KY)
100  0.000799534 -7.13148 0.00267988 5
105  0.001312299 -6.63597  0.00264445 55 - V='1520_21X+33'112
110 0002298925 607531 000260994 | | R*=0.999>
115 0.003703033 -5.59860 0.00257632 |
120 0.006155691 _-5.09038 _ 0.00254355 6.5 -
_7 -
E, = 124.894978 kl.mol*
75 -
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Entry 5: Thermolysis of 4.1a in the presence of 4 equiv. BnOH using steady-state method and

off-line 'H NMR analysis

Temp. °C k In(k) 1/T (K1)
100 0.000792559 -7.14024  0.00267988
105 0.001237786 -6.69443  0.00264445
110 0.002330798 -6.06154  0.00260994
115 0.003288001 -5.71748  0.00257632
120 0.006263254 -5.07306  0.00254355

1/T (K?)
0.00252 0.00262
-5 -
55 - y =-14991x + 33.001
_ R? =0.9923
<
£
6.5 -
7 7 E, =124.641436 kJ.mol!
7.5 -

Entry 6: Thermolysis of 4.1d in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; =1 mL.min™ and F, = 10 mL.min™

Temp. °C k In(k) 1/T (K7
85 0.001657298 -6.40257  0.00279212
90 0.002778499 -5.88584  0.00275368
95 0.004707618 -5.35857  0.00271628
100 0.007551304 -4.88604  0.00267988
105 0.011486105 -4.46662  0.00264445
110 0.017175729 -4.06426  0.00260994

1/T (k)
0.0026 0.0027 0.0028
-3.5 : :
4
a5 | y =-12889x +29.615
- R%=0.9986
=5
£
-5.5 -
-6
6.5 1 E,=107.164806 kl.mol
-7 -

Entry 7: Thermolysis of 4.1d in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and MLR processing. F; =1 mL.min™ and F, = 10 mL.min™

Temp. °C k In(k) 1/T (K7
85 0.00174496 -6.35102  0.00279212
90 0.002904377 -5.84154 0.00275368
95 0.004944215 -5.30954 0.00271628
100 0.007827803 -4.85007 0.00267988
105 0.011663276 -4.45131 0.00264445
110 0.017339691 -4.05476 0.00260994

1/T (k)
0.0026 0.0027 0.0028
-3.5 ! J
-4

y = -12647x + 28.996
R%=0.998

E, = 105.153277 ki.mol?
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Entry 8: Thermolysis of 4.1d in the presence of 4 equiv. EtOH using push-out method, in-line IR

analysis and OPA processing. F; = 1 mL.min™ and £, = 10 mL.min™

1/T (K?)
0.00264 0.00269 0.00274
4.2 x x
Temp. °C k In(k) 1T (K') a4 -
90  0.002653613 -5.93183  0.00275368 a6 1
95 0.004515082 -5.40033 000271628 | _ 4o y =-13067x +30.07
=4 R? = 0.9989
100 0007151931 -4.94037 000267988 | & _ |
105  0.011110539 -4.49986  0.00264445 55 |
54 -
5.6 -
-5.8 1 E, =108.648050 kl.mol*
-6 -

Entry 9: Thermolysis of 4.1d in the presence of 4 equiv. EtOH using steady-state method, in-

line UV analysis and OPA processing.

1/T(K?)
0.00264 0.00269 0.00274
-4.2 * *
Temp. °C k In(k) 1T (K7) 44
90 0.002689176 -5.91852  0.00275368 46 - y = -13114x + 30.237
95 0.004834908 -5.33189 0.00271628 | ;¢ | R? = 0.9939
100 0007619779 -487701 000267988 | ¥ |
105  0.011332349 -4.48009  0.00264445 £ 55
5.4 -
5.6 -
5.8 4 E,=109.035233 ki.mol*
-6 -

Entry 10: Thermolysis of 4.1b in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; = 1 mL.min™ and F, = 10 mL.min™

1/T (K*)
0.0025 0.0026 0.0027
-4 L J
Temp. °C k In(k) 1/T (K1) 45 -
100 0.000587258 -7.44005 0.00267988 5 |
105 0000940204 -696941 000264445 | _ . | y =-15427x +33.852
x R?=0.9985
110 0.001587826 -6.44533 000260994 | . |
115 0002680919 -5.92160 000257632 | . |
120 0.004544167 -5.39391  0.00254355 s
125 0.007797548 -4.85395 000251161
75 7 E, =128.268790 kl.mol
-8 -

156



Entry 11: Thermolysis of 4.1b in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and MLR processing. F; =1 mL.min™ and F, = 10 mL.min™

1/T(K)
0.0026

1

0.0027

0.0025
-4
Temp. °C k In(k) 1/T (K1) a5 |
100 0.000531043 -7.54067 0.00267988
105  0.000945996 -6.96327 000264445 | _ =
110 0.001595969 -6.44027  0.00260994 SR
115  0.002833114 -5.86638 000257632 | 6 -
120 0.004478312 -5.40851  0.00254355 6.5 -
125 0.00742144  -4.90338  0.00251161 7
75
_8 4

E, = 130.109736 kJ.mol*

y =-15649x + 34.41

R*=0.9995

Entry 12: Thermolysis of 4.1b in the presence of 4 equiv. EtOH using push-out method, in-line

IR analysis and OPA processing. F; =1 mL.min™ and F, = 10 mL.min™

1/7 (KY)
0.0026

1

0.0027

0.0025
-4.5
Temp. °C k In(k) 1/T (K7
100 0.000559079 -7.48922  0.00267988 5
105 0.001062288 -6.84733  0.00264445 55 |
110 0.001821606 -6.30804  0.00260994 =:—
115 0.002906250 -5.84089  0.00257632 = 6
125 0.007468588  -4.89705  0.00251161 65 -
_7 -
75 -

E, =126.629121 ki.mol?

y =-15230x + 33.389

R?=0.9976

Entry 13: Thermolysis of 4.1b in the presence of 4 equiv. EtOH using push-out method and off-

line '"H NMR analysis. F;=1 mL.min™" and F, = 10 mL.min™

1/T (K1)
0.0026

1

0.0027

0.0025
-4
Temp. °C k In(k) 1/T (K7 45 -
100 0.000549312 -7.50684 0.00267988
105 0.000949227 -6.95986  0.00264445 >
110 0.001618969 -6.42597  0.00260994 =22
115 0.002595547 -5.95396  0.00257632 = -6
125 0.007418929 -4.90372  0.00251161 6.5 1
_7 -
-7.5
-8 -

E, =127.961745 ki.mol?

y =-15390x + 33.733

R?=0.9995
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Entry 14: Thermolysis of 2.26a in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; = 1 mL.min™ and £, = 10 mL.min™

Temp. °C k In(k) 1/T (K1)
105 0.000317165 -8.05609  0.00264445
110 0.000549577 -7.50636  0.00260994
115 0.000934674 -6.97531  0.00257632
120 0.001564908 -6.45993  0.00254355
125 0.002577148 -5.96107 0.00251161
130 0.004044506 -5.51040  0.00248046

In(k)

0.00246

1/T(KY)
0.00256

1

0.00266

J

-5
-5.5 A
6 -
-6.5
-7 -
-7.5 -
-8 -
-8.5 -

E, = 128.630635 ki.mol*

R*=0.9998

y =-15583x + 33.164

Entry 15: Thermolysis of 2.26b in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; =1 mL.min™ and F, = 10 mL.min™

Temp. °C k In(k) 1/T (K7)
110 0.000436225 -7.73735  0.00260994
115 0.000755304 -7.18839  0.00257632
120 0.001300208 -6.64523  0.00254355
130 0.003623828 -5.62022  0.00248046

0.00246

1/7 (k%)
0.00256

1

1
E, = 136.023563 ki.mol

R*=0.9999

y =-16360x + 34.962

Entry 16: Thermolysis of 2.26¢ in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; = 1 mL.min™ and F, = 10 mL.min™

Temp. °C k In(k) 1/T (K7)
90 0.000369181 -7.90422  0.00275368
95 0.000605304 -7.40978  0.00271628
100 0.001052721 -6.85638  0.00267988 %
105 0.001720652 -6.36505  0.00264445 =
110 0.002992631 -5.81160 0.00260994
115 0.004949794 -5.30841 0.00257632

0.00256

1/T (k)
0.00266

1

0.00276

J

E, = 122.294938kJ).mol?

R?=0.9993

y =-14709x + 32.566
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Entry 17: Thermolysis of 2.26d in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; = 1 mL.min™* and £, = 10 mL.min™

1/T (K1)
0.0024 0.0025 0.0026 0.0027
_5 1 1 ]
Temp. °C k In(k) 1/T (K1) 55 |
100 0.000206094 -8.48718  0.00267988 ’ y = -14916x + 31.485
105 0.000343122 -7.97742  0.00264445 6 1 R? = 0.9998
110 0.000591477 -7.43289  0.00260994 x6.5 -
115 0.000962230 -6.94626  0.00257632 = 7
120 0.001602055 -6.43647  0.00254355 75
130 0.003978796 -5.52678  0.00248046 g . E,=124.020703 ki.mol"
-8.5 -

Entry 18: Thermolysis of 2.26e in the presence of 4 equiv. EtOH using push-out method, in-line

UV analysis and OPA processing. F; =1 mL.min™ and F, = 10 mL.min™

1/T (K?)
0.00252 0.00262
Temp. °C k In(k) 1T (K) =1
100 0.000573185 -7.46430 0.00267988 56

y =-14545x + 31.487

105 0.000909735 -7.00236  0.00264445
R?=0.999

110 0.001525452 -6.48546  0.00260994 g'6-1 ]
[=

115 0.002472934 -6.00235 0.00257632 -

120 0.004149356 -5.48480 0.00254355

E, =120.935100 kJ.mol?!

Off-Line *H NMR Analysis

General Methods: *H NMR spectra of crude samples were obtained from AV-300 or DPX-400

MHz spectrometer in CDCl; after solvent removal under reduced pressure from fractions
collected under steady-state conditions as described in the general procedure. Chemical shifts
for proton are reported in ppm and are referenced to the residual peak of the solvent.
Reaction rate constants for thermolysis of 1,3-dioxin-4-one 2.38, 4.1a and 4.1b at different
temperatures were determined from the peak integrals indicated. In plotting In([1,3-dioxin-4-
one]/[1,3-dioxin-4-one],), it is assumed that [1,3-dioxin-4-one], = [1,3-dioxin-4-one + 4.4 +
4.4, omer) Where 4.4 is the B-keto ester product of ketene trapping by EtOH or BnOH. In other
cases, it is assumed that [1,3-dioxin-4-one], = [1,3-dioxin-4-one + 4.2] where 4.2 is the non-

volatile ketone product. No evidence of competing [4+2] self-cycloaddition of 4.3 was
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observed in the 'H NMR spectrum. Activation energies for thermolysis of 2.38, 4.1a and 4.1b

calculated from the reaction rate constants reported below, are given in the previous section.

Reaction Rate Constant Data:

Table 4.7, Entry 10: Thermolysis of 2.38 in the presence of 4 equiv. EtOH under steady-state

conditions
(0]
Ha )J\
Mo mow) £ 8w MG
MO 4 equiv. o™ N0
2.38 4.4a 4.4a¢, tomer
Hb + Hc Ha .
802 |f|
Peaks used in calculation of [2.38]/[2.38 + g T gl =% e ;' [ Set Flow
443 + 4.4atautomer]: B | i o
'H NMR (300 MHz, CDCl5) & ppm: 1.69 (s, 6H, Iﬁk ‘f'ul ||"| 4mL.min”
A ‘I | H A .‘I I L a
Ha), 4.20 (q,J=7.0 Hz, 2H, Hb), 4.19(q,/=7.0 J "-\._/‘l"l'\l'«._f‘llll"\_ AN —) 3 mL.min
| | il
Hz, 2H, Hc). L L Y

Figure 7.17 shows sample data collected from Chemical Shift (ppm)

LN e S e S B B B S s S B B S S T T
2ds ' a0 ' ale 1.70 165

experiments carried out at 130 °C.

Figure 7.17
Reaction time (sec.)
50 100 150 200
Reaction temperature =110 °C =] -0.02 1 1 J
Set flow Efff(leocc\llve Reaction  In([2.38]/[2.38 + ,§ -0.03 1 @
(mL.min™) .1, time(sec.) 4.4a+4.4a;0merl) = _
(mL.min™) S -0.04 .. ¥ =-0.0007x +0.0202
7 7.786 75.208 -0.029558802 ¥ » R =0.9962
5 5.562 105.292  -0.048790164 w 005 7
4 4.449 131614  -0.062974799 S 006 - .
3 3.337 175.486 -0.09531018 + ‘®
& 007 - \
a
SN
§' -0.08 - N
H = -1
g 2009 - k =0.000650812 s
£ ®
-0.1 -
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Reaction temperature = 120 °C

Reaction time (sec.)

Set flow Ef?lactlve Reaction  In([2.38]/[2.38 +
(mL.min™) OVY 1, time(sec.) 4.4a+4.4a.,,0merl)
(mL.min™)
7 7.882 74.293 -0.131028262
5 5.630 104.011 -0.186479567
4 4.504 130.013 -0.235072122
3 3.378 173.351 -0.318453731
Reaction temperature = 125 °C
Set flow Ef:eg‘;llve Reaction  In([2.38]/[2.38 +
(mL.min™) (mL.min_l) time (sec.) 4.4a +4.4a.0merl)
7 7.930 73.844 -0.207014169
5 5.664 103.382 -0.296394013
4 4.532 129.227 -0.381855242
3 3.399 172.303 -0.497740384
Reaction temperature = 130 °C
Set flow Eﬁ;«lectlve Reaction  In([2.38]/[2.38 +
(mL.min™) OVY 1, time(sec.) 4.4a+4.4a.,0merl)
(mL.min™)
5 5.699 102.760 -0.476234179
4 4.559 128.450 -0.612479277
3 3.419 171.267 -0.819779831
2 2.279 256.901 -1.269760545
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50 100 150 200
0.1 1 1 J
5 °
33'0'15 | .y =-0.0019x + 0.0101
< s R2=0.9999
+ e
© '02 7 \\\
< N
Q \\\
+ L
®-0.25 -
=
=
® 03 | k=0.001891984 s .
S °
=
-0.35 -
Reaction time (sec.)
50 100 150 200
— -0.15 . . J
§ 021 o
& 025 1 . y=-0.003x+0.0093
< . R?=0.9981
+ 03 - °
(5] N
< .
< 035 -
o °
® 04 -
ﬁ. \
= -0.45 -
- k =0.002966663 s
805 - .
=
-0.55 -
Reaction time (sec.)
50 150 250
__ 03 * *
g [ )
£ -05 .. y=-0.0051x +0.0516
] ‘®»  R*=0.9998
< '0.7 n \\\
+ \
3 L}
< 09 - "
+ .
& B
.'i -1.1 4 N
= k=0.005133186 s
M 13 -
a
£
15 -




Reaction time (sec.)

50 100 150 200
1 1 J
Reaction temperature = 140 °C '_é 1.2 - y =-0.0125x + 0.0305
. . ° . .
Set flow Eﬁ;’fg&'/"e Reaction  In([2.38]/[2.38 + 2 L R?=0.9999
(mL.min™) (mLmin™) time (sec.) 4.4a +4.4a,0mer]) i 14 - \\\
5 5.767 101.540 -1.239822457 + \
4 4.614 126.925  -1.561297537 S 16 '\\
3 3.460 169.233 -2.088153482 :'_' ‘\‘
® 18 - .
[ R
= \
) N\
M -2 1 k=0.012523923 s
[ s
= [
£

Table 4.7, Entry 11: Thermolysis of 2.38 in the presence of 4 equiv. BhnOH under steady-state

conditions

O

N

Ha
Moo mo) 9 0 OH O
O (0] _—
MO 4 equiv. lfj\/u\o/\F’h‘_He)\/u\O/\Ph

2.38 449 4.49automer

Hd + He Ha

Peaks used in calculation of [2.38]/[2.38 + 4.4g + |||| 8 .ll'. Set Flow
4.4 utomer]: — "l"lllk--——~7n. 7-"'|||Ill‘h—i“L.min'l
'H NMR (400 MHz, CDCls) 6 ppm: 169 (s, 6H, — A
Ha), 2.20 (s, 3H, Hd), 1.99 (s, 3H, He). | ||1| i
Figure 7.18 shows sample data collected from i — _./'||1|II\.__7mL.min'1

A B jll kis Do’

experiments carried out at 125 °C.

Chemical Shift (ppm)

| SARRLLAAAN RARML) T T LR AR LR R
220 215 210 2.05 2.00 1.70 1.65 Ct

Figure 7.18
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Reaction temperature =110 °C

Set flow Ef‘;‘l"gx"e Reaction  In([2.38]/[2.38 +
. -1 .
(mL.min™) (mL.min_l) time (sec.) 4.4g +4.48..comer])
8 8.899 65.807 -0.032789823
7 7.786 75.208 -0.039220713
5 5.562 105.292 -0.055119299
4 4.449 131.614 -0.070769071
3 3.337 175.486 -0.107358518
Reaction temperature = 120 °C
Effecti
Set flow ff:\tl\llve Reaction  In([2.38]/[2.38 +
. -1 .
(mL.min™) (mLmin) time (sec.) 4.4g + 4.48tomer)
8 9.008 65.007 -0.095310180
7 7.882 74.293 -0.110348057
5 5.630 104.011 -0.162685582
4 4.504 130.013 -0.220473323
3 3.378 173.351 -0.285178942
Reaction temperature = 125 °C
Set flow Ef:eg‘;llve Reaction  In([2.38]/[2.38 +
(mL.min™) (mLmin) time (sec.) 4.4g +4.48..comer])
8 9.063 64.614 -0.162685582
7 7.930 73.844 -0.182321557
5 5.664 103.382 -0.267479365
4 4,532 129.227 -0.331698958
3 3.399 172.303 -0.470003629
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Reaction time (sec.)

25 75 125 175
__-0.02 * * *
§—0.03 . 'y
-0.04 - o V= -0.0007x +0.0125
@ . R?=0.989
. -0.05 - "
< ‘@
+ \
+-0.06 - |
< A
< -0.07 @
+ \
o0 -0.08 - \
o0 N
&-0.09 + \
>~ N
K -0.1 A k =0.000664943 s1 .
o011 e
£
-0.12 -
Reaction time (sec.)
25 125
__-0.05 *
§ 0.1 ®  y=-0.0018x +0.0208
- R? = 0.9959
< .
< -0.15 -+ N
+ e
P .
< -02 -
+ @,
] A%
x 025 - .
= k=0.00178873 st g
n -0.3
o,
< 035 -
Reaction time (sec.)
25 75 125 175
—~ -0.1 ! ! !
§-0.15 - e
2 o V= -0.0028x + 0.0266
é‘,.f’ -0.2 R2=0.9974
< \
+ - AN
é".-f’ 0.25 ‘\\
< -0.3 K
" K
® -0.35 - .
ﬂ AN
= 0.4 -
" k =0.002847009 s*
&, 045 - '
4 e
-0.5 -




Reaction time (sec.)
25 75 125 175
-0.1 * * *
Reaction temperature = 130 °C =
Effective § -0.2 1
Set flow flow Reaction  In([2.38]/[2.38 + g ® y=-0.0049x + 0.0528
(mL.min™) (mLmin®) me(sec) 4.4g+44guonad) | o2 0.3 4 o R? = 0.9993
8 9.118 64.225 -0.257222865 T -04 -
7 7.978 73.400 -0.312374685 & ’\
5 5.699 102.760  -0.440403159 < 0.5 -
4 4.559 128.450 -0.576613364 ; 06 - e
3 3.419 171.267 -0.782378314 @ : “
= 07 7 k=0004875351 51
o ®
o -0.8 A
=
= 09 -
Reaction time (sec.)
- 25 75 125 175
Reaction temperature = 135 °C . . )
Set flow Effective Reaction In([2.38]/[2.38 + — i
Lmin™t flow i 4.4z +4.4 i 0.4 ®
(mL.min™) (mLmin™) ime (sec.) 4.4g +4.48utomer) g ‘e Y=-0.0077x +0.0614
8 9.173 63.841  -0.429615568 £ 06 - .. R?=0.9966
7 8.026 72.962 -0.500775288 <
5 5.733 102.146 -0.756121980 N ®
4 4.586 127.683 -0.900161350 & 0.8 -
3 3.440 170.244 -1.264126727 < ‘®
+ \
2 -1
.‘i \
S k =0.007744443 s1 .
R -1.2 A \
o ®
=3
= -14 -

Table 4.9, Entry 5: Thermolysis of 4.1a in the presence of 4 equiv. BhnOH under steady-state

conditions

(o]

Ph)J\ Hg

4.2
>4Ph soy/ Q@ OH O
0o .
Mo 4 equiv. )J\/”\O/\Ph )\/U\o/\Pn

Hf
4.1a 4.49g 4.49automer
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Hf Hg
b A
Peaks used in calculation of [4.1a]/[4.1a + 4.2]: M |
/ I\I" "II | mL.min™
'H NMR (400 MHz, CDCl;) & ppm: 5.15 (g, J = 0.7 Hz, g — =
.I\I' I.
1H, Hf), 2.61 (s, 3H, Hg). S\ ambmim
Figure 7.19 shows sample data collected from 5 mL.min’
experiments carried out at 105 °C. J \ - A Tmimin?
__/\Ak _j\ 7_8 mL.min?
Chemical Shift (ppm)
E.‘I1E T IZ.éﬂ ' ICh:zmlic:ﬁll
Figure 7.19
Reaction time (sec.)
25 75 125 175
-0.03 ! ! !
Reaction temperature = 100 °C
i Y =-0.0008x + 0.0085
Set flow Effective Reaction  In([4.1a)/[4.1a + — -0.05 - ° Y 2 _
o1 flow . = . R*=10.9982
(mL.min™) . .1, time (sec.) 4.2]) N N
(mL.min™) <
8 8.789 66.628  -0.046025822 + 0.07 1 »
7 7.690 76.146 -0.049480057 -
5 5.493 106.605 -0.076540077 é -0.09 - \
4 4.395 133.256 -0.097374164 = .
3 3.296 177.674 -0.132171773 ;! -0.11 - N
£ k=0.000792559 s1
-0.13 - °
-0.15 -
Reaction time (sec.)
25 75 125 175
0 1 1 1
Reaction temperature = 105 °C
Effective . =
provyflow - neacton  inllaialdar 15 005 y =-0.0012x + 0.0106
' (mL.min™) ' : + % R?=0.963
8 8.844 66.215 -0.067822596 3 01 - [
7 7.738 75.674 -0.078692269 s .
5 5.527 105.944 -0.120901773 =
4 4.422 132.430 -0.171422266 ,'-u‘f 015 - i
3 3.316 176.573 -0.197298011 = o
z -
02 1 k=0001237786 51 *
-0.25 -
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Reaction temperature =110 °C

Effective

Set flow flow Reaction In([4.1a]/[4.1a +
(mL.min'l) . 1, time(sec.) 4.2])
(mL.min™)
8 8.899 65.807 -0.110900696
7 7.786 75.208 -0.159630146
5 5.562 105.292 -0.213574100
4 4.449 131.614 -0.275103290
Reaction temperature = 115 °C
Set flow Eﬁ;f;:\llve Reaction  In([4.1a]/[4.1a +
. -1 .
(mL.min™) (mL.min'l) time (sec.) 4.2])
8 8.954 65.404 -0.199441439
7 7.834 74.748 -0.233288000
5 5.596 104.647 -0.316669609
4 4.477 130.809 -0.415293197
3 3.358 174.412 -0.558327958
Reaction temperature = 120 °C
Effecti
Set flow ffgmllve Reaction In([4.1a]/[4.1a +
. -1 .
(mL.min™) (mLmin™) time (sec.) 4.2])
8 9.008 65.007 -0.299516530
7 7.882 74.293 -0.399155939
5 5.630 104.011 -0.537623817
4 4,504 130.013 -0.701550591
3 3.378 173.351 -1.001946176
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Reaction time (sec.)

25 75 125 175
-0.05 ! ! :
—~ -0.1 4
) °
< Y y=-0.0023x + 0.0304
+ \
o -0.15 - R R2=0.9755
- [ 2N
s .
=
o -0.2 - .
- (]
& \
£ 025 -
k=0.002330798 st ®
-0.3 -
Reaction time (sec.)
25 75 125 175
-0.15 ! ! :
-0.2 - o
0.25 @ y=-0.0033x +0.0171
] . R*=0.9984
< - - AN
N 0.3 .
8 -035 -
< .
: '04 7 \b
© N
1 -0.45 4 \
=
Tt 05 4 \
= k =0.003288001 s
-0.55 A ®
-0.6 -
Reaction time (sec.)
25 125
-0.3 (]
= ‘ y =-0.0063x + 0.0968
(o] N —
< R2=0.9942
+ -0.5 ‘o
-
i "
=-0.7 R )
© AN
F! N
=
€097 k-000626325451 .
®
-1.1 -




Table 4.9, Entry 13: Thermolysis of 4.1b in the presence of 4 equiv. EtOH under push-out

conditions where F; =1 mL.min™ and F, = 10 mL.min™

o

BQ Br@)‘t
MJ

(6] O OH O
EtOH )J\/U\O/\ D )\/U\O/\
Hd He

4.1b 4 equiv. 4.4a 4.4a¢,t0mer

Hh Hd + He

Y S S O

Ol
Peaks used in calculation of [4.1b]/[4.1b + 4.4a + '_',J".J: _ N o

) i
4'4atautomer] . — __,'r'u‘h T —
'H NMR (400 MHz, CDCls) 6 ppm: 7.51 (2H, d, J = 8.8 Y — o g

N R W — N o
Hz, Hh), 2.20 (3H, s, Hd), 1.99 (3H, s, He). o "
Figure 7.20 shows sample data collected from A N~
experiments carried out at 115 °C. —A — - J -

e e T

Chemical Shift (ppm)

T T T T Emannsmas}
755 7.50 745 220 2.00

Figure 7.20

Reaction time (sec.)

50 250
Reaction temperature = 100 °C 1
L In([4.1b]/[4.1b + 4.4a + = -0.06 -
Reaction time (sec. = :
fec. 883,10 ;
373.856 -0.249144053 5
8 [ X = -
332.942 -0.228462713 g o1 ) 0.0005x - 0.0421
292.028 -0.199783384 < e R%=0.9974
251.114 -0.178721941 s ‘e
210.200 -0.152762755 <
< 9
169.285 -0.135472513 + -0.16 -
128.371 -0.113574114 2 e
87.457 -0.092781733 <
S~
'.§ -0.21 1 k=0.0005492 s! N
s L
= \\.

-0.26 -
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Reaction time (sec.)

Reaction temperature = 105 °C 50 150 250 350

. . . ~ -0.1 * * J
Reaction time (sec.) In([4.1b]/[4.1b + 4.42 + ard 0
4'4atautomer]) g
327.821 -0.374910440 2015 | ®.
287.160 -0.333116529 3 . y=-0.0009x - 0.062
246.500 -0.298044859 < 0o - ®  R?=0.9991
205.839 -0.253865450 b e
165.178 -0.216807733 <
124518 -0.183745045 T-025 1 R )
83.857 -0.141339117 2 N
< -03 - e
SN N
= k = 0.000949 s ‘®
2-035 - :
£ N
T °
04 -

Reaction time (sec.)

Reaction temperature =110 °C 0 200

. . . — -0.1 !
Reaction time (sec.) In([4.1b1/[4.1b + 4.42 + —
4'4atautomer]) g
322.801 -0.635446467 £.02 1
282.390 -0.575067892 '3 \. y =-0.0016x - 0.1178
< AN 2
241.980 -0.505175891 < 03 - . R%=10.9996
201.570 -0.440797019 o LN
161.159 -0.381680203 < s
< 04 - e
120.749 -0.317428466 + O
80.339 -0.244492140 2 e
39.928 -0.179364963 & 05 - ‘o
S N
= k=0.001619 s? N
= e
< 0.6 - R
= °®
£
-0.7 -
Reaction time (sec.)
Reaction temperature = 115 °C 50 150 250
o In([4.1b]/[4.1b + 4.4a + —_ ! !
Reaction time (sec. —_
( ) 4-4atautom£r]) ‘E’ '035 T .\
277.715 -0.901691932 § .
237.552 -0.774188391 045 - oY = 0:0027x-0.1521
197.389 -0.671625014 < . R?=0.9985
157.226 -0.565446708 *.055 - \.
117.063 -0.463927941 < .
< AN
76.900 -0.362114667 + -065 - .
o Q
'-s
< 4 AN
< 0.75 .
3 k=0.002596 s!
< -0.85 -
< ®
-0.95 -
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Reaction temperature = 125 °C

Reaction time

(sec.)

In([4.1b]/[4.1b + 4.4a +
4'4atautomer])

268.640
228.962
189.285
149.608
109.931
70.253
30.576

-2.297367567
-1.912239482
-1.646903854
-1.399769060
-1.056511615
-0.783491672
-0.499275928

Alcohol Stoichiometry Experiments

Reaction time (sec.)
100 200 300

1 1 J

0
0
i
£
s
3-05
©
<
<
-+
o 1
<
<
+
o - -
3 1.5
o
=
S 2
=
£
-2.5 -

y =-0.0074x - 0.2609
R?=0.9976

N
N
.\
N

\\Q\
k =0.007419 s

Four different solutions of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38) ([2.38] = 0.3 mM) with

ethanol (0.5, 1.0, 2.0 or 4.0 equiv.) in dry acetonitrile (100 mL) were prepared. For each

solution and by following the steady-state kinetic study procedure, cycle of experiments were

performed at 120 °C and sample were collected at the exit of the reactor. After evaporation of

the solvent under reduced pressure, off-line *H NMR analysis was carried out according to the

general method described previously, assuming that [2.38], = [2.38 + 4.4a + 4.4a,t0mer]- First-

order reaction rate constants for thermolysis of 2.38 were determined from integration of

identical peak to that described in previously, i.e. peaks used in calculation of [2.38]/[2.38 +

4.4a + 8.8a,,0me]: 8 ppm: 1.69 (s, 6H, Ha), 4.20 (g, J = 7.0 Hz, 2H, Hb), 4.19 (q, J = 7.0 Hz, 2H,

Hc).
0.5 equiv. EtOH
Effective .
Set f|OVY1 flow Reaction  In([2.38]/[2.38 +
(mL.min™) (mLmin) time (sec.) 4.4a+4.4a.,,0merl)
9 10.134 57.784 -0.062974799
7 7.882 74.293 -0.086177696
5 5.630 104.011 -0.126632651
3 3.378 173.351 -0.219135530
2 2.252 260.026 -0.347129531
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In([2.38]/[2.38 + 4.4a + 4.4a, 1o mer])

-0.05

o
[EEN

-0.15

o
N

-0.25

O
w

-0.35

©
D

Reaction time (sec.)

0 100 200 300
1 e
o V= -0.0014x + 0.0187
7 N R2 =0.9995
)l .

k =0.001397548 s’!

L




1.0 equiv. EtOH

Effective

Set flow flow Reaction  In([2.38]/[2.38 +
(mL.min™) (mL.min'l) time (sec.) 4.4a +4.4a.omerl)
9 10.134 57.784 -0.095310180
7 7.882 74.293 -0.122217633
5 5.630 104.011 -0.178146185
4 4.504 130.013 -0.227135573
3 3.378 173.351 -0.307484700
2 2.252 260.026 -0.463734016
2.0 equiv. EtOH
Effective .
Set flow flow Reaction  In([2.38]/[2.38 +
. -1 .
(mL.min™) (mLmin™) time (sec.) 4.4a+4.4a.,10merl)
9 10.134 57.784 -0.095310180
7 7.882 74.293 -0.122217633
5 5.630 104.011 -0.186479567
4 4,504 130.013 -0.235072122
3 3.378 173.351 -0.311154429
2 2.252 260.026 -0.473123757
4.0 equiv. EtOH
Effective .
Set flow flow Reaction  In([2.38]/[2.38 +
(mL.min™) (mL.min'l) time (sec.) 4.4a +4.4a.omerl)
7 7.882 74.293 -0.131028262
5 5.630 104.011 -0.190620360
4 4,504 130.013 -0.235072122
3 3.378 173.351 -0.314810740

170

In([2.38]/[2.38 + 4.4a + 4.4a,,,,,,...])

-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
-0.35
-0.4
-0.45
-0.5

0
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7.2.3.6 GENERAL PROCEDURE F: Synthesis of kinetic study products
After few kinetic studies, the reactor was heated to 160 °C, and the mixture of dioxinone (1
equiv.) and alcohol (4 equiv.) was injected into the flow machine. The residence time was set
at 10 min. The crude mixture was collected in a single RBF, concentrated under reduced

pressure and analysed by NMR spectroscopy.

Ethyl 3-oxobutanoate (4.4a) and Ethyl (2)-3-hydroxybut-2-enoate (4.4a’)

5
‘ Mo/\ 5 CoH1005
+ MW = 130.06 g.mol *
o4 © Ratio Keto/Enol: 92/8

9 iald = 240 °
AN Yield = 84% at 160 °C

From the mixture of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38, 6.52 mg, 45.9 umol) and
ethanol (10.7 pL, 183 umol) in acetonitrile (3 mL, [2.38] = 0.015 M), the reaction was performed
as detailed in the general procedure F. The crude products were isolated (5.00 mg, 38.4 umol,
84%) and analysed. A mixture of the Keto and Enol forms 4.4a and 4.4a’ was highlighted (92/8).
NMR data are consistent with the literature.'*

Keto form (4.4a):

'H NMR (300 MHz, CDCl5) § ppm: 4.20 (g, J = 7.1 Hz, 2H, H-5), 3.43 (s, 2H, H-2), 2.26 (s, 3H,
H-4), 1.27 (t, J = 7.2 Hz, 3H, H-6).

3C NMR (75 MHz, CDCl;) 6 ppm: 200.6, 167.1, 61.3, 50.1, 30.1, 14.0.

Enol form (4.4a’):

'H NMR (300 MHz, CDCl;) & ppm: 12.09 (s, 1H, OH), 4.96 (s, 1H, H-8), 4.19 (q, J-coupling not
resolved due to an overlap with H-5, 2H, H-11), 1.94 (s, 3H, H-10), 1.27 (t, J-coupling not

resolved due to an overlap with H-6, 3H, H-12).
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Ethyl 3-oxo-3-phenylpropanoate (4.4b) and Ethyl (Z)-3-hydroxy-3-phenylacrylate (4.4b’)

C11H1,03

MW =192.08 g.mol *
Ratio Keto/Enol: 79/21
Yield = 93% at 160 °C

From the mixture of 2,2-dimethyl-6-phenyl-4H-1,3-dioxin-4-one (2.26a, 5.54 mg, 27.1 umol)
and ethanol (6.34 pL, 109 umol) in acetonitrile (1.8 mL, [2.26a] = 0.015 M), the reaction was
performed as detailed in the general procedure F. The crude products were isolated (4.85 mg,
25.2 umol, 93%) and analysed. A mixture of the Keto and Enol forms 4.4b and 4.4b" was
highlighted (79/21). NMR data are consistent with the literature.**

Keto form (4.4b):

'H NMR (300 MHz, CDCl;) & ppm: 7.99-7.93 (m, 2H, H-5), 7.61 (tt, J = 7.3, 1.5 Hz, 1H, H-7), 7.50
(dd, J = 7.5, 7.5 Hz, 2H, H-6), 4.23 (g, J = 7.0 Hz, 2H, H-8), 4.00 (s, 2H, H-2), 1.27 (t,J = 7.2 Hz, 3H,
H-9).

Enol form (4.4b’):

'H NMR (300 MHz, CDCl3) 6 ppm:, 12.59 (s, 1H, OH), 7.79 (dd, J = 8.1, 1.5 Hz, 2H, H-14), 7.46-
7.41 (m, 3H, H-15, 16), 5.68 (s, 1H, H-11), 4.28 (q, J = 7.2 Hz, 2H, H-17), 1.35 (t, J = 7.2 Hz, 3H,
H-18).

Ethyl 3-(4-methoxyphenyl)-3-oxopropanoate (4.4c) and Ethyl (Z)-3-hydroxy-3-(4-
methoxyphenyl)acrylate (4.4c’)

C12H1404

MW =222.09 g.mol *
Ratio Keto/Enol: 90/10
Purity = 96%

Yield =94% at 160 °C

From the mixture of 6-(4-methoxyphenyl)-2,2-dimethyl-4H-1,3-dioxin-4-one (2.26b, 5.45 mg,
23.3 umol) and ethanol (5.43 puL, 93.1 umol) in acetonitrile (1.5 mL, [2.26b] = 0.015 M), the
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reaction was performed as detailed in the general procedure F. The crude products were
isolated (5.00 mg (purity = 96%), 21.6 umol, 94%) and analysed. A mixture of the Keto and Enol
forms 4.4c and 4.4c’was highlighted (90/10). Moreover, a small amount of decarboxylated
product (1-(4-methoxyphenyl)ethanone) (4%..,) was obtained, probably due to the presence
of a small amount of water in the media. NMR data are consistent with the literature.**°

Keto form (4.4c):

'H NMR (300 MHz, CDCl;) 6 ppm: 7.94 (d, J = 9.0 Hz, 2H, H-5), 6.96 (d, J = 9.0 Hz, 2H, H-6), 4.22
(9,J = 7.1 Hz, 2H, H-9), 3.95 (s, 2H, H-2), 3.89 (s, 3H, H-8), 1.27 (t, J = 7.1 Hz, 3H, H-10).

Enol form (4.4c’):

'H NMR (300 MHz, CDCl;) § ppm: 12.64 (s, 1H, OH), 7.75 (d, J = 9.0 Hz, 2H, H-15), 6.93 (d,
J-coupling not resolved due to an overlap with H-6, 2H, H-16), 5.59 (s, 1H, H-12),4.27 (q,/=7.0
Hz, 2H, H-19), 3.86 (s, 3H, H-18), 1.34 (t, J = 7.2 Hz, 3H, H-20).

Ethyl 3-(4-nitrophenyl)-3-oxopropanoate (4.4f) and Ethyl (2)-3-hydroxy-3-(4-
nitrophenyl)acrylate (4.4f")

CllHllNOS
MW = 237.06 g.mol *
Ratio Keto/Enol: 1/1

Purity = 75%

17 Yield =64% at 160 °C
15 10 O/\

O,N716

15

From the mixture of 2,2-dimethyl-6-(4-nitrophenyl)-4H-1,3-dioxin-4-one (2.26e, 5.85 mg,
23.5 umol) and ethanol (5.48 uL, 93.9 umol) in acetonitrile (1.5 mL, [2.26e] = 0.015 M), the
reaction was performed as detailed in the general procedure F. The crude products were
isolated (4.70 mg (purity = 75%), 14.9 umol, 64%) and analysed. A mixture of the Keto and Enol
forms 4.4f and 4.4f was highlighted (1/1). Moreover, decarboxylated product (1-(4-
nitrophenyl)ethanone) (32%,,,) was obtained, probably due to the presence of a small amount
of water in the media. NMR data are consistent with the literature.™’

Keto form (4.4f):

'H NMR (300 MHz, CDCl;) & ppm: 8.35 (d, J = 8.8 Hz, 2H, H-6), 8.12 (d, J = 9.0 Hz, 2H, H-5), 4.23
(9,J = 7.2 Hz, 2H, H-8), 4.04 (s, 2H, H-2), 1.36 (t, J = 7.2 Hz, 3H, H-9).

Enol form (4.4f):

'H NMR (300 MHz, CDCl;) & ppm: 12.58 (s, 1H, OH), 8.28 (d, J = 9.0 Hz, 2H, H-15), 7.95 (d,
J=9.0 Hz, 2H, H-14), 5.77 (s, 1H, H-11), 4.31 (q, J = 7.2 Hz, 2H, H-17), 1.27 (t, J = 7.2 Hz, 3H, H-18).
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Ethyl 3-(furan-2-yl)-3-oxopropanoate (4.4d) and Ethyl (2)-3-(furan-2-yl)-3-hydroxyacrylate
(4.4d’)

O O
5 8
o (Y07 CoH1o0s
;O . MW = 182.06 g.mol ™
Ratio Keto/Enol: 92/8
OH O
14 12 17 . — 790 o
7o X1 O/\1s Yield =72% at 160 °C
15 11
\ 0]

From the mixture of 6-(furan-2-yl)-2,2-dimethyl-4H-1,3-dioxin-4-one (2.26¢c, 5.61 mg,
29.0 umol) and ethanol (6.75 puL, 116 pumol) in acetonitrile (1.9 mL, [2.26¢] = 0.015 M), the
reaction was performed as detailed in the general procedure F. The crude products were
isolated (3.80 mg, 20.9 pumol, 72%) and analysed. A mixture of the Keto and Enol forms 4.4d
and 4.4d’ was highlighted (92/8). NMR data are consistent with the literature.**®

Keto form (4.4d):

'H NMR (300 MHz, CDCl;) 6 ppm: 7.62 (dd, J = 1.7, 0.8 Hz, 1H, ArH), 7.29 (dd, J = 3.6, 0.8 Hz, 1H,
ArH), 6.58 (dd, J = 3.6, 1.7 Hz, 1H, ArH), 4.22 (q, J = 7.2 Hz, 2H, H-8), 3.86 (s, 2H, H-2), 1.27 (t,
J=7.2 Hz, 3H, H-9).

Enol form (4.4d’):

'H NMR (300 MHz, CDCl5) 6 ppm: 12.17 (s, 1H, OH), 7.51-7.49 (m, 1H, ArH), 6.94 (d, J = 3.6 Hz,
1H, ArH), 6.51 (dd, J = 3.4, 1.9 Hz, 1H, ArH), 5.62 (s, 1H, H-11), 4.26 (q, J = 7.2 Hz, 2H, H-17),
1.33 (t, J = 7.2 Hz, 3H, H-18).

Ethyl 3-(naphthalen-2-yl)-3-oxopropanoate (4.4e) and Ethyl (2)-3-hydroxy-3-(naphthalen-2-
yl)acrylate (4.4e’)

C15H1403

MW =242.09 g.mol *
Ratio Keto/Enol: 79/21
Purity = 75%

Yield =63% at 160 °C

From the mixture of 2,2-dimethyl-6-(naphthalen-2-yl)-4H-1,3-dioxin-4-one (2.26d, 5.45 mg,
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21.0 umol) and ethanol (5.01 uL, 86.0 umol) in acetonitrile (1.4 mL, [2.26d] = 0.015 M), the
reaction was performed as detailed in the general procedure F. The crude products were
isolated (4.40 mg (purity = 75%), 13.5 umol, 63%) and analysed. A mixture of the Keto and Enol
forms 4.4e and 4.4e’ was highlighted (79/21). Moreover, decarboxylated product
(1-(naphthalen-2-yl)ethanone) (32%,) Wwas obtained, probably due to the presence of a small
amount of water in the media. NMR data are consistent with the literature.'*’

Keto form (4.4e):

'H NMR (300 MHz, CDCl;) & ppm: 8.47 (s, 1H, H-11), 8.08-7.83 (m, 4H, ArH), 7.69-7.50 (m, 2H,
ArH), 4.24 (q, J = 7.1 Hz, 2H, H-14), 4.13 (s, 2H, H-2), 1.27 (t, / = 7.1 Hz, 3H, H-15).

Enol form (4.4€’):

'H NMR (300 MHz, CDCl;) 6 ppm: 12.68 (s, 1H, OH), 8.38 (s, 1H, H-26), 8.08-7.83 (m, 4H, ArH),
7.69-7.50 (m, 2H, ArH), 5.82 (s, 1H, H-17), 4.31 (q, J = 7.0 Hz, 2H, H-29), 1.37 (t, J = 7.0 Hz, 3H,
H-30).

7.2.3.7 Simulated dispersion effects upon 1* and 2" order kinetics
For a 1% order reaction (A = B) and 2™ order reaction (2A = B), reagent concentration profiles
were determined under push-out conditions with flow rates going from 1 mL.min™ to 10
mL.min". At t = 0, the flow rate is switched from 1 to 10 mL.min (reaction time = 10 min.).
Figures 7.21(a) and 7.22(a) show the calculated profiles. For each data point of the calculated
reagent concentration profiles, the dispersion profile obtained at 10 mL.min™ and 30 °C for
benzophenone (Figure 4.9 section 4.3.6) was then used to simulate the effect of dispersion.

Figures 7.21(b) and 7.22(b) show the simulated profiles.
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0 o ! .
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Figure 7.21: Calculated reagent concentration profile for (a) a first order reaction (b) a first order reaction with
dispersion.
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Figure 7.22: Calculated reagent concentration profile for (a) a second order reaction (b) a second order reaction
with dispersion.

7.2.4 Chapter 5: Flow chemistry, a tool for fast optimisation of reaction conditions
7.2.4.1 Synthesis

Methyl 4-methylcyclohex-3-ene-1-carboxylate (5.3)  and Methyl 3-methylcyclohex-3-ene-1-

carboxylate (5.4)
C9|_|1402
MW =154.21 g.mol *

0 Rf = 0.40 (DCM)
12
L " O Yellow oil
g Yield = 48%

Ratio 3-methyl isomer/4-methyl

Ratio isomer: 35/65

In a RBF flushed with nitrogen, isoprene (5.1, 0.396 mL, 3.96 mmol) and methyl acrylate (5.2,
0.357 mL, 3.96 mmol) were mixed with dried toluene (1.24 mL) to make a 2 mL solution. The
solution was degassed by sonication whilst being saturated with nitrogen, and injected into the
flow set-up described below using the sample loop configuration. Then, the content of the
loop was pushed by toluene (Stock solvent) into the flow stream. The residence time was set
at 50 min (flow = 0.2 mL/min) and the 10 mL length Stainless Steel reactor, connected to a
cooling loop (100 cm, 1 mm i.d.) followed by a backpressure regulator (250 psi), was heated to
200 °C. After collection and evaporation of the solvent under reduced pressure, the crude
product was purified on silica gel (DCM) to give a mixture of the title compounds 5.4 and 5.3
(295 mg, 1.91 mmol, 48%) as a yellow oil. The 'H NMR identified the ratio 3-methyl isomer/4-

methyl isomer: 35/65. NMR data are consistent with the literature.**
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Figure 7.23: Flow set-up for the synthesis of methyl 3-methylcyclohex-3-ene-1-carboxylate (5.4) and methyl 4-
methylcyclohex-3-ene-1-carboxylate (5.3) - Sample loop configuration.

Methyl 3-methylcyclohex-3-ene-1-carboxylate (5.4):

'H NMR (400 MHz, CDCl5) & ppm: 5.38 (br s, 1H, H-5), 3.69 (s, 3H, H-9), 2.62-2.54 (m, 1H,
H-2), 2.18-2.10 (m, 2H, H-3), 2.10-2.04 (m, 2H, H-6), 1.96-1.91 (m, 1H, H-7/7’), 1.67 (s, 3H, H-8),
1.63-1.56 (m, 1H, H-7/7").

13C NMR (100 MHz, CDCl;) & ppm: 176.4 (C, C-1), 132.3 (C, C-4), 120.6 (CH, C-5), 51.6 (CHs, C-9),
39.8 (CH, C-2), 32.1 (CH,, C-3), 24.9 (CH,, C-7), 24.5 (CH,, C-6), 23.5 (CHs, C-8).

Methyl 4-methylcyclohex-3-ene-1-carboxylate (5.3):

'H NMR (400 MHz, CDCl;) & ppm: 5.38 (br s, 1H, H-13), 3.68 (s, 3H, H-18), 2.53-2.45 (m, 1H,
H-11), 2.25-2.19 (m, 2H, H-12), 2.03-1.96 (m, 3H, H-15, 16/16’), 1.77-1.69 (m, 1H, H-16/16), 1.65
(s,3H, H-17).

3C NMR (100 MHz, CDCl;) 6 ppm: 176.5 (C, C-10), 133.7 (C, C-14), 119.2 (CH, C-13), 51.6 (CH;,
C-18), 39.1 (CH, C-11), 29.3 (CH,, C-15), 27.7 (CH,, C-12), 25.5 (CH,, C-16), 23.4 (CH,, C-17).

IR (MeCN) vy /cm™ = 2927 (br), 1733 (s), 1435 (m), 1305 (w), 1223 (m), 1165 (s), 1025 (w).

7,7,8,8-Tetramethylbicyclo[4.2.0]octan-2-one (5.18 and 5.19)

Ci2H200

MW =180.29 g.mol *

Rf trans= 0.67 (hexane/Et,0, 4:6)
Rf <= 0.47 (toluene/Et,0, 9:1)
Colourless oil

Yield = 36%

Ratio trans/cis: 90/10

In a RBF flushed with nitrogen, cyclohex-2-enone (5.7a, 77.0 uL, 0.800 mmol) was mixed with
tetramethylethylene (5.17, 15.2 mL, 15.2 mmol, 1 M in THF). The solution was degassed by

sonication whilst being saturated with nitrogen. With the bottle-feed configuration, the
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reaction mixture was injected into the double coiled photochemical flow reactor (capacity:
28.0 mL) at 0.2 mL/min (residence time = 140 min) using a UV-A lamp (9 W). Once the mixture
was entirely injected, it was pushed by acetonitrile (Stock solvent) into the flow stream. The
reactor was connected to a backpressure regulator (100 psi). After collection and evaporation
of the solvent under reduced pressure, the crude mixture was purified twice on silica gel (first:
hexane/Et,0, 9:1, second: toluene/Et,0, 97:3) to give the diastereoisomers trans 5.18 (46.0 mg,
255 pmol) and cis 5.19 (5.0 mg, 28 umol) as colourless oils (51.0 mg, 283 umol, 36%). The
reaction was not 100% complete because some cyclohex-2-enone was isolated during the

purification.

BPR 100 psi
cyclohexenone +
Waste
tetramethyl collection
ethylene in THF
— ] =

] ——

Stock

Solvent UV Reactor
28 mL
(Mech) UV-A (9 W)

Product collection

Figure 7.24: Flow set-up for the synthesis of the 7,7,8,8-tetramethylbicyclo[4.2.0]octan-2-one - Bottle-feed
configuration.

Diastereoisomer trans (5.18):

'H NMR (400 MHz, CDCl;) 6 ppm: 2.42 (d, J = 13.5 Hz, 1H, H-6), 2.21-2.13 (m, 2H, H-2), 2.13-
2.08 (m, 1H, H-3/3’), 2.08-2.03 (m, 1H, H-5), 1.85-1.72 (m, 1H, H-3/3’), 1.71-1.63 (m, 1H,
H-4/4’), 1.48 (dddd, J = 12.0, 11.8, 11.6, 4.6 Hz, 1H, H-4/4’), 1.19 (s, 3H, H-11/12), 1.02 (s, 3H,
H-9/10), 0.93 (s, 3H, H-11/12), 0.90 (s, 3H, H-9/10).

*C NMR (100 MHz, CDCl;) § ppm: 209.4 (C, C-1), 56.6 (CH, C-6), 51.4 (CH, C-5), 43.4 (C, C-7/8),
42.6 (C, C-7/8), 41.2 (C H,, C-2), 28.0 (C H,, C-3), 25.1 (C H,, C-4), 23.6 (C H3 C-11/12), 22.9 (C H3,
C-9/10), 19.3 (C Hs, C-11/12), 18.5 (CH5, C-9/10).

LRMS (GC/EI*): m/z = 41, 20%; 55, 20%; 69, 20%; 83, 100%; 98, 60%; 180, 10% [M]".

HRMS (EI*): Found 180.15124 Da, Cy,H,00; [M]" requires 180.15087 Da.

Diastereoisomer cis (5.19):

'H NMR (400 MHz, CDCl;) & ppm: 2.73 (d, J = 9.3 Hz, 1H, H-18), 2.40 (br d, J = 18.3 Hz, 1H,
H-14/14’), 2.20 (ddd, J = 10.0, 9.2, 9.0 Hz, 1H, H-17), 2.11 (ddd, J = 18.3, 12.5, 5.9 Hz, 1H,
H-14/14’), 2.00-1.91 (m, 1H, H-15/15"), 1.90-1.79 (m, 1H, H-16/16’), 1.67 (dddd, J = 13.6, 12.6,
10.4, 3.0 Hz, 1H, H-16/16’), 1.58-1.48 (m, 1H, H-15/15"), 1.11 (s, 3H, H-21/22), 1.06 (s, 3H,
H-23/24), 1.04 (s, 3H, H-23/24), 0.93 (s, 3H, H-21/22).
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3C NMR (100 MHz, CDCl;) & ppm: 214.3 (C, C-13), 50.5 (CH, C-18), 44.4 (C, C-19/20), 42.5 (CH,
C-17), 41.2 (CH,, C-14), 39.6 (C, C-19/20), 27.1 (CHs, C-21/22), 26.3 (CHs, C-23/24), 24.0 (CH,,
C-16), 23.0 (CH3, C-23/24), 21.9 (CH,, C-15), 19.1 (CH,, C-21/22).

UV (MeCN) C =5.55x10> M, A =280.22 nm, e = 53 M™*.cm™.

IR (MeCN) Vmax/cm ™= 3631 (br), 2946 (s), 1688 (s), 1634 (s), 1059 (w).

LRMS (GC/EI*): m/z = 41, 30%; 55, 20%; 69, 40%; 83, 100%; 98, 70%; 180, 10% [M]".

HRMS (EI'): Found 180.15095 Da, C;,H,00; [M]" requires 180.15087 Da.

3-(2,3-Dimethylbut-3-en-2-yl)cyclohexan-1-one (5.20)

ClZHZOO
o MW =180.29 g.mol *
, . Rf = 0.51 (toluene/Et,0, 9:1)
3 8 Colourless oil
) 7 12

Yield = 3%

This compound was obtained during the 7,7,8,8-tetramethylbicyclo[4.2.0]octan-2-one
synthesis (see above for procedure). It was isolated during the second crude purification on
silica gel (toluene/Et,0, 97:3). The title compound 5.20 (3.9 mg, 22 umol, 3%) was obtained as
a colourless oil. This compound was observed during the concentration gradient experiments.
'H NMR (400 MHz, CDCl;) 6 ppm: 4.80 (s, 1H, H-12/12’), 4.73 (s, 1H, H-12/12’), 2.41-2.33 (m,
1H, H-2/2’), 2.30 (dd, J = 13.5, 3.0 Hz, 1H, H-6/6’), 2.26-2.18 (m, 1H, H-2/2’), 2.15-2.08 (m, 1H,
H-3/3’), 2.04 (dd, J = 13.5, 13.0 Hz, 1H, H-6/6’), 1.87-1.76 (m, 2H, H-4/4’, 5), 1.69 (s, 3H, H-9),
1.57-1.49 (m, 1H, H-3/3’), 1.39-1.29 (m, 1H, H-4/4’), 1.05 (s, 3H, H-10/11), 1.01 (s, 3H, H-10/11).
3C NMR (100 MHz, CDCl;) & ppm: 212.8 (C, C-1), 151.3 (C, C-8), 110.5 (CH,, C-12), 45.1 (CH,
C-5), 43.6 (CH,, C-6), 41.4 (CH,, C-2), 41.2 (C, C-7), 26.2 (CH,, C-4), 25.7 (CH,, C-3), 23.5 (CH;,
C-10/11), 23.1 (CHs, C-10/11), 19.3 (CH3, C-9).

IR (MeCN) V.y /cm™ = 3628 (br), 2943 (s), 1708 (s), 1632 (s).

LRMS (GC/EI'): m/z = 41, 70% [M-CgH150]"; 55, 95%; 69, 100%; 83, 95% [M-CsHo0]"; 97, 85%
[M-CgH14]".

HRMS (EI'): Found 180.15134 Da, C;,H,00; [M]* requires 180.15087 Da.
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Decahydrobiphenylene-1,8-dione (5.27)

C12H1602
MW =192.26 g.mol *
Rf=0.19 (hexane/Et,0, 4:6)

Yellow solid

Yield = 6%
m.p.=80°C

This compound was obtained during the following 7,7,8,8-tetramethylbicyclo[4.2.0]octan-2-
one synthesis. In a RBF flushed with nitrogen, cyclohex-2-enone (5.7a, 90.0 pL, 0.926 mmol)
was mixed with tetramethylethylene (5.17, 1.80 mL, 1.80 mmol, 1 M in THF) and 9 mL of
MeCN. The solution was degassed by sonication whilst being saturated with nitrogen. With the
bottle-feed configuration (Figure 7.24), the reaction mixture was injected into the double
coiled photochemical flow reactor (capacity: 28.0 mL) at 0.233 mL/min (residence time = 120
min) using a UV-A lamp (9 W). Once the mixture was entirely injected, it was pushed by
acetonitrile (Stock solvent) into the flow stream. The reactor was connected to a backpressure
regulator (100 psi). After collection and evaporation of the solvent under reduced pressure,
the crude mixture was purified on silica gel (hexane/Et,0, 4:6) to give the title compound 5.27
(5.4 mg, 28 umol, 6%) as a yellow solid, m.p. = 80 °C (lit. m.p. = 75 °C)."®! NMR data are
consistent with the literature.™

'H NMR (400 MHz, CDCl;) 6 ppm: 3.12 (d, J = 7.1 Hz, 2H, H-6), 2.91-2.73 (m, 2H, H-5), 2.42 (ddd,
J =14.0, 4.5 Hz, 2H, H-2'), 2.28 (ddd, J = 13.0, 5.0 Hz, 2H, H-2), 2.07-1.94 (m, 2H, H-3’), 1.87
(ddddd, J = 13.0, 13.0, 13.0, 4.0, 4.0 Hz, 2H, H-3), 1.78-1.67 (m, 2H, H-4’), 1.52 (br d, J = 13.9 Hz,
2H, H-4).

3C NMR (100 MHz, CDCl;) & ppm: 213.2 (C, C-1), 47.6, 41.1, 40.2, 25.1, 22.8.

Octahydrobiphenylene-1,5(2H,4bH)-dione (5.28)

C12H1602
MW =192.26 g.mol *
Rf=0.11 (hexane/Et,0, 4:6)

Yellow solid

Yield = 2%
m.p.=55°C
In the same way, this compound was obtained during the following 7,7,8,8-

tetramethylbicyclo[4.2.0]octan-2-one synthesis. In a RBF flushed with nitrogen, cyclohex-2-
enone (5.7a, 90.0 L, 0.926 mmol) was mixed with tetramethylethylene (5.17, 1.80 mL, 1.80
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mmol, 1 M in THF) and 9 mL of MeCN. The solution was degassed by sonication whilst being
saturated with nitrogen. With the bottle-feed configuration (Figure 7.24), the reaction mixture
was injected into the double coiled photochemical flow reactor (capacity: 28.0 mL) at 0.233
mL/min (residence time = 120 min) using a UV-A lamp (9 W). Once the mixture was entirely
injected, it was pushed by acetonitrile (Stock solvent) into the flow stream. The reactor was
connected to a backpressure regulator (100 psi). After collection and evaporation of the
solvent under reduced pressure, the crude mixture was purified on silica gel (hexane/Et,0, 4:6)
to give the title compound 5.28 (1.5 mg, 7.8 umol, 2%) as a yellow solid, m.p. = 55 °C (lit.
m.p. = 53 °C).">* NMR data are consistent with the literature.™

'H NMR (400 MHz, CDCl;) § ppm: 3.08-2.96 (m, 2H), 2.64 (dd, J = 7.5, 7.5 Hz, 2H), 2.42 (ddd,
J=16.0,5.0, 5.0 Hz, 2H), 2.32-2.18 (m, 2H), 2.04-1.78 (m, 6H), 1.74-1.60 (m, 2H).

1,3,3,7,7,8,8-Heptamethyl-2,4-dioxabicyclo[4.2.0]octan-5-one (5.29)

Ci3H»,03

MW =226.32 g.mol *

Rf = 0.36 (hexane/Et,0, 1:1)
Colourless oil

Yield =22%

In a RBF flushed with nitrogen, 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38, 66.3 uL, 0.500 mmol)
and tetramethylethylene (5.17, 1.19 mL, 10.0 mmol) were mixed with dried MeCN (8.75 mL) to
make a 10 mL solution. The solution was degassed by sonication whilst being saturated with
nitrogen, and injected into a 10 mL sample loop. Then, the content of the loop was pushed by
MeCN (Stock solvent) into the double coiled photochemical flow reactor (capacity: 28.0 mL) at
0.233 mL/min (residence time = 120 min) using a UV-C lamp (9 W). The reactor was connected
to a backpressure regulator (100 psi). After collection and evaporation of the solvent under
reduced pressure, the crude mixture was purified twice on silica gel (first: hexane/Et,0, 1:1,
second: hexane/Et,0, 8:2) to give the title compound 5.29 (25 mg, 0.11 mmol, 22%) as a

colourless oil. The single "H NMR shift mentioned in the literature'” is consistent with our data.

10 mL

sample loo
2,2,6-trimethyl-4H-1,3- o pieloop BPR 100 psi wﬂste_
dioxin-4-one + l collection

tetramethylethylene in

I

Stock UV Reactor
solvent 28 mL
(MeCN) UV-C (9 W)

Product collection

Figure 7.25: Flow set-up for the synthesis 1,3,3,7,7,8,8-heptamethyl-2,4-dioxabicyclo[4.2.0]octan-5-one (5.29) -
Sample loop configuration.
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'H NMR (400 MHz, CDCl5) & ppm: 2.59 (s, 1H, H-2), 1.57 (s, 3H, CHs), 1.55 (s, 3H, CH), 1.45 (s,
3H, CHs), 1.18 (s, 3H, CHs), 1.05 (s, 3H, CHs), 0.97 (s, 6H, H-7).

3¢ NMR (100 MHz, CDCl;) § ppm: 169.1 (C, C-1), 105.2 (C), 76.6 (C), 49.1 (C), 45.4 (C), 40.5 (C),
29.3 (CHs), 29.0 (CHs), 26.8 (CHs), 23.4 (CHs), 21.7 (CHs), 20.7 (CHs), 20.2 (CHs).

LRMS (LC/ES*): m/z = 169, 100% [M-acetone+H]"; 249, 20% [M+Nal*; 475, 20% [2M+Na]".
HRMS (EI*): Found 226.15746 Da, Cy3H,,0; [M]" requires 226.15635 Da.

Phenanthrene (5.23)
CiaH1o

MW =178.23 g.mol *
White solid

Yield =96%
m.p. =100 °C

In a RBF flushed with nitrogen, cis-stilbene (5.21, 50.0 uL, 0.280 mmol) and iodine (7.1 mg,
0.028 mmol) were mixed with 50 mL of cyclohexane and the solution was saturated with O,.
With the bottle-feed configuration (Figure 7.26), the reaction mixture was injected into the
single coiled photochemical flow reactor (capacity: 31.8 mL) at 1.06 mL/min (residence time =
30 min) using a UV-A lamp (36 W). Once the mixture was entirely injected, it was pushed by
cyclohexane (Stock solvent) into the flow stream. The reactor was connected to a backpressure
regulator (100 psi). After collection, the crude mixture was washed with a saturated solution of
sodium thiosulfate (20 mL), water (20 mL) and brine (2 x 20 mL). The organic layer was finally
dried over MgSQ,, filtered and the solvent was evaporated under reduced pressure to afford
the desired product 5.23 (48 mg, 0.27 mmol, 96%) as a white solid, m.p. = 100 °C (lit.

m.p. = 96 °C).">* NMR data are consistent with the literature.”****

BPR 100 psi
cis-stilbene +
L - = Waste
iodine in = .
- = collection
cyclohexane

Szf\?ec:t UV Reactor
31.8mL
(cyclohexane) UV-A (36 W)

Product collection

Figure 7.26: Flow set-up for the synthesis of the Phenanthrene - Bottle-feed configuration.

'H NMR (400 MHz, CDCl;) & ppm: 8.74 (d, J = 8.1 Hz, 2H, H-6), 7.94 (dd, J = 7.7, 1.3 Hz, 2H, H-3),
7.79 (s, 2H, H-1), 7.70 (ddd, J = 8.2, 7.0, 1.6 Hz, 2H, H-5), 7.65 (ddd, J = 8.0, 7.0, 1.2 Hz, 2H, H-4).
3¢ NMR (100 MHz, CDCl;) 6 ppm: 132.0 (C, C-2/7), 130.3 (C, C-2/7), 128.5 (CH, C-3), 126.9 (CH,
C-1), 126.5 (CH, C-4, 5), 122.6 (CH, C-6).
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1,2,3,4-Tetraphenylcyclobutane (5.25 and 5.26)

C28H24
MW = 360.19 g.mol *

Ph 1 1\Ph Ph , 2\\Ph Rf(5.25)=0.36 (hexane/EtOAc, 95:5)
+ Rf(5.26)=0.44 (hexane/EtOAc,95:5)
T 17, 2 2
Ph Ph Ph Ph Yellow solid
5.25 5.26
Yield =33%

Ratio 5.25/5.26: 66/34
m.p.=170°C

This mixture of isomers was obtained during the phenanthrene synthesis. In a RBF flushed with
nitrogen, cis-stilbene (5.21, 445 puL, 2.50 mmol) and iodine (60.0 mg, 0.236 mmol) were mixed
with 50 mL of cyclohexane and the solution was saturated with O,. With the bottle-feed
configuration (Figure 7.26), the reaction mixture was injected into the single coiled
photochemical flow reactor (capacity: 31.8 mL) at 0.176 mL/min (residence time = 180 min)
using a UV-A lamp (36 W). Once the mixture was entirely injected, it was pushed by
cyclohexane (Stock solvent) into the flow stream. The reactor was connected to a backpressure
regulator (100 psi). After collection, the crude mixture was washed with a saturated solution of
sodium thiosulfate (2 x 20 mL), water (20 mL) and brine (2 x 20 mL). The organic layer was
finally dried over MgS0O,. After filtration and evaporation of the solvent under reduced
pressure, the crude mixture was purified on silica gel (hexane/EtOAc, 95:5) to give
phenanthrene (5.23, 245 mg, 1.37 mmol, 55%) as a white solid and the mixture of title
compounds 5.25 and 5.26 (150 mg, 0.416 mmol, 33%) as a yellow solid, m.p. = 170 °C (lit.
m.p. = 158 °C)."*®* NMR data are consistent with the literature.”’

Isomer 5.25:

'H NMR (400 MHz, CDCl;) 8 ppm: 7.33-7.00 (m, 20H, ArH), 4.45 (s, 4H, H-1).

Isomer 5.26:

'H NMR (400 MHz, CDCl5) & ppm: 7.33-7.00 (m, 20H, ArH), 3.67 (s, 4H, H-1).

Ethyl 2-cyano-2-(2-cyanophenyl)acetate (5.32)

C12H10N202

MW =214.22 g.mol*
Rf=0.63 (hexane/EtOAc, 7:3)
White solid

Yield = 50%
m.p.=70°C
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Following the procedure described by Beugelmans,'® in a RBF flushed with nitrogen, ethyl 2-
cyanoacetate (5.31, 168 uL, 1.58 mmol), 2-bromobenzonitrile (5.30, 72.0 mg, 0.396 mmol) and
t-BuOK (178 mg, 1.58 mmol) were mixed with 10 mL of DMSO. The solution was degassed by
sonication whilst being saturated with nitrogen. With the bottle-feed configuration (Figure
7.27), the reaction mixture was injected into the single coiled photochemical flow reactor
(capacity: 31.8 mL) at 0.265 mL/min (residence time = 120 min) using a UV-B lamp (36 W).
Once the mixture was entirely injected, it was pushed by DMSO (Stock solvent) into the flow
stream. The reactor was connected to a backpressure regulator (100 psi). After collection, the
crude mixture was quenched with addition of 20 mL of water and 3 mL of an aqueous solution
of NH,Cl. The aqueous layer was extracted 4 times with DCM (4 x 20 mL). The combined
organic layers were washed with brine (3 x 20 mL), dried over MgSQ,, filtered and the solvent
was evaporated under reduced pressure to afford the crude product. This crude mixture was
then purified on silica gel (toluene/EtOAc, 8:2) to give the title compound 5.32 (42.0 mg, 0.196
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mmol, 50%) as a white solid, m.p. = 70 °C (lit. m.p. = 69 °C).””> NMR data are consistent with

the literature.*®

BPR 100 psi
ethyl 2-cyanoacetate + =
2-bromobenzonitrile + — Waste.
t-BuOK in DMSO = collection

Stock
solvent
(DMSO)

UV Reactor
31.8 mL
UV-B (36 W)

Product collection

Figure 7.27: Flow set-up for the synthesis of the ethyl 2-cyano-2-(2-cyanophenyl)acetate - Bottle-feed configuration.

'H NMR (400 MHz, CDCl;) & ppm: 7.79-7.70 (m, 3H, ArH), 7.56 (ddd, J = 8.0, 7.2, 2.0 Hz, 1H,
ArH), 5.17 (s, 1H, H-2), 4.38-4.24 (m, 2H, H-11), 1.33 (t, J = 7.1 Hz, 3H, H-12).

3¢ NMR (100 MHz, €DCl;) & ppm: 163.3 (C, C-1), 133.8 (CH), 133.4 (CH and C), 129.9 (CH),
129.1 (CH), 116.3 (C), 114.4 (C), 112.98 (C), 64.1 (CH,, C-11), 41.8 (CH, C-2), 13.8 (CH3, C-12).
UV (DMSO) C = 5.58x10™ M, A, =275.01 nm, &, =1106 M'.cm™, A, =282.45 nm, &, =1032

M*.cm™.
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7.2.4.2 GENERAL PROCEDURES: Concentration gradient experiments
7.2.4.2.1 Preliminary study of the dispersion in flow chemistry: Influence of the flow
rate and the temperature

Experimental set-up and Instrumentation: Using the flow machine (Vapourtec R2+/R4),

dispersion experiments were carried out using one single pump with a 10 uL sample loop, a
home-made coiled stainless steel reactor (10 mL capacity, 1 mm i.d.) immersed in a high
temperature silicone oil bath (Grant Optima™ TXF200), an ice bath, a 250 psi BPR and in-line
UV acquisition (Ocean Optics DH-2000-BAL spectrometer)

10 pL sample loop =0 o0 =0
.Tracer }_—E'—R - BPR UV Data
in MeCN 1 acquisition

Waste
collection
Stock Heated Ice
solvent SS Reactor  bath
(MeCN) 10 mL

Figure 7.28: Flow set-up for the dispersion experiments - Sample loop configuration.

General procedure for the generation of the dispersion profile: Dispersion profiles were

obtained from the experimental set-up described above (sample loop configuration) at flow
rates between 0.1 and 10 mL min™ and the reactor heated to 30 °C and 120 °C. For each
experiment, 10 pL of a solution of tracer in MeCN ([Co] = 1.015 x 10 M) were injected into a
sample loop and pushed by the stock solvent (MeCN). In-line UV detection was used and the
data sampling rate was determined by the acquisition parameters. The spectra were processed
using BORIS software by calibration-less method (height of non-overlapping peak processing at
250 nm). UV absorbance was converted into molar units using a calibration curve and the
calculation of ([C]/[C]s) x 100 was performed. In order to compare the dispersion profile at
each individual flow rate, the different curves were aligned at the same volume eluted which
can be calculated as follow: volume eluted (mL) = time (min) X FIoWgective (ML.min™). Each
FloWesrective Were calculated from each flow rate displayed on the flow system with a correction
for thermal expansion of acetonitrile according to FlowWeective = FlOWgump (1 + aAT) where

o = the expansion coefficient of the solvent.

185



Dispersion profile of sample plugs of benzophenone

Calibration curve obtained from the processing of UV spectra using BORIS software (height of

non-overlapping peak processing at 250 nm).

1.4
1.2 6.08 x 10* M
1 5.08x10% M
§ ] 4
s 0.8 4 4.06 x 104 M
s 3.05x10% M
§ o 2.03x10% M -
< 04 - 03x
1.02x 104 M
0.2 - k
0 T T L T T 1
0 5 10 15 20 25 30
Reaction Time (min)
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5
(9] 0 T T ]
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Figure 7.29: Calibration curve to get the concentration of benzophenone solutions according to the UV absorbance.

Using the general procedure described above with the calibration curve (Figure 7.29), the

following Figures 7.30 and 7.31 were obtained.

4.5 -~ 30°c
(.1 mL/min (100 min)
4 - = (0.3 mL/min (33 min)
=1 mL/min (10 min)
3.5 - e 2 L/ min (5 min)

3 mL/min (3.33 min)
e 4 L/ min (2.5 min)
e 5 mL/min (2 min)
e 6 ML/Min (1.67 min)
e 7 mL/min (1.43 min)

8 mL/min (1.25 min)
e 9 mL/min (1.11 min)
e 10 mL/min (1 min)

2.5

([Benzophenone]/[Benzophenone],;)*100
N

9.5 10 10.5 11 11.5 12 12.5 13 135
Volume eluted (mL)

Figure 7.30: Dispersion of a 10 pL sample plug of benzophenone in MeCN ([C],=1.015 x 102 M) through 10 mL
home-made coiled stainless steel tubing of 1 mm i.d. at 30 °C and the indicated flow rates.
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Figure 7.31: Dispersion of a 10 pL sample plug of benzophenone in MeCN ([C]4=1.015 x 102 M) through 10 mL
home-made coiled stainless steel tubing of 1 mm i.d. at 120 °C and the indicated flow rates.

7.2.4.2.2 Preliminary study of the dispersion in flow chemistry: the dispersion caused

by the UV cell and the reactor

Experimental set-up and Instrumentation: Using the flow machine (Vapourtec R2+/R4),

dispersion experiments were carried out using one single pump with a 5 mL sample loop. In

the study of the dispersion caused by the UV cell, the sample loop was connected straight to

the UV cell (Figure 7.32). In the study of the dispersion caused by the 10 mL Stainless Steel

reactor + the UV cell, the sample loop was connected first to the reactor followed by the UV

cell (Figure 7.33).

Benzophenone
in MeCN

Stock
solvent
(MeCN)

>

5mL lel
,“P‘/ mL sample loop

BORIS

~ [Dsperson profe |

250 300 350

v

Tube length =40 cm

[}
UV Data
acquisition

Waste
collection

Figure 7.32: Flow set-up for the measurement of the dispersion caused by the UV cell - Sample loop configuration.
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Figure 7.33: Flow set-up for the measurement of the dispersion caused by the 10 mL reactor + the UV cell - Sample
loop configuration.

General procedure to quantify the dispersion caused by the UV cell and the 10 mL reactor:

5 mL of a solution of benzophenone in MeCN ([C,] = 9.5 x 10 M) were injected into a 5 mL
sample loop and pushed by the stock solvent (MeCN) at 1 mL/min. The system was left at r.t.
Using the flow set-up without reactor (Figure 7.32), the sample plug went straight through the
UV cell (tube length = 40 cm, 1 mm i.d.). Using the flow set-up with the 10 mL SS reactor and
the UV cell (tube length = 1300 cm, 1 mm i.d.) (Figure 7.33), the sample plug went first through
the reactor and then through the UV cell. For each flow set-up, the dispersion of the sample
plugs was analysed and recorded by in-line UV detection and the data sampling rate was
determined by the acquisition parameters. The spectra were processed using BORIS software
with a calibration-less method (height of non-overlapping peak processing at 250 nm). After
normalisation, the dispersion curves of the UV cell (blue) and the 10 mL SS reactor + UV cell
(red) were obtained. The dispersion curve of the 10 mL reactor (green) (tube length = 1260 cm,
1 mm i.d.) was calculated from subtraction of the UV cell dispersion (blue) to the 10 mL reactor

+ UV cell dispersion (red) (Figure 7.34).

0.8

0.6 -

0.4 - e |V celll

10 mL reactor

Normalised Absorbance

@ 10 mL reactor + UV cell

0.2

T

0.5 1 1.5 2
Experimental Time (min)

T T

Figure 7.34: Dispersion of 5 mL sample plug of benzophenone in MeCN ([Cy] =9.5 x 107 M) at 1 mL/min through the
flow system indicated.
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7.2.4.2.3 Use of dispersion generated concentration gradient with 1** and 2™ order
reactions

Experimental set-up for the application of the concentration gradient methodology on 1° and

2" order reactions: Using the flow machine (Vapourtec R2+/R4), the experiments were carried

out using one single pump with the bottle feed configuration, a PFA loop (10 mL capacity, 1
mm i.d.), a home-made coiled stainless steel reactor (10 mL capacity, 1 mmi.d.) immersed in a
high temperature silicone oil bath (Grant Optima™ TXF200), an ice bath, a 250 psi BPR, an in-
line IR spectrometer (alpha transmission FT-IR from Bruker) and, when mentioned, GC vials for

off-line analysis.

BPR Waste
Mixture of collection
2 reagents l
10 mL 10 mL Ice
Stock
oc PFAloop  SSReactor bath
solvent ﬁ

GC vials

Figure 7.35: Flow set-up for the application of the concentration gradient methodology on 1% and 2" order
reactions - Bottle feed configuration.

General procedure for the application of the concentration gradient methodology on 1°' and

2" order reactions: In a RBF flushed with nitrogen, the different reagents were mixed together

with the corresponding solvent. The reaction mixture was degassed by sonication whilst being
saturated with nitrogen. Solvent was pumped at the indicated flow rate and the reactor was
set to a temperature. Once the temperature was stable, the feeding valve was switched to the
reagent solution and 5 mL of the reaction mixture was injected. At the end of the sample plug
injection, the feeding valve was returned to the solvent feed. When indicated, this procedure
was repeated at several reaction temperatures. The sample plug dispersed first in the 10 mL
PFA loop and then the reaction occurred in the heated stainless steel reactor. In-line IR
detection was used and the data sampling rate was determined by the acquisition parameters.
The spectra were processed using BORIS software by calibration-less methods (OPA processing
or height of non-overlapping peaks processing). When indicated, the reaction mixture was

collected in vials for GC analysis.

Application of the concentration gradient methodology on a 1* order reaction: Using the

general procedure described above, the concentration gradient methodology was first applied
to a 1*" order reaction. A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.38, 1.50 mL, 11.3
mmol) and EtOH (2.64 mL, 45.2 mmol) in 100 mL of MeCN was prepared ([Cgioxinone] = 0.11 M).
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As described in Figure 7.36, series of reactions mixture plugs were injected into the flow
system at different temperatures. Residence time in the heated reactor was set at 33 min

(flow rate = 0.3 mL/min) for each sample plug.

o) ,2,6-trimethyl-4H-1,3-dioxin-4-one
e product

=
= N
)

30°C 130°C 160 °C

1 120 °C m
100 °C

©c o o ©
N B~ OO
1 1 1

1

Normalised concentration

o
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0 20 40 60 80 100 120
Time exiting column (min)

Figure 7.36: Series of 5 mL plugs injections of 2,2,6-trimethyl-4H-1,3-dioxin-4-one and EtOH in MeCN at 0.3 mL/min
and at the indicated temperature through the 10 mL PFA loop followed by the 10 mL heated reactor. In-line IR
detection and OPA processing using BORIS software. 0% and 100% conversion respectively conducted at 30 and
160 °C were performed to normalise the data.

According to the data obtained after processing of the IR spectra with BORIS software (Figure
7.36), the conversion for the dispersed reactions at 100 °C (Figure 7.37) was calculated using

the following Equation 7.1.

[dioxinone], — [dioxinone], [dioxinone];

Conversion; = — =l—-c——
t [dioxinone], [dioxinone],

[dioxinone];

Conversion, = 1 —
Hversiony [dioxinone]; + [product];

Equation 7.1: Formula used for the calculation of the conversion.
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Figure 7.37: Zoom in on the sample plug injected into the flow system at 100 °C. Concentration profile of the
starting material and the product. Calculation of the conversion according to the Equation 7.1.
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From this graph (Figure 7.37), the reaction rate constant at 100 °C can be extracted by plotting
In[2.38], vs. In[2.38]..

Application of the concentration gradient methodology on a 2™ order reaction: Using the

general procedure described above, the concentration gradient methodology was then applied
to a 2" order reaction. A solution of methyl acrylate (5.2, 7.20 mL, 80.0 mmol) and isoprene
(5.1, 8.00 mL, 80.0 mmol) in 10 mL of toluene was prepared ([C] = 3.17 M). A 5 mL single plug
of the reaction mixture was injected into the flow system at 200 °C. Residence time in the
heated reactor was set at 33 min (flow rate = 0.3 mL/min). At the end of the reactor, an in-line
IR spectrometer recorded the different spectra and the reaction mixture was collected in vials
using the liquid handler (0.2 mL collected per vial). The spectra were processed using BORIS
software by calibration-less methods (height of non-overlapping peaks processing) (Figure
7.41). After addition of 1 mL of DCM in each vials, GC analysis were performed. GC data (Area
of each peak) were converted into molar units using calibration curves (Figures 7.38 and 7.39)
and the concentration gradient profile of the methyl acrylate and the products were obtained
(Figure 7.40). The isoprene was not seen on GC, probably due to an overlap with the solvent.

The conversion profile was calculated using the following Equation 7.2.

[methyl acrylate];
[methyl acrylate], + [products];

Conversion; = 1 —

Equation 7.2: Formula used for the calculation of the conversion.

13 0.35 7 - 5.1078E-05x + 4.6143E-04
13 | y=1.4031E-04x + 3.6066E-03 03 Y o oag6E01
R? = 9.9990E-01 7 e
T 5025 -
© 0. Q
£ 09 £ 02 -
€ 0.7 c
S £015 -
£ 05 ©
£ £ 01 -
@03 9
c 5 0.05 -
go1 o
T T T T 1 0 .
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Figure 7.38: Calibration curve to get the concentration Figure 7.39: Calibration curve to get the concentration
of methyl acrylate according to the peak area in GC. of products (3-methyl and 4-methyl isomers) according

to the peaks area in GC.

191



4 -
® Concentration (mol/L) Products

3.5 - e Concentration (mol/L) Methyl acrylate

3 Conversionby GC Lot o0 000

«°°
2.5 A
°
2 -
°
1.5
°

1
0.5 A .:.0'000000.00°°‘00

0 @ s @ T T 1

80 85 90 95
Time exiting column (min)

Figure 7.40: Concentration gradient profile of the methyl acrylate (5.2) and the products 5.3 + 5.4 obtained after
conversion of the peak area (GC) into molar units using the calibration curves (Figures 7.38 and 7.39). Calculation of
the conversion according to Equation 7.2.
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Figure 7.41: IR profile of the methyl acrylate, the Figure 7.42: Concentration gradient profile of the

isoprene and the products obtained after processing the methyl acrylate and the products obtained from the IR

spectra with BORIS (height of non-overlapping peaks profile (Figure 7.41). The maximum IR absorbance of

processing at 898 nm for the isoprene, 1400 nm for the each curve was normalised with the maximum

methyl acrylate and 2830 nm for the products). concentration obtained in Figure 7.40. Calculation of the
conversion according to the Equation 7.2.
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Figure 7.43: Good overlap between both IR (Figure 7.42) and GC (Figure 7.40) concentration gradient results.

From this graph (Figure 7.43), the reaction rate constant at 200 °C can be extracted by plotting
1/In[5.2]; vs. 1/In[5.2],.
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7.2.4.2.4 Application of the concentration gradient methodology in flow: a novel
process towards the fast optimisation of photochemical reaction conditions
- [2 + 2] photocycloaddition (A + B = C)

Experimental set-up for the generation of the concentration gradient profile of the reagent to

disperse (Reagent B) at the exit of the 10 mL loop (step 1): Using the flow machine (Vapourtec

R2+/R4), the experiments were carried out using one single pump, a PFA loop (10 mL capacity,
1 mm i.d.), a 250 psi BPR and an in-line UV or IR spectrometer (Ocean Optics DH-2000-BAL

spectrometer or alpha transmission FT-IR from Bruker).

BPR

Stock l
solvent Pump B
(MeCN)
R — |
=
—

Reagent B hlh
in MeCN A
10 mL sample loop to Waste

generate the collection
dispersion profile

Figure 7.44: Flow set-up for the generation of concentration gradient profile.

General procedure for the generation of the concentration gradient profile of the reagent to

disperse (Reagent B) at the exit of the 10 mL loop (step 1): In a 50 mL flask, the reagent to

disperse was mixed with MeCN. The reaction mixture was degassed by sonication whilst being
saturated with nitrogen. Solvent was pumped at the indicated flow rate (0.05 mL/min, 0.1
mL/min or 0.113 mL/min) and after few minutes, the feeding valve was switched to the
reagent solution and 10 mL of the reaction mixture was injected. At the end of the sample plug
injection, the feeding valve was returned to the solvent feed. The sample plug dispersed in the
10 mL PFA loop. In-line IR or UV detection was used and the data sampling rate was
determined by the acquisition parameters. The spectra were processed using BORIS software

by calibration-less methods (height of non-overlapping peaks processing).

193



Generation of the concentration gradient profile of the tetramethylehylene or the cyclohex-2-

enone at 0.05, 0.1 or 0.113 mL/min.

Using the general procedure described above, the following concentration gradient profiles

were obtained.

[C]1=Co

O B T T 1
240 250 260

Reaction time (min)

[C]1=GCo

0.2

o
[y
w

0.1

IR Absorbance

0.05

O T 1
105 115 125 135

Reaction time (min)

Figure 7.45: Concentration gradient profile of a 10 mL
plug of tetramethylethylene in MeCN ([Cy] = 0.4 M) after
going through a 10 mL PFA loop at 0.05 mL/min (See
general procedure above). In-line IR detection and
height of non-overlapping peaks processing at 1160 nm.

Figure 7.46: Concentration gradient profile of a 10 mL
plug of tetramethylethylene in MeCN ([C,] = 0.5 M) after
going through a 10 mL PFA loop at 0.1 mL/min (See
general procedure above). In-line IR detection and
height of non-overlapping peaks processing at 1160 nm.
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Figure 7.47: Concentration gradient profile of a 10 mL
plug of tetramethylethylene in MeCN ([Cy] = 0.1 M) after
going through a 10 mL PFA loop at 0.113 mL/min (See
general procedure above). In-line UV detection and
height of non-overlapping peaks processing at 240 nm.

Figure 7.48: Concentration gradient profile of a 10 mL
plug of cyclohex-2-enone in MeCN ([C,] = 0.1 M) after
going through a 10 mL PFA loop at 0.1 mL/min (See
general procedure above). In-line IR detection and
height of non-overlapping peaks processing at 1680 nm.
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Experimental set-up for the application of the concentration gradient methodology on the

[2 + 2] photocycloaddition (step 2): Using the flow machine (Vapourtec R2+/R4), the

experiments were carried out using two pumps, a PFA loop (10 mL capacity, 1 mm i.d.), a
home-made coiled photoflow reactor (14.1, 28.0 or 31.8 mL capacity, 1 mm i.d.) equipped with
a9or36 W UV Ilamp (UV-A, B or C), a 250 psi BPR and GC vials for off-line analysis.

Stock solution 1:

Reagent Ain W

MeCN + BPR aste.

i collection
internal

standard M -

Stock ! ﬁ
Solvent Pump B > UV Reactor
(MeCN)

— I i
Stock solution 2: GC vials
Reagent B in /
MeCN 10 mL sample

loop to disperse

reagent B

Figure 7.49: Flow set-up for the application of the concentration gradient methodology on the [2 + 2]
photocycloaddition.

General procedure for the application of the concentration gradient methodology on the [2 + 2]

photocycloaddition (step 2): In a 50 mL flask, the reagent A (no dispersion) was mixed with an

internal standard (dibutyl ether) and MeCN (Stock solution 1). In the same way, in another 50
mL flask, the reagent B (dispersion) was mixed with MeCN (Stock solution 2). Each flask (Stock
solution 1, 2 and Stock solvent) was degassed by sonication whilst being saturated with
nitrogen. Before starting the reaction, solvent was pumped at the indicated flow rate and the
indicated UV lamp (Philips 2-pin PL-S 9 W UV-A/B or C or Philips 4-pin PL-L 36 W UV-A/B or C)
was switched on and left to warm up for 10-15 minutes. The water cooling system was turned
on. Once the system was stable, the feeding valves (pump A and B) were switched to the stock
solutions 1 and 2 (reagent A and B). The reagent A went straight to the UV reactor and the
reagent B dispersed first in the 10 mL loop to form the gradient of concentration and went
then to the UV reactor. Once 15 mL of solution 1 and 2 were injected into the flow system, the
feeding valves were returned to the solvent feed. The reaction between a constant amount of
A and a gradient amount of B occurred in the UV reactor. The reaction mixture was collected in
vials and the sampling rate was precisely determined (1, 1.5 or 2 min collection per vial with
addition of 1 mL of MeCN). The different samples were then analysed via off-line GC

experiments.
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General procedure for the processing of the GC data - Incorporation of the concentration

gradient profile of the reagent to disperse and calculation of the conversion and the vield

according to the experimental time (steps 3 and 4): From each GC spectrum generated, the

different ratios Peak area compound/Peak area internal standard were calculated and plotted
against the experimental time. The concentration gradient profile obtained in step 1 was
incorporated with normalisation of the x and y-axes. The determination of the right position of
this concentration gradient profile was the main difficulty. Explanations are highlighted for the
experiments in Table 5.2, entries 1 and 2. The conversion and the yield for each GC analysis

were calculated using equations 7.3 and 7.4 respectively.

(Peak area cyclohex — 2 — enone/ Peak area internal standard),
(Peak area cyclohex — 2 — enone/ Peak area internal standard),

Conversion; = 1

Equation 7.3: Formula used for the calculation of the conversion at a given moment.

n(2 diastereoisomeres);

n(2 diastereoisomeres)neoretical

Equation 7.4: Formula used for the calculation of the yield at a given moment.

. . Peak area 2 3
vial  Welght  Welght2 =y peak  [2dial/lis] | %
IS(mg) dia(mg) P
areaIs & 55 | y=16583x-0.0123
() 2 -
1 3.03 3.88 0.92497 1.53616 @ R®=0.9996
£ 2
o
2 1.57 3.55 1.63331 2.69157 g
]
5 ©15
3 2.89 1.33 0.33242 0.50536 z g
!
4 1.35 0.85 0.45480 0.75313 N
2
© 0.5
Peak area2dia _ K(2dia) [2 diastereoisomers] =
Peakareals  K(IS) [15] &

0 0.5 1 1.5 2
[2 diastereoisomers]/[IS]

Figure 7.50: Calibration curve used for the calculation of the yield.,.

K(2 dia)/K(IS) = 1.6583

General procedure for the generation of the plots conversion vs. equivalents of dispersed

reagent and yield vs. equivalents of dispersed reagent (step 5): Using the curves with the

conversion, the yield and the concentration gradient profile plotted against the experimental
time, 2 new plots can be generated: conversion vs. equivalents of dispersed reagent B and
yield vs. equivalents of the dispersed reagent B. Indeed, for specific times, equivalents of
reagent B, conversion and yield are aligned. Using these series of specific data, these 2 new

plots can be obtained.
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Concentration gradient results using the 28.0 mL photoflow reactor - UV-A (9 W):

Table 5.2, entry 2:

Reagent A Reagent B (dispersed IS i

Reagent Reagent Internal ga ‘ & é P ) c Rea.lctlon

Entry A B Standard  equiv [A] flow rate cquiv [B] flow rate [1S] time
AV M) muming YY) (mUymin) (M) (min)

dibutyl 1 0051 0.1 19.6 1 0.1 0.044 140
ether

Concentrat|on of reagent Ain the stock solution 1(200.4 uL of reagent A were mixed with 0.30 mLof IS and 40 mL
of MeCN). [B] Concentration of reagent B in the stock solution 2 (18.0 mL of reagent B at 1 M in THF). [IS]
Concentration of Internal Standard in the stock solution 1 (0.30 mL of IS mixed with 200.4 pL of reagent A and 40 mL
of MeCN).

Using these reaction conditions and the general procedures described above (steps 2, 3, 4 and
5), the following results were obtained. For this experiment, an overview of the data processing
(steps 3, 4 and 5) was highlighted. This data processing is the same for the series of experiments
with dispersion of tetra-methylethylene (Table 5.2, entries 1 and 2; Table 5.3, entries 1, 2, 3 and
4; Table 5.4, entries 1, 2, 3 and 4).

Exp. Peakarea Peak area2 Peak area  Peak peak (Peak area (Pgak area 2 (Peak area (Peak area 2
. ; open area cyclohex-2- diastereo- open .

. time cyclohex- diastereo- area . dimers/Peak

Vial (min) 2-enone;  isomers, cyclobu- 2 Is, enone/Peak isomers/Peak cyclobutane/ area IS),

tane; dimers; area IS), area IS), Peak area IS);

7 9 118.5 0 0 17.7 160.2 0.73970038 0 0 0.110486891
8 105 116.8 0 0 18.3 159.7  0.73137132 0 0 0.114589856
9 12 113.1 0 0 17.9 152 0.74407895 0 0 0.117763158
10 135 145.3 0.42 0 20.9 191.2 0.75993724 0.00219665 0 0.109309623
11 15 116 1.93 0.24 19.2  159.3  0.72818581 0.01211551 0.001506591 0.120527307
12 16.5 134.4 7.2 0.94 20.8 183.3 0.73322422 0.03927987 0.005128205 0.113475177
13 18 107.5 15.9 2.1 19.6 164 0.65548781 0.09695122 0.012804878 0.119512195
14 195 122.2 40.4 5.4 20.7 198.8 0.61468813 0.20321932 0.027162978 0.104124748
15 21 92.8 63.1 8.5 17.6 175.7 0.52817302 0.35913489 0.048377917 0.100170746
16 225 77.7 94.9 12.5 148 176.1  0.44122658 0.53889835 0.070982396 0.084043157
17 24 60.6 121.4 15.6 11.7 170.8  0.35480094 0.71077283 0.091334895 0.068501171
18 25.5 41.9 125 15.9 7.9 146.8  0.28542234 0.85149864  0.108310627 0.053814714
19 27 38.8 154.9 19.8 7.6 164.5 0.23586626 0.94164134  0.120364742 0.046200608
20 285 32.2 158.7 20.4 6.5 158.2  0.20353982 1.00316056  0.128950695 0.041087231
21 30 34.6 193.8 24.6 7 181.8  0.19031903 1.06600660 0.135313531 0.03850385
22 315 28.6 178.2 22.7 5.8 165.2 0.17312349 1.07869249 0.137409201 0.035108959
23 33 30.8 204.3 25.8 6.4 183.5 0.16784741 1.11335150 0.140599455 0.034877384
24 345 29.5 200.4 25.4 5.9 178.8  0.16498881 1.12080537  0.142058166 0.032997763
25 36 26.3 186.2 23.6 5.4 169.3  0.15534554  1.0998228  0.139397519 0.031896043
26 375 27.6 199.9 25.3 5.7 177.7  0.15531795 1.12492966  0.142374789 0.032076533
27 39 28.4 205.1 26 5.8 181.6  0.15638767 1.12940529 0.143171806 0.031938326
28 405 25.9 190.9 24 5.4 168.7  0.15352697 1.13159455  0.142264375 0.032009484
29 42 32.3 232.6 294 6.6 206.8 0.15618956 1.12475822 0.142166344 0.031914894
30 435 23.6 175.8 22.1 4.9 157.8 0.14955640 1.11406844  0.140050697 0.031051965
31 45 28.1 207.4 26.3 5.9 181.6  0.15473568 1.14207049  0.144823789 0.032488987
32 465 30.6 225.1 28.6 6.3 196.7  0.15556685 1.14438231  0.145399085 0.03202847
33 48 26.1 193.3 24.5 5.4 172.4  0.15139211 1.12122970 0.142111369 0.031322506
34 495 28.1 206.2 25.9 5.8 182 0.15439560 1.13296703  0.142307692 0.031868132
35 51 25.7 192.7 24.5 5.6 171.2 0.15011682 1.12558411 0.143107477 0.03271028
36 525 24.1 182.6 229 5.1 159.7 0.15090795 1.14339386  0.143393863 0.031934878
37 54 24.6 185.9 23.6 5.2 163.3 0.15064299 1.13839559 0.14451929 0.031843233
38 555 24.3 182.6 23.1 5.1 164.1 0.14808044 1.11273614 0.140767824 0.031078611
39 57 29.5 216.6 27.3 6.2 189.9  0.15534492 1.14060032  0.143759874 0.032648763
40 58.5 26 193.6 24.5 5.4 170.9  0.15213575 1.13282621 0.143358689 0.031597425
41 60 26.2 195.9 24.8 5.5 171.3  0.15294804 1.14360771 0.144775248 0.032107414

Table 7.2: GC data obtained from the different vials. For this experiment, the sampling rate was 1.5 min (volume
collected per GC vial = 0.3 mL) and 1 mL of MeCN was added in each vial before running the GC analysis (volume per
GCvial = 1.3 mL).
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From this Table 7.2 the following Figure 7.51 was obtained.
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Figure 7.51: Plot of the different ratios Peak area compound/Peak area IS according to the experimental time.

As explained previously, the incorporation of the dispersion curve (Figure 7.46) was a major
difficulty. After normalisation of the x and y-axes, the position of the dispersion curve was
determined as follows: From the experiment with 5 equivalents of tetramethylethylene (Table
5.2, entry 1), the maximum ratio Peak area 2 diastereoisomers/Peak area IS (y = 0.50) was
used as a first reference to determine the position of the dispersion curve on the x-axis (Figure
7.52). From this right position, the time (abscissa) corresponding to the maximum ordinate of
the dispersion curve divided by 2 was determined (y = 1.14/2 = 0.57; x = 25.7 min). From this
time (x = 25.7 min), the corresponding ratio Peak area 2 diastereoisomers/Peak area IS was
calculated (y = 0.85) and converted into percentage (74.6 %) of the maximum (y = 1.14). For
the different experiments performed with the double coiled 28.0 mL photoflow reactor, this
percentage was used as a reference to determine the right position of the dispersion curve.

For the other reactors, the same procedure was achieved.

* Dispersion tetramethylethylene at 0.1 mL/min in the 10 mL loop
@ Peak area 2 diastereoisomers/Peak area IS

1.4 - x Peak area cyclohex-2-enone/Peak area IS
® Peak area open cyclobutane/Peak area IS
1.2 Peak area 2 homo-dimers/Peak area IS
1 - 1.14
*

-~ o ____ 19.6 equiv.
0.8

0.6 -

0.2 ::éiiiﬁrnr-innn----i-n

T T T 1
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Figure 7.52: Determination of the position of the dispersion curve on the x-axis.
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(Peak area (Peak area 2

GC  Exp. cyclohex-2- diastereo- . a [2 diastereoisomers]; b n(2 diastereoisomers); ¢ . d

R K . Conversion; Yield,
Vial  Time enone/ isomers/ (mol/L) (mol)

Peak area IS); Peak area IS);

7 9 0.739700375 0 0.1497696 0 0 0

8 10.5 0.731371321 0 0.1593433 0 0 0

9 12 0.744078947 0 0.1447368 0 0 0

10 13.5 0.759937238 0.002196653  0.1265089 6.68944E-06 8.69627E-09 0.001136767
11 15 0.728185813 0.012115505 0.1630048 3.68952E-05 4.79638E-08 0.006269772
12 16.5 0.733224223  0.039279869  0.1572135 0.000119618 1.55504E-07 0.020327325
13 18 0.655487805 0.09695122 0.2465657 0.000295244 3.83818E-07 0.050172238
14 195 0.614688129 0.203219316  0.2934619 0.000618861 8.0452E-07 0.105165957
15 21 0.528173022 0.359134889 0.3929045 0.001093669 1.42177E-06 0.185852237
16 22,5 0.441226576  0.538898353  0.4928430 0.0016411 2.13343E-06 0.278879795
17 24 0.354800937  0.710772834  0.5921828 0.002164508 2.81386E-06 0.367824806
18  25.5 0.285422343  0.851498638  0.6719283 0.002593058 3.37098E-06 0.440650383
19 27 0.235866261 0.941641337 0.7288893 0.002867568 3.72784E-06 0.487299213
20 285 0.203539823  1.003160556  0.7660461 0.003054912 3.97139E-06 0.519135397
21 30 0.190319032  1.066006601  0.7812424 0.003246296 4.22019E-06 0.551658213
22 315 0.173123487 1.078692494  0.8010074 0.003284929 4.27041E-06 0.55822316
23 33 0.167847411 1.113351499 0.8070719 0.003390475 4.40762E-06 0.576159189
24 34.5 0.164988814 1.120805369 0.8103576 0.003413174 4.43713E-06 0.580016565
25 36 0.15534554 1.0998228 0.8214419 0.003349276 4.35406E-06 0.56915809
26 37.5 0.155317952  1.124929657  0.8214736 0.003425734 4.45345E-06 0.582150883
27 39 0.156387665  1.129405286  0.8202440 0.003439364 4.47117E-06 0.584467021
28 40.5 0.153526971 1.131594547 0.8235322 0.003446031 4.47984E-06 0.585599963
29 42 0.156189555  1.124758221  0.8204717 0.003425212 4.45278E-06 0.582062165
30 43,5 0.149556401  1.114068441  0.8280960 0.003392659 4.41046E-06 0.576530206
31 45 0.154735683 1.142070485 0.8221428 0.003477933 4.52131E-06 0.591021259
32 46.5 0.155566853 1.144382308 0.8211875 0.003484973 4.53046E-06 0.592217627
33 48 0.151392111  1.121229698  0.8259860 0.003414467 4.43881E-06 0.580236156
34 495 0.154395604  1.132967033  0.8225337 0.00345021 4.48527E-06 0.586310224
35 51 0.150116822 1.125584112 0.8274519 0.003427727 4.45605E-06 0.582489564
36 52.5 0.150907952 1.143393863 0.8265425 0.003481963 4.52655E-06 0.591706107
37 54 0.150642988  1.138395591  0.8268471 0.003466742 4.50676E-06 0.589119502
38 55.5 0.148080439 1.112736137  0.8297925 0.003388601 4.40518E-06 0.575840739
39 57 0.155344918  1.140600316  0.8214426 0.003473456 4.51549E-06 0.590260447
40 58.5 0.152135752 1.132826214 0.8251313 0.003449781 4.48472E-06 0.58623735
41 60 0.152948044  1.143607706  0.8241976 0.003482614 4.5274E-06 0.59181677

Table 7.3: Calculation of the conversion and the yield according to the experimental time.

(Peak area cyclohex-2-enone/ Peak area internal standard),
(Peak area cyclohex-2-enone/ Peak area internal standard),

® Conversion, = 1-

with (Peak area cyclohex-2-enone/Peak area internal standard), = 0.87, determined from a GC of the initial stock solution 1 (200.4 pL of
reagent A mixed with 0.30 mL of IS and 40 mL of MeCN).

the concentration of diastereoisomers in the corresponding GC vial.

) ) Peak area 2 di IS
®[2 diastereoisomers], = ( cazared la) [15]
t

X
Peak area IS K(2 dia)/K(IS)’

with K(2 dia)/K(IS) = 1.6583, determined from the calibration curve (Figure 7.50).
[IS] = 0.00505 M, the concentration of IS in the GC vials after addition of 1 mL of MeCN.

“ n(2 diastereoisomers); = [2 diastereoisomers]; x Volume per GC vial, the amount of diastereoisomers in the corresponding
GC vial

with Volume per GC vial = Volume collected per GC vial + Volume added =0.3 +1=1.3 mL.

n(2 diastereoisomeres), _ [2 diastereoisomeres]; x Volume per GC vial
n(2 diastereoisomeres)heoretical [limiting reagent], x Volume collected per GC vial

? Yield, =

with [limiting reagent], = 0.0255 M, the concentration of the limiting reagent after the T-mixer (Calculations were performed with the
cyclohex-2-enone as the limiting reagent even if the tetramethylethylene was the limiting one for a short period of time during the
concentration gradient experiment).
Volume collected per GC vial = 0.3 mL (collection during 1 min and 30 seconds at 0.2 mL/min).

From Table 7.3, the following Figure 7.53 was obtained.
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x Dispersion tetramethylethylene at 0.1 mL/min in the 10 mL loop
1.4 -  ® Peakarea 2 diastereoisomers/Peak area IS
x Peak area cyclohex-2-enone/Peak area IS
1.2 - B Peak area open cyclobutane/Peak area IS
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time. Evolution of the conv

a
PIrS)
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Figure 7.54: Evolution of the conversion according to
the equivalent of tetramethylethylene.

Figure 7.55: Evolution of the yield according to the
equivalent of tetramethylethylene.

Finally, as explained in section 5.3.3.2.1, Figure 7.53 enabled the generation of Figures 7.54

and 7.55.
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Table 5.2, entry 1:

Reagent A ‘ Reagent B (dispersed) IS Reaction
Reagent Reagent Internal a b c .
Entry A B Standard equiv [A] flow rate equiv [B] flow rate [IS] time
quiv. (M) (mL/min) quiv. (M) (mL/min) (M) (min)

(@)
1 ij I dbutyl 9 o051 01 5 026 01 0044 140
ether

®[A] Concentration of reagent A in the stock solution 1 (200.4 uL of reagent A were mixed with 0.30 mL of IS and 40 mL
of MeCN). b [B] Concentration of reagent B in the stock solution 2 (5.17 mL of reagent B at 1 M in THF were mixed with
14.83 mL of MeCN). “[IS] Concentration of Internal Standard in the stock solution 1 (0.30 mL of IS were mixed with
200.4 uL of reagent A and 40 mL of MeCN).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4
and 5), the following results were obtained.

For this experiment, after normalisation of the x and y-axes, the position of the dispersion
curve was determined as follows: 74.6% of the maximum of the ratio Peak area 2
diastereoisomers/Peak area IS was calculated (y = 74.6% x 0.50 = 0.37) and the corresponding
time (x = 25.4 min) was used to place the maximum of the dispersion curve dived by 2 (y =
0.50/2 = 0.25). For the other experiments with dispersion of tetramethylethylene, the same

procedure was achieved.

0.8 x Dispersion tetramethylethylene at 0.1 mL/min in the 10 mL loop
@ Peak area 2 diastereoisomers/Peak area IS

0.7 x Peak area cyclohex-2-enone/Peak area IS

x x X X X X x o m Peak area open cyclobutane/Peak area IS

X 4 Peak area 2 homo-dimers/Peak area IS
0.6 x N e Conversion
0.50 Yield (2 dia)

05 A . o

0.4 4 0.37 °

5 equiv.

0.3

0.2

0.1
-:}[25'2----l--lllllllll||l|
O T T T T
5 15 25 45 55
— Experimentafo’tslme (min) —
0.5 ~ 0.3 ~
v o ® 00.‘.‘ v
0.4 - . 0.25 -
S ¢ 0.2 -
g 0.3 - ° )
o ° L 0.15 -
> 0.2 ° >
§ ~ W 01 -
(&)
0.1 0.05 -
0 T T 1 O N T T 1
0 2 4 6 0 2 4 6
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Concentration gradient results using the 14.1 mL photoflow reactor - UV-A (9 W):

Table 5.3, entry 2:

Reagent A Reagent B (dispersed IS i

Reagent Reagent Internal ga ‘ & b( P ) c Rez?\ctlon

Entry A B Standard  equiv [A] flow rate cquiv [B] flow rate [1S] time
AV vy muyming YY) (mUmin) (M) (min)

O
2 \ dibutyl 1 5051 0.5 19.6 1 005  0.044 140
ether

®[A] Concentration of reagent A in the stock solution 1 (200.4 L of reagent A were mixed with 0.30 mL of IS and 40 mL
of MeCN). b [B] Concentration of reagent B in the stock solution 2 (15.0 mL of reagent B at 1 M in THF). “[IS]
Concentration of Internal Standard in the stock solution 1 (0.30 mL of IS mixed with 200.4 pL of reagent A and 40 mL
of MeCN).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

* Dispersion tetramethylethylene at 0.05 mL/min in the 10 mL loop
@ Peak area 2 diastereoisomers/Peak area IS
1.4 x Peak area cyclohex-2-enone/Peak area IS
' ® Peak area open cyclobutane/Peak area IS
116 * Peak area 2 homo-dimers/Peak area IS
12 -4z 7 e Conversion________________________________ ° 2
Yield (2 dia)
1 0.89 **
(_ _________________________ { 19.6 equiv.
08 .....00000..0000.0.0
x X X X x x X X %
0.58 X x
0.6 TSI CICICICZICCICCCCZICCZXC-CHe T~ a\a
<
0.4 0.56 . N
0 equiv. ° o
0.2 ® g0 ol0o0e o ® ° % ) X Xy 72.5
DU DO AAS:q;IV-.I‘.(Ai--ulu!!!!uu!!!!!u!-
0 Hmva m = T‘_ AAfAAAAfAAAAfAAAAfAAAA‘
40 50 60 70 . 80 | 90 100 110 120
] Experimental time (min) ]
"] AV ] AV
0.8 - PR 0.6 1
° 0.5 -
°
§ 06 - . D04 -
‘@ 2
“ ° >0.3
"é 0.4 - °
S °® 0.2 4
°
0.2 & 01 -
0 T T T 1 0 = T T T 1
0 5 10 15 20 0 5 10 15 20
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Table 5.3, entry 1:

Reagent A ‘ Reagent B (dispersed) IS Reaction
Reagent Reagent Internal a b c .
Entry A B Standard  equiv [A] flow rate equiv [B] flow rate [IS] time
quiv. (M) (mL/min) quiv. (M) (mL/min) (M) (min)

(@]
1 ij I dibutyl 3 5051 005 5 0.26 005  0.044 140
ether

®[A] Concentration of reagent A in the stock solution 1 (200.4 uL of reagent A were mixed with 0.30 mL of IS and 40 mL
of MeCN). b [B] Concentration of reagent B in the stock solution 2 (5.17 mL of reagent Bat 1 M in THF were mixed with
14.83 mL of MeCN). “[IS] Concentration of Internal Standard in the stock solution 1 (0.30 mL of IS were mixed with
200.4 uL of reagent A and 40 mL of MeCN).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

x Dispersion tetramethylethylene at 0.05 mL/min in the 10 mL loop

0.8 ® Peak area 2 diastereoisomers/Peak area IS
x Peak area cyclohex-2-enone/Peak area IS

0.7 X ox X x x % ® Peak area open cyclobutane/Peak area IS

x X x o A Peak area 2 homo-dimers/Peak area IS
0.6 N ® Conversion
. 0.56 f i
e S L. 1L NP Y
0.5 x .0:0 S 00 o0004000°0,

0.43 X
___________________________ e X x X X X XX X x X X X X x x X
0.4 ° X x

° | 5 equiv.
0.3 0.28 °
____________________ [ o
02 $e®® o ¢ B
’ 0equi\7. .°... ¢ |,':
A A A AAAALDLAY, 63
01 ::::‘ Abdopmpnuwadddddoadads
[]
0 « st T . T T T T |
30 40 50 60 70 80 90 100 110

Experimental time (min)

0.5 v o ® 0% 0.3 4 v
[ ]
[ )
0.4 . 0.25 1
[ ]
0.2 A
S 03 °
? o* 20.15 -
g =
E 0.2 0 01 -
© 01 0.05 -
0 I T T 1 0 A T T 1
0 2 4 6 0 2 4 6
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Table 5.3, entry 4:

Reagent A ‘ Reagent B (dispersed) IS Reaction
Reagent Reagent Internal a b c .
Entry A B Standard  equiv [A] flow rate equiv [B] flow rate [IS] time
quiv. (M) (mL/min) quiv. (M) (mL/min) (M) (min)

@]
4 [:?:] ::[:: dibutyl 5153 005 196 299 005  0.131 140
ether

®[A] Concentration of reagent A in the stock solution 1 (600 pL of reagent A were mixed with 0.90 mLof IS and 39 mL of
MecCN). e [B] Concentration of reagent B in the stock solution 2 (5.34 mL of pure reagent B were mixed with 9.66 mL of
MeCN). “[IS] Concentration of Internal Standard in the stock solution 1 (0.90 mL of IS were mixed with 600 L of
reagent A and 39 mL of MeCN).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

x Dispersion tetramethylethylene at 0.05 mL/min in the 10 mL loop
# Peak area 2 diastereoisomers/Peak area IS
x Peak area cyclohex-2-enone/Peak area IS

16 742 132 u peakarea open cyclobutane/peak areals 4
1.4 a2 Y50 conversion .
1.2
1
0.8 1 -
0.6 I
. xxxxxxxxxxxxxx.: |
0.4 ..0000.000..0.xx~ |
AAAAAAAAAAAAL, |5 equiv. 50
0.2 0 equiv. AA:.’VII.IIIIIIIIIIIIII
0 m Y A AT X XX XXX XK EXEXEXEXEX
10 20 30 40 50 60 70 80 90

Experimental time (min)

1 -
v. o 000 L 1] O 8 i v
° .
0.8 - o °
c ° 0.6 -
L2 0.6 - °
2 ° %
Q .
2 04 s 04
“ 02 - 0.2 1
0 T 1 O B T 1
0 10 20 0 10 20
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Table 5.3, entry 3:

Reagent A ‘ Reagent B (dispersed) IS Reaction
Reagent Reagent Internal a b c .
Entry A B Standard  equiv [A] flow rate equiv [B] flow rate [IS] time
quiv. (M) (mL/min) quiv. (M) (mL/min) (M) (min)

(@]
3 ij I dibutyl 5153 008 5 0.77 005  0.131 140
ether

®[A] Concentration of reagent A in the stock solution 1 (600 pL of reagent A were mixed with 0.90 mLof IS and 39 mL of
MeCN). b [B] Concentration of reagent B in the stock solution 2 (1.38 mL of pure reagent B were mixed with 13.62 mL
of MeCN). “[IS] Concentration of Internal Standard in the stock solution 1 (0.90 mL of IS were mixed with 600 pL of
reagent A and 39 mL of MeCN).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

1 - * Dispersion tetramethylethylene at 0.05 mL/min in the 10 mL loop
® Peak area 2 diastereoisomers/Peak area IS
09 - % Peak area cyclohex-2-enone/Peak area IS
' 0.80 " Peakarea open cyclobutane/Peak area IS
08 4 . 4 Peak area 2 homo-dimers/Peakareals___________ PRI PR R LN
® Conversion
0.71 ¢ >
07 -4 __« Yield (2dia) - ______________________ t
000,%000000000,
0.6 - _
XX % X X o X ox XXX X XXX XXX P 5 equiv.
0.5 T x X °
0.40 o2
8 — O - - — % — == —
0.4 .....6.0...........1-.1 .x-x
0.3 ’i’gxxxxxxxx,(xxxxxxxxxxxxx
AAAAA ,ALAAAALALAAL LA LAAL,
0 equiv.

0.8 v 0.5 1 v
06 - Jec ettt ™ 04 -
e °®
2 oa o 5 0.3 -
g 04 g o
g > 0.2 -
S
0.2 1 0.1 -
0 T T 1 0 N T T 1
o2 4 6 0 2 4 6
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Concentration gradient results using the 31.8 mL photoflow reactor - UV-A (36 W):

Table 5.4, entry 2:

Reagent A Reagent B (dispersed IS i

Reagent Reagent Internal ga ‘ & é P ) c Rea.\ctlon

Entry A B Standard  equiv [A] flow rate cquiv [B] flow rate [1S] time
AV )y muyming YY) (muymin) (M) (min)

O
2 \ dibutyl ) 5051 0113 196 1 0.113  0.044 140
ether

®[A] Concentration of reagent A in the stock solution 1 (200.4 pL of reagent A were mixed with 0.30 mL of IS and 40 mL
of MeCN). b [B] Concentration of reagent B in the stock solution 2 (2.38 mL of pure reagent B were mixed with 17.62
mL of MeCN). °[IS] Concentration of Internal Standard in the stock solution 1 (0.30 mL of IS were mixed with 200.4
plL of reagent A and 40 mL of MeCN).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

14 x Dispersion tetramethylethylene at 0.113 mL/min in the 10 mL loop
& Peak area 2 diastereoisomers/Peak area IS
x Peak area cyclohex-2-enone/Peak area IS
1.2 1.04 "™ Peakarea open cyclobutane/Peak area IS
________ Peak area 2 homo-dimers/PeakarealS _ __________ o ® St el -
® Conversion * 0 e i o e S s
1 0.95 Yield (2 dia) ° R R e o) 000000
__________________ »>----- RN
0.80 o ® e \
°
0.8 71T87e e e T 19.6 equiv.
0.6 - *
[ e
0.4 - ¢
0 equiv. .
0.2 -.L.llllllllllllIllllllllll
16.6
0 5 __10 15 . Z(f . _2? 30 __ 35 40
Experimental time (min
1.2 + v 0.6 - v
1 - e®©® © 00 o o oocoee 0.5 -
[ )
[ )
c 08 o 0.4 -
4 0.6 3 0.3
- . - @ 0. 1
$ s
§ 0.4 - 0.2 -
(&)
0.2 - 0.1 4
O T 1 O - T T T 1
0 10 20 0 5 10 15 20
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Table 5.4, entry 1:

Reagent A ‘ Reagent B (dispersed) IS Reaction
Reagent Reagent Internal a b c .
Entry A B Standard  equiv [A] flow rate equiv [B] flow rate [1S] time
quiv. (M) (mL/min) quiv. (M) (mL/min) (M) (min)

(@]
1 ij I dibutyl 5051 0413 5 026 0113  0.044 140
ether

®[A] Concentration of reagent A in the stock solution 1 (200.4 uL of reagent A were mixed with 0.30 mL of IS and 40 mL
of MeCN). b [B] Concentration of reagent B in the stock solution 2 (614 pL of pure reagent B were mixed with 19.4
mL of MeCN). [IS] Concentration of Internal Standard in the stock solution 1 (0.30 mL of IS were mixed with 200.4
uL of reagent A and 40 mL of MeCN).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

* Dispersion tetramethylethylene at 0.113 mL/min in the 10 mL loop
@ Peak area 2 diastereoisomers/Peak area IS
X
[]

1.2 Peak area cyclohex-2-enone/Peak area IS
Peak area open cyclobutane/Peak area IS
Peak area 2 homo-dimers/Peak area IS
1 A .5?;?;?;522) ......oooooooooooooooo
o ®
0.80 °
0.8 e~ 080 . ;___.__. ___________________
qkq__o_n_c_o__o_._g_g_!_‘ _________________ _,ro
*
0.73
0.6 - ¢ 1
*
,0.40 P 5 equiv.
0.4 Ao oo
*
X X X
02 T~ Oexui: XXX X x | 265
quiv. 5 a unlf..lllllllllllllll
X x x X X
0 oo e N e >fxxxx>fxxxx>fxxxx>f
5 10 15 20 25 30 35 40 45

Experimental time (min)

1.2 ~ v 0.5 4 v
14 ...... Y 0.4 -
- °®
§08 o < 03 -
w —
5 0.6 - °
2 > 0.2 -
o 04 -
o
0.2 - 0.1
0 T T 1 O o T T 1
0 2 4 6 0 2 4 6
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Table 5.4, entry 4:

Reagent A ‘ Reagent B (dispersed) IS Reaction
Reagent Reagent Internal a b c .
Entry A B Standard  equiv [A] flow rate [B] flow rate [IS] time
quiv. (M) (mL/min) (M) (mL/min) (M) (min)
O .
4 ij I dibutyl ) 0153 0113 196 299 0113 0131 140
ether

®[A] Concentration of reagent A in the stock solution 1 (600 pL of reagent A were mixed with 0.90 mLof IS and 39 mL of
MecCN). b [B] Concentration of reagent B in the stock solution 2 (5.34 mL of pure reagent B were mixed with 9.66 mL of

MeCN). °[IS] Concentration of Internal Standard in the stock solution 1
reagent A and 39 mL of MeCN).

(0.90 mL of IS were mixed with 600 pL of

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

1.6 -
* Dispersion tetramethylethylene at 0.113 mL/min in the 10 mL loop
¢ Peak area 2 diastereoisomers/Peak area IS
1.4 - 1.22 % Peak area cyclohex-2-enone/Peak area IS
e m Peak area open cyclobutane/Peak area IS - X , ¢
1.2 L - "TTTAT Peak area 2 homo-dimers/PéakarealS """ "¢ 978" o o Toal SRAT I mL SO S B B
W, e Conversion T TTTTTTTTTé o R
L_A16 . vield(2dia)o oo \
1 ‘& s00 ¥ 00000 00o0\000 00 oo
1.04 o ° . ! .
08 e 0000 b . ! 19.6 equiv.
0.61 . |
0.6 A - HOR
1
0.4 ¢ I
P =] 5 equiv.
0.2 - guuigpeiafgEipgegeegEsanflgenat”
18.5
0 x* * x * *
0 5 10 15 20 25 30 35 40
[ ] Experimental time (min) ]
12 - 4 0.8 - N
1 00 ©® 00 00 o0 @0 cumm
c J. 0.6 -
S 0.8
v ]
g 0.6 - 204 -
g >
0.4 -
© 0.2 -
0.2 -
0 T T T 1 O - T T T 1
0 5 10 15 20 0 5 10 15 20
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Table 5.4, entry 3:

Reagent A ‘ Reagent B (dispersed) IS Reaction
Reagent Reagent Internal a b c .
Entry A B Standard  equiv [A] flow rate equiv [B] flow rate [1S] time
quiv. (M) (mL/min) quiv. (M) (mL/min) (M) (min)

(@]
3 ij I dibutyl 4 5153 0113 5 077
ether

0.113 0.131 140

®[A] Concentration of reagent A in the stock solution 1 (600 pL of reagent A were mixed with 0.90 mLof IS and 39 mL of
MeCN). b [B] Concentration of reagent B in the stock solution 2 (1.38 mL of pure reagent B were mixed with 13.62 mL
of MeCN). “[IS] Concentration of Internal Standard in the stock solution 1 (0.90 mL of IS were mixed with 600 pL of

reagent A and 39 mL of MeCN).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

1.4 A

* Dispersion tetramethylethylene at 0.113 mL/min in the 10 mL loop

1.2 @ Peak area 2 diastereoisomers/Peak area IS
: x Peak area cyclohex-2-enone/Peak area IS
® Peak area open cyclobutane/Peak area IS

AL e Conversion  _ e ® ¢
0.99 Yield (2 dia). o ® *
0.8 o000 ceo0e?®

0.4 4

0.2

5 10 15 20 25 30
Experimental time (min)

Z;IIIIII..IIIII.IIIII

5 equiv.

35 40 45

1.2 - N 0.7 - A
14 .....ooo ® o come am 0.6 -
g 08 < 05 1
5 © 0.4 -
£ 06 - <
2 > 0.3 -
S 0.4 -+ 0.2 -
0.2 - 0.1
0 T T 1 O - T T 1
0 2 4 6 0 2 4 6
Equivalent tetramethylethylene Equivalent tetramethylethylene
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Concentration gradient results using the 28.0 mL photoflow reactor - UV-A (9 W):

Table 5.5, entry 1:

Reagent A Reagent B (dispersed IS i
Reagent Reagent Internal ga & b( P ) c Rez?\ctlon
Entry A B Standard  equiv [A] flow rate cquiv [B] flow rate [1S] time
AV vy muyming YY) (mUmin) (M) (min)
o
i |
1 I é dibutyl 194 099 0.1 1 0051 0.1 0044 140
ether

®[A] Concentration of reagent A in the stock solution 1 (14.74 mL of reagent A at 1 M in THF were mixed with 0.11
mL of IS). b [B] Concentration of reagent B in the stock solution 2 (200.4 pL of reagent B were mixed with 40.3 mL of
MeCN). “[IS] Concentration of Internal Standard in the stock solution 1 (0.11 mL of IS were mixed with 14.74 mL of
reagent A).

Using these reaction conditions and the general procedures described above (steps 2, 3, 4 and

5), the following results were obtained. For this experiment, an overview of the data

processing (steps 3, 4 and 5) was highlighted as the dispersed reagent was the cyclohex-2-

enone.
. Peak Peak area 2 Peak area Peak Peak (Peak area (Pgak area (Peak area (Peak area 2
GC Time area . open area cyclohex-2- 2 diastereo-  open cyclo- .
R X diastereo- area . dimers/Peak

Vial (min) cyclohex- cyclobu- 2 enone/Peak isomers/Peak butane/Peak

isomers; . IS; area IS);

2-enone; tane; dimers; area IS), area IS); area IS),

14 19.5 0 0 0 0 149.4 0 0 0 0
15 21 0 0 0 0 176.3 0 0 0 0
16 225 0 0 0 0 178.1 0 0 0 0
17 24 0 0 0 0 188.4 0 0 0 0
18 25.5 0 0 0 0 154.5 0 0 0 0
19 27 0 0 0 0 167.9 0 0 0 0
20 285 0.57 31 0.37 0 183  0.00311475 0.01694 0.002021858 0
21 30 1.1 7.1 0.84 0 199.9 0.00550275 0.035518  0.004202101 0
22 315 2.1 134 1.6 0 195.6 0.0107362 0.068507 0.008179959 0
23 33 3.1 20.6 2.5 0 171.3 0.01809691 0.120257  0.014594279 0
24 345 5.7 37.5 4.6 0 184.1 0.03096143 0.203694 0.02498642 0
25 36 9.7 59.8 7.4 0.25 196.1 0.04946456 0.304946  0.037735849  0.001275
26 375 21.3 122.8 15.3 1.65 264 0.08068182 0.465152 0.057954545 0.00625
27 39 19.8 113.7 14.1 1.76 179.5 0.11030641 0.633426  0.078551532  0.009805
28 40.5 24.6 137.2 17.2 2.6 191.6 0.12839248 0.716075  0.089770355 0.01357
29 42 23.9 135.6 17 2.8 171  0.13976608 0.792982  0.099415205  0.016374
30 435 25.1 144.5 18.1 3.1 170.8 0.1469555 0.846019 0.105971897 0.01815
31 45 32.6 189.1 23.6 4.2 216.5 0.15057737 0.873441  0.109006928 0.0194
32 465 31.5 179 22.2 4.1 200.3 0.1572641 0.89366 0.110833749  0.020469
33 48 28.2 163.1 20.5 3.9 184.5 0.15284553 0.884011  0.111111111  0.021138
34 495 31.4 181.6 22.7 4.1 202.9 0.15475604 0.895022 0.111877772 0.020207
35 51 30.6 178.6 22.3 4 197.1 0.15525114 0.906139  0.113140538  0.020294
36 525 33.1 193 24.1 4.6 214.2 0.15452848 0.901027 0.112511671  0.021475
37 54 28.3 166.5 20.8 3.7 185.6 0.15247845 0.897091  0.112068966  0.019935
38 555 28.1 167.4 21 3.8 190 0.14789474 0.881053 0.110526316 0.02
39 57 27.4 164.1 20.5 3.7 183.9 0.14899402 0.892333 0.111473627 0.02012
40 585 31.7 184.3 23 4.3 201.7 0.15716411 0.913733  0.114030739  0.021319
41 60 32.9 196.7 24.6 4.7 219.9 0.15674131 0.937113  0.117198666  0.022392

Table 7.4: GC data obtained from the different vials. For this experiment, the sampling rate was 1.5 min (volume
collected per GC vial =0.3 mL) and 1 mL of MeCN was added in each vial before running the GC analysis (volume per
GCvial =1.3 mL).

From Table 7.4, the following Figure 7.56 was obtained.
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@ Peak area 2 diastereoisomers/Peak area IS
(%) 1.2 - x Peak area cyclohex-2-enone/Peak area IS
©c B Peak area open cyclobutane/Peak area IS
g A Peak area 2 homo-dimers/Peak area IS
z 1
] PRSP AR IR BV IR
Sos - ¢
- U *
c L J
3 *
206 -
£
8 L J
© 04 -
% °
ét"‘: 0.2 1 ¢ X X X X X X
x X X X X X X
o .0 'iéi.llllllllllll
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Experimental time (min)

Figure 7.56: Plot of the different ratios Peak area compound/Peak area IS according to the experimental time.

The incorporation of the dispersion curve in Figure 7.57 was performed without using any

references.
* Dispersion cyclohex-2-enone at 0.1 mL/min in the 10 mL loop
1.2 - ® Peakarea 2 diastereoisomers/Peak area IS
X Peak area cyclohex-2-enone/Peak area IS
1 - = Peak area open cyclobutane/Peak area IS
A Peak area 2 homo-dimers/Peak area IS o ¢
o & 0 0t band
08 T * i . \
*
0.6 - 1 equiv.
0.4 -
| 0 equiv.
0.2 .
1 H
O 3 e R A
20 25 30 35 45 50 55 60

40
Experimental time (min)

Figure 7.57: Incorporation of the dispersion curve.
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(Peak area  (Peak area

Exp. b . c .o d . e
GF time cyclohex-2-  cyclohex-2- Conversion,® [ketonelmeor  N(2 diad)theot [2 dia]; n(2 dia), Yieldtf
Vial ) enone/Peak enone/Peak (mol/L) (mol) (mol/L) (mol)

(min)

area IS), area IS)p;

14 195 0 0 / 0 0 0 0 /
15 21 0 0 / 0 0 0 0 /
16 225 0 0 / 0 0 0 0 /
17 24 0 0 / 0 0 0 0 /
18 255 0 0 / 0 0 0 0 /
19 27 0 0 / 0 0 0 0 /

20 285  0.0031148 0.027346 0.886097 0.000801527 2.40458E-07  5.3119E-05 7.1710E-08 0.298226
21 30 0.0055028  0.0452036 0.878266 0.001324932  3.9748E-07  0.00011137 1.5035E-07 0.378272
22 315 0.0107362  0.0719380 0.850758 0.002108528 6.32558E-07 0.00021482 2.9000E-07 0.458469
23 33 0.0180969  0.1131397 0.840048 0.003316164 9.94849E-07 0.00037709 5.0907E-07 0.511713
24 345 0.0309614  0.1696794 0.817530 0.004973361 1.49201E-06 0.00063873 8.6228E-07 0.577936
25 36 0.0494646  0.2435039 0.796863 0.006867886 2.06037E-06 0.00095623 1.2909E-06 0.626545
26 37.5 0.0806818  0.3130551 0.742275 0.009175752 2.75273E-06  0.00145859 1.9691E-06 0.715327
27 39 0.1103064  0.3959524 0.721414 0.011605502 3.48165E-06 0.00198626 2.6814E-06 0.770167
28 40,5 0.1283925  0.4742895 0.729295 0.01390159 4.17048E-06  0.00224542 3.0313E-06 0.726853
29 42 0.1397661  0.5655660 0.752873 0.016576935 4.97308E-06 0.00248658 3.3568E-06 0.675013
30 435 0.1469555 0.644752 0.772074 0.018695959 5.60879E-06  0.00265289 3.5814E-06 0.638535
31 45 0.1505774  0.6998620 0.784847 0.020513198 6.15396E-06 0.00273888 3.6975E-06 0.600832
32 46,5 0.1572641 0.7479571 0.789741 0.02192288 6.57686E-06 0.00280228 3.7830E-06 0.575211
33 48 0.1528455  0.7872271 0.805843 0.022896204 6.86886E-06 0.00277202 3.7422E-06 0.544812
34 495 0.154756 0.8133281 0.809724 0.023838928 7.15168E-06 0.00280655 3.7888E-06 0.529785
35 51 0.1552511  0.8337519 0.813792 0.024437557 7.33127E-06  0.00284141 3.8359E-06 0.523226
36 52,5 0.1545285  0.8492540 0.818042 0.024891928 7.46758E-06 0.00282538 3.8142E-06 0.510778
37 54 0.1524784  0.8544330 0.821544 0.025043726 7.51312E-06 0.00281304 3.7976E-06 0.505464
38 55,5 0.1478947  0.8601374 0.828056 0.025111765 7.53353E-06 0.00276275 3.7297E-06 0.495082
39 57 0.148994 0.8652011 0.827792 0.025359343 7.6078E-06  0.00279812 3.7774E-06 0.496526
40 585 0.1571641  0.8694948 0.819246 0.025485193 7.64556E-06 0.00286523 3.8680E-06 0.505923
41 60 0.1567413 0.87 0.819837 0.0255 7.65E-06 0.00293854 3.9670E-06 0.518567

Table 7.5: Calculation of the conversion and the yield according to the experimental time.

(Peak area cyclohex-2-enone/ Peak area internal standard),
(Peak area cyclohex-2-enone/ Peak area internal standard), ¢

® Conversion, = 1-

with (Peak area cyclohex-2-enone/Peak area internal standard), calculated from the dispersion profile of the cyclohex-2-enone at 0.1
mL/min (x-axis scale doubled). Normalisation of the maximum at 0.87 (value obtained during the experiment Table 5.2, entry 2).

b . .
ketone the theoretical concentration of cyclohex-2-enone calculated from the dispersion profile of the cyclohex-2-enone at 0.1 mL/min
theot
(x-axis scale doubled). Normalisation of the maximum at 0.0255 M (concentration of cyclohex-2-enone in the stock solution 2 divided by 2).

“n(2 dia)heo t = [Ketone]ieo ¢ X Volume collected per GC vial

with Volume collected per GC vial = 0.3 mL (collection during 1 min and 30 seconds at 0.2 mL/min).

d . __ (Peakarea2dia [1S]
[2 dia], = ( Peak area IS )t X Xz dia)/K(S)

with K(2 dia)/K(IS) = 1.6583, determined from the calibration curve (Figure 7.50).
[IS] = 0.00505 M, the concentration of IS in the GC vials after addition of 1 mL of MeCN.

¢ n(2 dia); = [2 dia]; x Volume per GC vial
with Volume per GC vial = 1.3 mL.

n(2 dia),
n(2 dia)theo t

" Yield, =

From Table 7.5, the following Figure 7.58 was obtained.
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x Dispersion cyclohex-2-enone at 0.1 mL/min in the 10 mL loop

® Peak area 2 diastereoisomers/Peak area IS
1.2 - * Peakarea cyclohex-2-enone/Peak area IS 1 equiv.
: EZ:E ::Z: gﬁ;;gﬂ?gii?;é:ﬁit:ﬁg IS Peak area cyclohex-2-enone/Peak area IS = 0.87
1 1 e Conversion [ketone] = 0.0255 M
Yield (2 dia) *
® o ° o * o @ MM -4 . v
0.8 - * e oo
0.6
0.4 -
0 equiv.
0.2
x X X X X X X X X X x X X X
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Figure 7.58: Ratios of the peak|ar¢a of each compound over the peak area of the IS plotted agdairfst the experimental

time. Evolution of the conversipn pnd the yield according to the experimental time.
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Figure 7.59: Evolution of the conversion according to Figure 7.60: Evolution of the yield according to the
the equivalent of cyclohex-2-enone. equivalent of cyclohex-2-enone.

Finally, as explained in section 5.3.3.2.1, Figure 7.58 enabled the generation of Figures 7.59
and 7.60.

7.2.4.2.5 Application of the concentration gradient in flow: a novel process towards
the fast optimisation of photochemical reaction conditions -
photocyclisation of cis-stilbene (B = C)

Experimental set-up for the generation of the concentration gradient profile of the dispersed

reagent B (cis-stilbene) at the exit of the 10 mL loop (step 1): Using the flow machine

(Vapourtec R2+/R4), the experiment was carried out using one single pump, a PFA loop (10 mL
capacity, 1 mm i.d.), a 250 psi BPR and an in-line UV spectrometer (Ocean Optics DH-2000-BAL

spectrometer).
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Figure 7.61: Flow set-up for the generation of concentration gradient profile.

Generation of the concentration gradient profile of the dispersed reagent B (cis-stilbene) at

the exit of the 10 mL loop (step 1): In a 50 mL flask, 10.00 uL of cis-stilbene were mixed with 25

mL of cyclohexane ([Co] = 2.2 x 10 M). The reaction mixture was degassed by sonication whilst
being saturated with nitrogen. Solvent was pumped at 0.353 mL/min and after few minutes,
the feeding valve was switched to the reagent solution and 10 mL of the reaction mixture was
injected. At the end of the sample plug injection, the feeding valve was returned to the solvent
feed. The sample plug dispersed in the 10 mL PFA loop. In-line UV detection was used and the
data sampling rate was determined by the acquisition parameters. The spectra were processed

using BORIS software by calibration-less methods (height of non-overlapping peaks processing).

0.25

[Cl1=C

0.2

0.15

0.1

UV Absorbance

0.05

0 T T

29 34 39 44
Reaction time (min)

Figure 7.62: Concentration gradient profile of a 10 mL plug of cis-stilbene in cyclohexane ([Cp] = 2.2 x 10° M) after
going through a 10 mL PFA loop at 0.353 mL/min. In-line UV detection and height of non-overlapping peaks
processing at 278 nm.

Experimental set-up for the application of the concentration gradient methodology on the

photocyclisation of cis-stilbene (step 2): Using the flow machine (Vapourtec R2+/R4), the

experiments were carried out using two pumps, a PFA loop (10 mL capacity, 1 mm i.d.), a
home-made coiled photoflow reactor (31.8 mL capacity, 1 mm i.d.) equipped with a 36 W UV
lamp (UV-A, B or C), a 250 psi BPR and GC vials for off-line analysis.
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Figure 7.63: Flow set-up for the application of the concentration gradient methodology on the photocyclisation of
cis-stilbene.

General procedure for the application of the concentration gradient methodology on the

photocyclisation of cis-stilbene (step 2): In a 50 mL flask, compound A (Internal standard:

dibutyl ether) was mixed with cyclohexane (Stock solution 1). In the same way, in another 50
mL flask, the reagent B to disperse (cis-stilbene) was mixed with cyclohexane (Stock solution 2).
Each flask (Stock solution 1, 2 and Stock solvent) was degassed by sonication whilst being
saturated with nitrogen. Before starting the reaction, solvent was pumped at the indicated
flow rate and the indicated UV lamp (Philips 4-pin PL-L 36 W UV-A/B or C) was switched on and
left to warm up for 10-15 minutes. The water cooling system was turned on. Once the system
was stable, the feeding valves (pump A and B) were switched to the stock solutions 1 and 2
(compound A (IS) and reagent B). The compound A went straight to the UV reactor and the
reagent B dispersed first in the 10 mL loop to form the gradient of concentration and went
then to the UV reactor. Once 15 mL of solution 1 and 2 were injected into the flow system, the
feeding valves were returned to the solvent feed. The reaction with different concentrations of
reagent B occurred in the UV reactor. The reaction mixture was collected in vials and the
sampling rate was precisely determined (20 seconds collection per vial with addition of 1 mL of

hexane). The different samples were then analysed via off-line GC experiments.

General procedure for the processing of the GC data - Incorporation of the concentration

gradient profile of the dispersed reagent and calculation of the conversion and the vield

according to the reaction time (steps 3 and 4): From each GC spectrum generated, the

different ratios Peak area compound/Peak area Internal Standard were calculated and plotted
against the experimental time. The x-axis scale of the dispersion profile obtained in step 1 was

doubled and the curve was incorporated with the different ratios previously calculated. The
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accurate position of the dispersion curve was determined from the turn off light results
(section 5.4.5, Figures 5.58, 5.60 and 5.62). The conversion and the yield for each GC analysis

were calculated using equations 7.5 and 7.6 respectively.

(Peak area cis — stilbene/ Peak area internal standard),
(Peak area cis — stilbene/ Peak area internal standard) ,

Conversion; = 1

Equation 7.5: Formula used for the calculation of the conversion at a given moment.

n(phenanthrene
Yield, = (p )

n(phenanthrene) theoretical t

Equation 7.6: Formula used for the calculation of the yield at a given moment.

Weight Weight Peak area 04 -
Vial s (mg) pr(‘:g“)“ Pgl‘(":‘r‘:;/ < [product}/UIS] |, y = 1.5261x - 0.0017
035 - R?=0.9993
1 3.10 1.00 0.36288 0.23570 ®
x 0.3
o}
2 3.50 1.00 0.31694 0.20877 o
EO.ZS
S
3 5.45 1.02 0.20580 0.13675 '8 0.2
s
4 557 1.4 0.27316 0.18366 g0.15
©
IS: dibutyl ether =< 0.1
Product: Phenanthrene e
0.05
Peak area product _ K(product) [product]
PeakarealS K(1S) X [1S] 0 \ \ \
A .2 .
K(product)/K(IS) = 1.5261 0 [Oproduct]/[?S] 0.3

Figure 7.64: Calibration curve for the calculation of the yield,.

General procedure for the generation of the plots conversion vs. initial concentration of the

cis-stilbene and yield vs. initial concentration of the cis-stilbene (step 5): Using the curves with

the conversion, the yield and the dispersion profile of the cis-stilbene plotted against the
reaction time, 2 new plots can be generated: conversion vs. initial concentration of cis-stilbene
and yield vs. initial concentration of cis-stilbene. Indeed, for specific times, initial concentration
of the cis-stilbene, conversion and yield are aligned. Using these series of specific data, these 2

new plots can be obtained.
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Concentration gradient results using the 31.8 mL photoflow reactor - UV-A (36 W):

Table 5.6, entry 1:

Compound A Reagent Compound A (IS) \ Reagent B (dispersed) Reaction UV oV
Entry Internal 8 [A]? flow rate [B]b flow rate time lamp reactor
Standard (M) (mL/min) (M) (mL/min) (min)
. Ph Single
dibutyl o036 0.353 0.1 0.353 45 WA iled
ether 36W
Ph 31.8 mL

®[A] Concentration of compound A (Internal standard) in the stock solution 1 (1.5 mL of internal standard were
mixed with 23 mL of cyclohexane). b[B] Concentration of reagent B in the stock solution 2 (445 L of cis-stilbene
was mixed with 58.0 mg of |, and 24.5 mL of cyclohexane).

Using these reaction conditions and the general procedures described above (steps 2, 3, 4 and

5), the following results were obtained. For this experiment, an overview of the data

processing (steps 3, 4 and 5) was highlighted. This data processing is the same for the series of

experiments with UV-A, B and C (Table 5.6, entries 1, 2 and 3).

Ge Fxp. Peak area Peak area Peak peak (Pfeak area cis- (Peak area . (Peak area 2
vial tlme cis-stilbene, phenanthrene, area 2 area Is, stilbene/Peak Phenanthrene/ dimers/Peak area
(min) dimers; area IS), Peak area IS), 1S);

1 0 0 9.3 0 484 0 0.019214876 0

2 0.333 0 23.0 0 881.6 0 0.026088929 0

3 0.667 0 41.4 0 1166.9 0 0.035478619 0

4 1 0 50.4 0 1117.2 0 0.045112782 0

5 1.333 0 60.3 3.2 1086.3 0 0.055509528 0.002945779

6 1.667 0 71.9 4.2 1082.6 0 0.066414188 0.003879549

7 2 0 96.7 9.3 1243.9 0 0.077739368 0.007476485

8 2.333 0 101.3 10.8 1139.5 0 0.088898640 0.009477841

9 2.667 2.6 116.0 14 1182.7 0.00219836 0.098080663 0.011837321
10 3 4.3 121.5 17.2 1163.2 0.003696699 0.104453232 0.014786795
11 3.333 5.2 126.9 20.6 1143.7 0.004546647 0.110955670 0.018011716
12 3.667 11.7 138.0 25.9 1201.2 0.00974026 0.114885115 0.021561772
13 4 28.2 185.1 43.1 1635.3 0.017244542 0.113190240 0.02635602
14 4.333 36.7 144.6 42.5 1285.8 0.028542542 0.112459169 0.033053352
15 4.667 48.5 123.9 43.9 1141.5 0.042487954 0.108541393 0.038458169
16 5 73.9 131.5 55 1246.9 0.059266982 0.105461545 0.044109391
17 5.333 90.4 117.4 60.8 1179.1 0.076668646 0.099567467 0.051564753
18 5.667 118.8 118.2 69.3 1222.2 0.097201767 0.096710849 0.056701031
19 6 160.3 127.1 84.4 1344.3 0.119244216 0.094547348 0.062783605
20 6.333 149.6 97.8 75.2 1069 0.139943873 0.091487371 0.070346118
21 6.667 201.1 112.1 98.3 1274.3 0.157812132 0.087969866 0.077140391
22 7 235.2 116.8 112.3 1358.8 0.173093906 0.085958198 0.082646453
23 7.333 107.8 49.8 51.8 590.1 0.182680902 0.084392476 0.087781732
24 7.667 253.1 109.3 122.5 1291.7 0.19594333 0.084617171 0.094836262
25 8 267.5 106.0 128.2 1297.3 0.206197487 0.081708163 0.098820627
26 8.333 286.8 107.7 139.4 1331.7 0.215363821 0.080874071 0.104678231
27 8.667 223 81.0 107.6 1007.4 0.221361922 0.080405003 0.106809609
28 9 297.4 105.0 145.5 1309.9 0.227040232 0.080158791 0.111077181
29 9.333 299.6 99.3 147.7 1286.8 0.232825614 0.077168169 0.114780852
30 9.667 326.4 106.6 163.7 1383 0.236008677 0.077078814 0.118365871
31 10 104.1 35.2 52.1 448.3 0.232210573 0.078518849 0.116216819
32 10.33 282 91.2 141.9 1180.7 0.238841365 0.077242314 0.120182942
33 10.67 315 101.2 157.2 1296.4 0.242980562 0.078062326 0.121258871
34 11 271.4 85.1 136.5 1108.4 0.244857452 0.076777337 0.123150487
35 11.33 282.6 90.1 143.4 1146.6 0.246467818 0.078580150 0.125065411
36 11.67 301.7 93.8 153.1 1224.8 0.246325931 0.076583932 0.125

37 12 370.5 113.9 188.8 1465.4 0.252831991 0.077726218 0.128838542
38 12.33 290.8 91.3 148 1172.9 0.247932475 0.077841248 0.126182965
39 12.67 3514 108.0 179.6 1398.6 0.251251251 0.077220077 0.128414128
40 13 334.2 102.1 169.7 1319.5 0.253277757 0.077377795 0.128609322
41 13.33 270.6 82.9 137 1075.1 0.251697517 0.077109106 0.127430007
42 13.67 290.1 88.3 146.3 1144.7 0.253428846 0.077138115 0.127806412
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43 14 291.6 90.7 147.2 1159 0.251596204 0.078257118 0.12700604

44 14.33 305.9 96.2 156.1 1213.5 0.252080758 0.079274825 0.128636176
45 14.67 428.3 134.5 220.5 1681.9 0.254652476 0.079969083 0.13110173
46 15 430.3 130.7 223.4 1667.1 0.258112891 0.078399616 0.134005159
47 15.33 384 115.5 198.1 1485.5 0.258498822 0.077751599 0.133355772
48 15.67 379.3 113.3 193.9 1480.7 0.256162626 0.076517863 0.130951577
49 16 343.2 105.5 174.4 1347.5 0.254693878 0.078293135 0.129424861
50 16.33 281.3 85.8 142.5 1111.1 0.253172532 0.077220772 0.128251283
51 16.67 376.5 114.6 192.9 1477.8 0.254770605 0.077547706 0.130531872
52 17 327.3 99.2 165.8 1283.3 0.255045586 0.077300709 0.129198161
53 17.33 350.6 106.3 178 1374.4 0.255093132 0.077342841 0.129511059
54 17.67 332 102.0 169.3 1305 0.25440613 0.078160920 0.129731801
55 18 322.8 99.1 163.5 1267.2 0.254734848 0.078203914 0.129024621
56 18.33 368.8 110.4 186.6 1429.2 0.25804646 0.077246012 0.130562552
57 18.67 390.3 117.6 198.6 1523.6 0.256169598 0.077185613 0.130349173
58 19 331.5 100.4 167 1306.2 0.253789619 0.076864186 0.127851784
59 19.33 268.8 81.8 134.3 1055.8 0.254593673 0.077476795 0.127202122
60 19.67 307.7 94.6 151.2 1213.9 0.253480517 0.077930637 0.124557212
61 20 369.4 113.2 185.1 1446.8 0.25532209 0.078241637 0.127937517

Table 7.6: GC data obtained from the different vials. For this experiment, the sampling rate was 20 seconds (volume
collected per GC vial = 0.235 mL) and 1 mL of hexane was added in each vial before running the GC analysis (volume
per GCvial = 1.235 mL).

From Table 7.6, the following Figure 7.65 was obtained.
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Figure 7.65: Plot of the different ratios Peak area compound/Peak area IS according to the experimental time.

The incorporation of the dispersion curve (Figure 7.62) in Figure 7.66 was performed in such a way

that the increase of the phenanthrene correlates with the increase of the dispersed cis-stilbene.

x Dispersion cis-stilbene at 0.353 mL/min in the 10 mL loop
0.5 A ® Peak area phenanthrene/Peak area IS
¢ Peak area cis-stilbene/Peak area IS /
0.4 - x Peak area 2 dimers/Peak area IS
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Figure 7.66: Incorporation of the concentration gradient profile.
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Exp. (Peakareacis- (Peak area cis- o b ¢ d e
\?iz(;l time  stilbene/Peak  stilbene/Peak  Conv./ [Cls-S::qb;;S]m“ n(pT;nc;l);h”t [(pmhzlr}ﬂ; n(F(Dr:iT)Jr Yield,
(min) area IS), area IS)o+

1 0 0 0.018972 1 0.003349 7.870E-07 0.000433 5.344E-07 0.6791

2 0.33 0 0.029505 1 0.004169 9.796E-07 0.000585 7.219E-07 0.7370

3 0.67 0 0.034159 1 0.004914 1.155E-06  0.000797 9.849E-07 0.8528
4 1 0 0.042519 1 0.005548 1.304E-06  0.001012 1.249E-06 0.9583

5 1.33 0 0.050128 1 0.006255 1.470E-06 0.001245 1.537E-06 1.0460

6 1.67 0 0.056589 1 0.007531 1.770E-06  0.001491 1.841E-06 1.0404

7 2 0 0.066575 1 0.008819 2.072E-06 0.001744 2.154E-06 1.0392

8 2.33 0 0.079349 1 0.009681 2.275E-06 0.001995 2.464E-06 1.0829

9 2.67 0.002198 0.089954 0.975561 0.010858 2.552E-06 0.002202 2.719E-06 1.0656
10 3 0.003697 0.098751 0.962565 0.012002 2.821E-06 0.002345 2.896E-06 1.0267
11 333 0.004547 0.109808 0.958594 0.013867 3.259E-06 0.002491 3.076E-06 0.9440
12 3.67 0.00974 0.122422 0.920437 0.015011 3.527E-06 0.002578 3.184E-06 0.9026
13 4 0.017245 0.141444 0.878082 0.016821 3.953E-06 0.002540 3.137E-06 0.7936
14 433 0.028543 0.153108 0.813579 0.018056 4.243E-06  0.002523 3.116E-06 0.7345
15 4.67 0.042488 0.171571 0.752360 0.019754 4.642E-06 0.002436 3.009E-06 0.6482
16 5 0.059267 0.184168 0.678191 0.021157 4.972E-06 0.002367 2.923E-06 0.5879
17 5.33 0.076669 0.201487 0.619485 0.023075 5.423E-06 0.002234 2.759E-06 0.5087
18 5.67 0.097202 0.215799 0.549573 0.024722 5.810E-06 0.002171 2.681E-06 0.4615
19 6 0.119244 0.232396 0.486891 0.026269 6.173E-06  0.002122 2.621E-06 0.4246
20 6.33 0.139944 0.252168 0.445037 0.028391 6.672E-06 0.002053 2.535E-06 0.3800
21  6.67 0.157812 0.267939 0.411014 0.029875 7.021E-06 0.001974 2.438E-06 0.3472
22 7 0.173094 0.289593 0.402285 0.031206 7.333E-06  0.001929 2.382E-06 0.3248
23 7.33 0.182681 0.304729 0.400514 0.032845 7.718E-06  0.001893 2.337E-06 0.3028
24  7.67 0.195943 0.318303 0.384412 0.034114 8.017E-06  0.001899 2.346E-06 0.2926
25 8 0.206197 0.335016 0.384513 0.035664 8.381E-06 0.001833 2.264E-06 0.2702
26 8.33 0.215364 0.347958 0.381063 0.037068 8.711E-06  0.001814 2.241E-06 0.2572
27 8.67 0.221362 0.363775 0.391486 0.038251 8.989E-06 0.001805 2.229E-06 0.2480
28 9 0.22704 0.378096 0.399516 0.038865 9.133E-06 0.001800 2.223E-06 0.2434
29 9.33 0.232826 0.390163 0.403259 0.040484 9.514E-06 0.001732 2.139E-06 0.2249
30 9.67 0.236009 0.396419 0.404647 0.041651 9.788E-06 0.001730 2.136E-06 0.2182
31 10 0.232211 0.412937 0.437661 0.042606 1.001E-05 0.001761 2.174E-06 0.2172
32 103 0.238841 0.424843 0.437812 0.043378 1.019E-05 0.001733 2.141E-06 0.2100
33 10.67 0.242981 0.434578 0.440881 0.044506 1.046E-05 0.001752 2.163E-06 0.2069
34 11 0.244857 0.442459 0.446598 0.044615 1.048E-05 0.001722 2.127E-06 0.2029
35 11.33 0.246468 0.453959 0.457070 0.045328 1.065E-05 0.001764 2.179E-06 0.2046
36 11.67 0.246326 0.455071 0.458709 0.046359 1.089E-05 0.001718 2.122E-06 0.1948
37 12 0.252832 0.462342 0.453149 0.046297 1.088E-05 0.001744 2.154E-06 0.1980
38 12.33 0.247932 0.466322 0.468323 0.046734 1.098E-05 0.001747 2.157E-06 0.1964
39 12.67 0.251251 0.472234 0.467951 0.047408 1.114E-05 0.001733 2.140E-06 0.1921
40 13 0.253278 0.476682 0.468665 0.047572 1.118E-05 0.001737 2.145E-06 0.1919
41 13.33 0.251698 0.483567 0.479497 0.048086 1.130E-05 0.001731 2.138E-06 0.1892
42  13.67 0.253429 0.485239 0.477724 0.047730 1.122E-05 0.001731 2.138E-06 0.1906
43 14 0.251596 0.490472 0.487032 0.048206 1.133E-05 0.001756 2.169E-06 0.1914
44 14.33 0.252081 0.486844 0.482214 0.048171 1.132E-05 0.001780 2.198E-06 0.1942
45 14.67 0.254652 0.491703 0.482101 0.048811 1.147E-05 0.001795 2.217E-06 0.1932
46 15 0.258113 0.490099 0.473345 0.048867 1.148E-05 0.001760 2.173E-06 0.1892
47 15.33 0.258499 0.497871 0.480791 0.048781 1.146E-05 0.001745 2.156E-06 0.1880
48 15.67 0.256163 0.498447 0.486078 0.048727 1.145E-05 0.001717 2.120E-06 0.1852
49 16 0.254694 0.497567 0.488121 0.048580 1.142E-05 0.001751 2.163E-06 0.1894
50 16.33 0.253173 0.503713 0.497387 0.048823 1.147E-05 0.001733 2.140E-06 0.1866
51 16.67 0.254771 0.495516 0.485847 0.048954 1.150E-05 0.001741 2.150E-06 0.1869
52 17 0.255046 0.497991 0.487850 0.048795 1.147E-05 0.001735 2.143E-06 0.1869
53 17.33 0.255093 0.499335 0.489133 0.049192 1.156E-05 0.001736 2.144E-06 0.1854
54 17.67 0.254406 0.497711 0.488847 0.049061 1.153E-05 0.001754 2.166E-06 0.1879
55 18 0.254735 0.501762 0.492319 0.049120 1.154E-05 0.001754 2.167E-06 0.1877
56 18.33 0.258046 0.500424 0.484343 0.049057 1.153E-05 0.001734 2.141E-06 0.1857
57 18.67 0.25617 0.501025 0.488708 0.049174 1.156E-05 0.001732 2.140E-06 0.1851
58 19 0.25379 0.500383 0.492809 0.049482 1.163E-05 0.001725 2.130E-06 0.1832
59 19.33 0.254594 0.501578 0.492414 0.049666 1.167E-05 0.001739 2.148E-06 0.1840
60 19.67 0.253481 0.504718 0.497778 0.049876 1.172E-05 0.001749 2.160E-06 0.1843
61 20 0.255322 0.51 0.499368 0.05 1.175E-05 0.001756 2.168E-06 0.1845

Table 7.7: Calculation of the conversion and the yield according to the experimental time.
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(Peak area cis—stilbene/ Peak area internal standard),
(Peak area cis—stilbene/ Peak area internal standard), ¢

“Conv.,=1-—

with (Peak area cis-stilbene/Peak area internal standard), . calculated from the concentration gradient profile of the cis-stilbene at 0.353
mL/min (x-axis scale doubled). Normalisation of the maximum at 0.51 (GC ratio obtained from a mixture of 445 uL of cis-stilbene,
1.5 mL of Internal standard and 50 mL of cyclohexane).

b[ .. .
[c1s-stllbene] . , the theoretical concentration of cis-stilbene calculated from the concentration gradient profile of the cis-stilbene
theoretical t

at 0.353 mL/min (x-axis scale doubled). Normalisation of the maximum at 0.05 M (concentration of cis-stilbene in the stock solution 2 divided by 2).
“n(phen.)heoretical t = [€is-stilbene]ieoretical ¢ X Volume collected per GC vial

with Volume collected per GC vial = 0.235 mL (collection during 20 seconds at 0.706 mL/min).

Peak area phenanthrene) [1S]

d —
[phen. ], = ( t X K(phenanthrene)/K(IS)

PeakarealS

with K(phenanthrene)/K(IS) = 1.5261, determined from the calibration curve (Figure 7.64).
[IS] =0.03425 M, the concentration of IS in the GC vials after addition of 1 mL of hexane.

¢ n(phen.); = [phen. ]; x Volume per GC vial
with Volume per GC vial = 1.235 mL.

n(phen);

n(phen.)theoretical t

"Yield, =

From Table 7.7, the following Figure 7.67 was obtained.

x Dispersion cis-stilbene at 0.353 mL/min in the 10 mL loop
® Peak area phenanthrene/Peak area IS

1 dessecede o # Peak area cis-stilbene/Peak area IS
1 *s ., x Peak area 2 dimers/Peak area IS
' ° ® Conversion
0.8 Conversion=1 _ e Yield (phenan.) [C]=0.05M
: ° Peak area cis-stilbene/Peak area IS = 0.51
y=0.51 °
0.6 | I[cl=0p5M™m ® \
&~ ! ®
e == mm - oot g
0.4 - !
1
1
y=o_o5ln_ ..ov’“""“””””””’.’.”””’.””’
0.2 1 [c1=0.005m oo®®
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Experimental time (min) —

Figure 7.67: Ratios of the peak area of each compound over the peak area of tHe IS plotted against the experimental
time. Evolution of the conversion and the yield according tolthep experimental time.
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..
0.8 ° @ Conversion
® Yield

0.6 - . .
0.4 - %0 00000 000°”
0.2

0 T T T T 1

0 0.01 0.02 0.03 0.04 0.05
Initial concentration of cis-stilbene (mol/L)

Figure 7.68: Evolution of the conversion and the yield according to the initial concentration of cis-stilbene.

To check that the dispersion curve is placed at the right position on the x-axis, the calculated

conversion and yield at [C] = 0.005 M (1 and 1.05 respectively) were compared to the
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conversion and vyield obtained during the turn off light experiment with exactly the same
conditions (Figure 5.58). The results are consistent (1 vs. 1 for the conversion and 1.05 vs. 1.03

for the yield).

Finally, as explained in section 5.3.4.2.1, Figure 7.67 enabled the generation of Figure 7.68.

Table 5.6, entry 2:

Compound A Compound A (IS) \ Reagent B (dispersed) Reaction
Reagent a b . uv uv
Entry  Internal B [A] flow rate [B] flow rate time lamp reactor
Standard (M) (mL/min) (M) (mL/min) (min)
. Ph Single
2 d':’:tyl ] 0.36 0353 0.1 0353 45 e colled
ether Ph 31.8 mL

®[A] Concentration of compound A (Internal standard) in the stock solution 1 (1.5 mL of internal standard were
mixed with 23 mL of cyclohexane). b[B] Concentration of reagent B in the stock solution 2 (445 uL of cis-stilbene
was mixed with 60.0 mg of |, and 24.5 mL of cyclohexane).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

Conversion =1

1 ©000000000000000000000000000000000000000000000000000000000000000000000000000
|
1
08 17777 :
1
1
-051 ! x Dispersion cis-stilbene at 0.353 mL/min in the 10 mL loop
0.6 yC _'0 oom ! ® Peak area phenanthrene/Peak area IS
4 [CA=005M ! 4 pealcarea cis-stilbene/Peak areals ______
' x Peak area 2 dimers/Peak area IS
0.4 - R Conversion
i C]=0.05 M
: Yield (phenan.) ....-------.I.Ill------l-.lllnll[..]...l.-...l-l
1
0.2 4 y=0.051
[C] = 0.005 M:
!_ _____ xxxxxxxxxxxxxxxxXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
X
O . XX
0 5 10 . : 15 20 25
Experimental time (min) ]
1 —GEDENOESO 0000 LO 00 wuw ®A 0 A 000 0000 CoOCBANED
0.8 -
0.6 -
0.4 - e Conversion
' Yield
0.2 -+
0 n T T T T 1
0 0.01 0.02 0.03 0.04 0.05
Initial concentration of cis-stilbene (mol/L)
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To check that the dispersion curve is placed at the right position on the x-axis, the calculated
conversion and yield at [C] = 0.005 M (1 and 0.82 respectively) were compared to the
conversion and yield obtained during the turn off light experiment with exactly the same
conditions (Figure 5.60). The results are consistent (1 vs. 1 for the conversion and 0.82 vs. 0.84

for the yield).

Table 5.6, entry 3:

Compound A Compound A (IS) ‘ Reagent B (dispersed) Reaction
Reagent a b . uv uv
Entry Internal [A] flow rate [B] flow rate time
B . ) ) lamp reactor
Standard (M) (mL/min) (M) (mL/min) (min)
. Ph Single
d'b:ty' ] 036 0.353 0.1 0.353 45 ;’g’v\cl coiled
ether Ph 31.8 mL

®[A] Concentration of compound A (Internal standard) in the stock solution 1 (1.5 mL of internal standard were
mixed with 23 mL of cyclohexane). b[B] Concentration of reagent B in the stock solution 2 (445 pL of cis-stilbene
was mixed with 60.0 mg of |, and 24.5 mL of cyclohexane).

Using these reaction conditions and the general procedures described previously (steps 2, 3, 4

and 5), the following results were obtained.

x Dispersion cis-stilbene at 0.353 mL/min in the 10 mL loop
B Peak area phenanthrene/Peak area IS
# Peak area cis-stilbene/Peak area IS

1.2 - Conversion = 1 x Peak area 2 dimers/Peak area IS
® Conversion
1 1nooooooooooooooooo:oooooooou.,.ag..... ...Yield(phenan,)
h 00000oooooooooo00000000000000000000
0.8 i
[y=os1 ]
06 s (c)=005Mm

0.4

[C]=0.05 M

0.2 4

1
1
1
r
1
I
1
1
1
1
1
[}

ABERRRRARRRRRRXRXRRXRRXRKRRXXKLXRRLRRLRR

20 25

Exlp(o)erimental time (nli?n) 1

1.2 I\/I

1 .”......VVMAA..... o me
0.8
0.6
0.4 ® Conversion
0.2 Yield
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Initial concentration of cis-stilbene (mol/L)
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To check that the dispersion curve is placed at the right position on the x-axis, the calculated
conversion and yield at [C] = 0.005 M (1 and 0.70 respectively) were compared to the
conversion and yield obtained during the turn off light experiment with exactly the same
conditions (Figure 5.62). The results are consistent (1 vs. 1 for the conversion and 0.70 vs. 0.68

for the yield).

7.2.4.3 GENERAL PROCEDURES: Turn off light experiments
7.2.4.3.1 Correction to apply to the turn off light methodology for the determination
of the optimum reaction time

Experimental set-up for: Using the flow machine (Vapourtec R2+/R4), the experiments were

carried out using one pump, a home-made coiled photoflow reactor (14.1 or 31.8 mL capacity,
1 mm i.d.) equipped with a 9 or 36 W UV-A lamp, a 250 psi BPR and a sample collector for off-

line GC analysis.

Stock solution 1: BPR 250 psi

cyclohex-2-enone

+ tetramethyl- WﬂSte.

ethylene + IS collection
o [N —

in MeCN

Stock UV Reactor
Solvent
o) i
. L . GCvials
Figure 7.69: Flow set-up for the determination of the correction.

General procedure for the determination of the correction to apply to the turn off light

methodology: In a 50 mL flask, cyclohex-2-enone (5.7a, 1 equiv.) was mixed with
tetramethylethylene (5.17, 19.6 equiv.), dibutyl ether as an internal standard and MeCN (Stock
solution 1). The reaction mixture was degassed by sonication whilst being saturated with
nitrogen. The reaction mixture was injected into the photoflow reactor (UV lamp switched off)
until it was entirely filled up. Then, the pump was turned off, the water cooling system was
turned on, the indicated UV lamp (Philips 2-pin PL-S 9 W UV-A or Philips 4-pin PL-L 36 W UV-A)
was switched on and the reaction was left to proceed during the indicated time. Once the time
has passed, the UV lamp was turned off, the feeding valve was returned to the stock solvent,
the content of the UV reactor was pushed out (0.5 or 1 mL/min) and it was collected in GC vials.
The sampling rate was precisely determined (30 or 45 seconds collection per vial with addition

of 1 mL of MeCN). The different samples were then analysed via off-line GC experiments.
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General procedure for the processing of the GC data: From each GC spectrum generated, the

ratios Peak area cyclohex-2-enone/Peak area IS and Peak area 2 diastereoisomers/Peak area IS
were calculated and plotted against the volume eluted. This plot was used as a reference to

calculate the efficiency of the UV lamp according to the area in the UV reactor.

Correction to apply to the turn off light methodology for the determination of the optimum

reaction time (14.1 mL UV reactor):

Reaction conditions
Reagent Reagent Internal

equiv. [AP  equiv. [B [1S]1° Reaction uv uv
A B Standard (M) B (M) (M) time(min)  lamp reactor
O .
. Single
\ dibutyl 0 5025 196 050 0022 60 UV-A coiled
ether 9W
14.1 mL

®[A] Concentration of reagent A in the stock solution 1 (98.7 uL of reagent A were mixed with 0.15 mL of IS, 2.38
mL of pure reagent B and 37.5 mL of MeCN). b [B] Concentration of reagent B in the stock solution 1. “[IS]
Concentration of Internal Standard in the stock solution 1.
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Figure 7.70: GC data (Peak area 2 diastereoisomers/Peak Figure 7.71: Conversion of the GC data into % efficiency

area IS) of the different vials collected at the exit of the of the lamp (normalisation of the max Peak area 2

reactor. diastereoisomers/Peak area IS at 100) according to the
area in the UV reactor (14.1 mL).

Correction to apply to the turn off light methodology for the determination of the optimum

reaction time (31.8 mL UV reactor):

Reaction conditions
Reagent Reagent Internal

. . b c .
equiv. [A]? equiv. [B] [1S] Reaction uv uv
A B t
Standard A (M) B (M) (M) time (min) lamp reactor
O .
. Single
\ dibutyl 5 5025 196 050 0022 30 UV-A coiled
ether 36 W
31.8 mL

®[A] Concentration of reagent A in the stock solution 1 (118.3 pL of reagent A were mixed with 0.18 mL of IS, 2.85
mL of pure reagent B and 45 mL of MeCN). b [B] Concentration of reagent B in the stock solution 1. °[IS]
Concentration of Internal Standard in the stock solution 1.
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Figure 7.72: GC data (Peak area 2 diastereoisomers/Peak  Figure 7.73: Conversion of the GC data into % efficiency

area IS) of the different vials collected at the exit of the of the lamp (inversion of the Peak area cyclohex-2-

reactor. enone/Peak area IS curve and normalisation of the max
at 100) according to the area in the UV reactor (31.8
mL).

7.2.4.3.2 Application of the turn off light methodology

Experimental set-up for the application of the turn off light methodology: Using the flow

machine (Vapourtec R2+/R4), the experiments were carried out using one or two pumps, a

home-made coiled photoflow reactor (14.1 or 31.8 mL capacity, 1 mm i.d.) equipped with a 9

or 36 W UV lamp (UV-A, B or C), a 250 psi BPR and a sample collector for off-line GC analysis.
Stock solution 1: )
reagent A + IS or BPR 250 psi
reagents A + B + 1S Waste
._m - collection
Stock .
Solvent > UV Reactor

& i

Stock solution 2:
reagent C

Sample collector

Figure 7.74: Flow set-up for turn off light methodology.

General procedure for the application of the turn off light methodology: In a 50 mL flask, the

reagent A or the reagents A + B were mixed with an internal standard and the corresponding
solvent (Stock solution 1). When indicated, in another 50 mL flask, the reagent C was mixed
with the corresponding solvent (Stock solution 2). Each flask was degassed by sonication whilst
being saturated with nitrogen or, when indicated, with O,. Before starting the reaction, solvent

was pumped at the indicated flow rate and the indicated UV lamp (Philips 2-pin PL-S 9 W
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UV-A/B or C or Philips 4-pin PL-L 36 W UV-A/B or C) was switched on and left to warm up for
10-15 minutes. The water cooling system was turned on. Once the system was stable, the
feeding valves (pump A or, when indicated, pump A and B) were switched to the stock
solutions. Once the UV reactor was entirely filled up with the stock solutions, the UV lamp was
switched off, the feeding valves were returned to the solvent feed, the content of the UV
reactor was pushed out (0.5 or 1 mL/min) and it was collected in GC vials. The sampling rate
was precisely determined (30 or 45 seconds collection per vial with addition of 0.5 or 1 mL of

solvent). The different samples were then analysed via off-line GC experiments.

General procedure for the processing of the GC data: From each GC spectrum generated, the

different ratios Peak area compound/Peak area Internal Standard were calculated and plotted.
The conversion and the yield for each GC analysis were calculated using equations 7.7 and 7.8

respectively.

(Peak area reagent A/ Peak area internal standard),
(Peak area reagent A/ Peak area internal standard),

Conversion; = 1

Equation 7.7: Formula used for the calculation of the conversion at a given moment.

n(product); [product], x Volume per GC vial

Yield, = =
©7 n(product)¢heoreticar  limiting reagent], x Volume collected per GC vial

Equation 7.8: Formula used for the calculation of the yield at a given moment.

. Weight Peak area 3 -
. Weight
Vial IS products products/Peak [products]/[IS] %)
(me) ™ (me) area IS s v = 1.6583x - 0.0123
s 2.5 R? = 0.9996
1 3.03 3.88 0.92497 1.53616 ;‘é
o
2 1.57 3.55 1.63331 2.69157 %
Eod
Q
3 2.89 1.33 0.33242 0.50536 -§
S
4 1.35 0.85 0.45480 0.75313 %
o
IS: dibutyl ether :
Products: 7,7,8,8-tetramethylbicyclo[4.2.0]octan-2-one (2 P
diastereoisomers 5.18 and 5.19) o
Peak area products _ K(products) [products]
Peakareals  _ K(IS) ~  [I5] 0 ‘ ‘
0 1 2

K(products)/K(IS) = 1.6583

[products]/[IS]

Figure 7.75: Calibration curve forthe calculation of the yield; (7,7,8,8-tetramethylbicyclo[4.2.0]octan-2-one (2
diastereoisomers)).
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Weight Peak area 0.4 -

Vial Yg?:rg];)t product product/ [product]/[IS] i y =1.5261x - 0.0017
(mg) Peak area IS 5 0.35 - R?=0.9993
1 310 100 0.36288 0.23570 8 03
= 0
2 3.50 1.00 0.31694 0.20877 é 0.25
)
o
3 5.45 1.02 0.20580 0.13675 .§ 0.2
4 5.57 14 0.27316 0.18366 % 0.15
o
IS: dibutyl ether © 0.1
Product: Phenanthrene (5.23) E
a 0.05
Peak area product  K(product) [product]
Peakareals  K(S) ~  [IS] 0 w w )
0 0.1 0.2 0.3
K(product)/K(IS) = 1.5261 [product]/[IS]

Figure 7.76: Calibration curve for the calculation of the yield; (phenanthrene).

Weight Weight Peak area 0.45 -
Vial s (me) pr(‘r’:”)“ [hroduct/ - [product/Iis) 0.4 | v=1849-0.0053
£ 2 R2=0.9984
1 753 2.12 0.42591 0.23424 o 035
(4]
= 03
2 16.20 2.00 0.19354 0.10272 S
£ o025
3 25.07 1.27 0.06526 0.04215 S
3 0.2
4  38.65 1.42 0.04644 0.03057 =
% 0.15
IS: triethylene glycol dimethyl ether e 01
Product: ethyl 2-cyano-2-(2-cyanophenyl)acetate (5.32) : :
8 0.05
Peak area product  K(product) [product]
PeakarealS K(IS) X [IS] 0 ' ' ‘
0 0.1 0.2 0.3
K(product)/K(IS) = 1.849 [product]/[1S]

Figure 7.77: Calibration curve for the calculation of the yield, (ethyl 2-cyano-2-(2-cyanophenyl)acetate).

Turn_off light results - [2 + 2] photocycloaddition between cyclohex-2-enone (5.7a) and

tetramethylethylene (5.17)

Table 5.7, entry 1:

Reaction conditions

Reagent Reagent Internal Reaction

Entry ) [AP  equiv. [BI° [ISI° flow rate i uv UV
A B Standard  equiv. A (M) B (M) (M) (mL/min) t'”.‘e lamp reactor
(min)

O .
. Single
1 [ dibutyl 1 0025 196 050 0.022 0.058 203 WA iled

ether 9W

14.1 mL

®[A] Concentration of reagent A in the stock solution 1 (98.7 pL of reagent A were mixed with 0.15 mL of IS, 20 mL
of reagent B at 1 M in THF and 20 mL of MeCN). b [B] Concentration of reagent B in the stock solution 1. “[IS]
Concentration of Internal Standard in the stock solution 1.
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For this experiment, an overview of the data processing was highlighted. This data processing

is the same for the series of turn off light experiments described below.

GC Time Volumeinthe Reaction Peak area Peak area 2 Peak area open Peak area Peak
vial (min) Reactor (mL)® Time (min)h cyclohex-2-enone; diastereoisomers; cyclobutane, 2 dimers, arealS;
5 0 14.1 243.10345 0 4.1 0.46 0 2.5
6 0.5 13.85 238.79310 4.8 192.2 24.7 43 153.7
7 1 13.6 234.48275 43 170.5 219 4 134.8
8 1.5 13.35 230.17241 43 177.6 229 43 142.3
9 2 13.1 225.86206 4.2 170.1 219 3.9 136.1
10 2.5 12.85 221.55172 4.5 176.8 22.3 4.2 141.5
11 3 12.6 217.24137 4.7 186.6 24 4.7 148.9
12 3.5 12.35 212.93103 4.5 171.4 21.8 4.1 137.5
13 4 12.1 208.62068 4.7 176 22.7 4.2 141.7
14 45 11.85 204.31034 5.1 180.9 234 43 145.2
15 5 11.6 200 53 178.2 22.7 43 143.7
16 55 11.35 195.68965 5.5 175.4 22.7 43 141.8
17 6 111 191.37931 6 181.1 23.2 4.5 146.3
18 6.5 10.85 187.06896 6.4 177.8 22.8 4.5 144.3
19 7 10.6 182.75862 6.6 172 22 4.2 140.4
20 7.5 10.35 178.44827 7.5 180.3 23.3 4.5 150.4
21 8 10.1 174.13793 7.7 171.7 22 4.4 142
22 85 9.85 169.82758 9.2 182.1 236 4.7 153.5
23 9 9.6 165.51724 9.4 176.4 22,6 4.5 148
24 95 9.35 161.20689 9.7 166.4 21.2 4.2 140.4
25 10 9.1 156.89655 11.6 176.6 22.6 4.6 152.2
26 10.5 8.85 152.58620 12.9 178.7 23.1 4.7 152
27 11 8.6 148.27586 12.4 156.7 20 4.1 137.4
28 115 8.35 143.96551 16.2 180.4 23.2 49 159.7
29 12 8.1 139.65517 16 162.5 21 4.4 146.4
30 125 7.85 135.34482 16.8 156.1 20 4.2 141.8
31 13 7.6 131.03448 19.8 163.4 20.9 4.6 149.6
32 135 7.35 126.72413 22.6 166.2 213 4.7 156.3
33 14 7.1 122.41379 22 146 18.8 4.1 140.3
34 145 6.85 118.10344 25 146.6 18.7 4.1 144.7
35 15 6.6 113.79310 28.7 149.2 19.1 4.4 151.4
36 15.5 6.35 109.48275 323 152 19.5 4.5 155.2
37 16 6.1 105.17241 35.8 146.4 18.7 4.4 156.9
38 16.5 5.85 100.86206 38.2 141.2 18.1 43 153.5
39 17 5.6 96.55172 39.5 130.1 16.6 41 146.9
40 175 5.35 92.24137 435 126.4 16.2 3.9 151.1
41 18 5.1 87.93103 52.8 133.6 17.2 4.3 164.5
42 185 4.85 83.62068 52.5 116.2 14.9 3.8 152.8
43 19 4.6 79.31034 51.8 101.5 13 33 140.5
44 195 4.35 75 66.1 112.2 14.4 3.7 159.8
45 20 4.1 70.68965 66.7 96 12.3 3.2 152.1
46 205 3.85 66.37931 70.4 88.4 11.4 3 146.6
47 21 3.6 62.06896 75.6 79.5 10.3 2.8 149.7
48 215 3.35 57.75862 80.4 72 9.2 2.5 147.9
49 22 3.1 53.44827 88.9 64.6 8.3 2.16 154
50 225 2.85 49.13793 94.6 56.3 7.2 1.86 153.2
51 23 2.6 44.82758 100.1 48.7 6.3 1.56 154
52 235 2.35 40.51724 99.1 40.2 5.1 1.22 146.1
53 24 2.1 36.20689 108.7 34.8 4.4 0.99 153.7
54 245 1.85 31.89655 119.7 31 41 0.88 160.6
55 25 1.6 27.58620 109.9 225 29 0.6 140.8
56 25.5 1.35 23.27586 118.2 19.1 2.4 0.26 150.4
57 26 1.1 18.96551 120.2 15.2 1.9 0 148.5
58 26.5 0.85 14.65517 136.2 13 1.7 0 163
59 27 0.6 10.34482 136.6 9.2 1.1 0 158
60 27.5 0.35 6.034482 135.9 6.2 0.78 0 156.8
61 28 0.1 1.724137 131 3.6 0.43 0 152.8
62 285 0 0 138 2.06 0.26 0 157.4

Table 7.8: GC data obtained from the different vials. For this experiment, the sampling rate was 0.5 min with a flow
rate of collection = 0.5 mL/min (volume collected per GC vial = 0.25 mL) and 1 mL of MeCN was added in each vial
before running the GC analysis (volume per GC vial = 1.25 mL). ?Volume in the reactor = Volume of the reactor -
(Time x flow rate of collection) PReaction Time = Volume in the reactor/flow rate of reaction.
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(Peak area (Peak area2  (Peak area

GC Reafctlon cyclohex-2- diastereo- open (P.eak area 2 . [2dial® n(2dia);® ) d

. Time . dimer/Peak Conversion, Yield;
vial (min) enone/Peak isomers/Peak cyclobutane/ area Is), (M) (mol)

area IS), area IS); Peak area IS);

5 243.1034 0 1.64 0.184 0 1 0.004351 5.4393E-06 0.85996
6 238.7931 0.03123 1.250488 0.160703 0.027977 0.964104 0.003318 4.1474E-06 0.65572
7 234.4828 0.031899 1.264837 0.162463 0.029674 0.963334 0.003356 4.195E-06 0.66324
8 230.1724 0.030218 1.248067 0.160928 0.030218 0.965267 0.003312 4.1394E-06 0.65445
9 225.8621 0.03086 1.249816 0.160911 0.028655 0.964529 0.003316 4.1452E-06 0.65536
10 221.5517 0.031802 1.24947 0.157597 0.029682 0.963446 0.003315 4.1441E-06 0.65518
11 217.2414 0.031565 1.25319 0.161182 0.031565 0.963719 0.003325 4.1564E-06 0.65713
12 212.931 0.032727 1.246545 0.158545 0.029818 0.962382 0.003307 4.1344E-06 0.65365
13 208.6207 0.033169 1.242061 0.160198 0.02964 0.961875 0.003296 4.1195E-06 0.65130
14 204.3103 0.035124 1.245868 0.161157 0.029614 0.959628 0.003306 4.1321E-06 0.65329
15 200 0.036882 1.240084 0.157968 0.029923 0.957606 0.00329 4.1129E-06 0.65026
16 195.6897 0.038787 1.236953 0.160085 0.030324 0.955417 0.003282 4.1025E-06 0.64862
17 191.3793 0.041012 1.237867 0.158578 0.030759 0.95286 0.003284 4.1056E-06 0.64910
18 187.069 0.044352 1.232155 0.158004 0.031185 0.949021 0.003269 4.0866E-06 0.64610
19 182.7586 0.047009 1.225071 0.156695 0.029915 0.945967 0.003251 4.0631E-06 0.64239
20 178.4483 0.049867 1.198803 0.15492 0.02992 0.942682 0.003181 3.976E-06 0.62861
21 174.1379 0.054225 1.209155 0.15493 0.030986 0.937672 0.003208 4.0103E-06 0.63404
22 169.8276 0.059935 1.186319 0.153746 0.030619 0.931109 0.003148 3.9346E-06 0.62207
23 165.5172 0.063514 1.191892 0.152703 0.030405 0.926996 0.003162 3.9531E-06 0.62499
24 161.2069 0.069088 1.185185 0.150997 0.029915 0.920588 0.003145 3.9308E-06 0.62147
25 156.8966 0.076216 1.160315 0.148489 0.030223 0.912396 0.003079 3.8484E-06 0.60843
26 152.5862 0.084868 1.175658 0.151974 0.030921 0.90245 0.003119 3.8992E-06 0.61648
27 148.2759 0.090247 1.140466 0.14556 0.02984 0.896267 0.003026 3.7825E-06 0.59802
28 143.9655 0.10144 1.129618 0.145272 0.030683 0.883402 0.002997 3.7465E-06 0.59233
29 139.6552 0.10929 1.109973 0.143443 0.030055 0.87438 0.002945 3.6814E-06 0.58203

30 135.3448  0.118477 1.100846 0.141044 0.029619 0.86382 0.002921 3.6511E-06 0.57725
31 131.0345  0.132353 1.092246 0.139706 0.030749 0.84787 0.002898 3.6226E-06 0.57274

32 126.7241  0.144594 1.06334 0.136276 0.03007 0.8338 0.002821 3.5267E-06 0.55758
33 122.4138  0.156807 1.040627 0.133999 0.029223 0.819762 0.002761 3.4514E-06 0.54567
34 118.1034 0.172771 1.013131 0.129233 0.028334 0.801412 0.002688 3.3602E-06 0.53125

35 113.7931  0.189564 0.985469 0.126156 0.029062 0.78211 0.002615 3.2685E-06 0.51675
36 109.4828  0.208119 0.979381 0.125644 0.028995 0.760783 0.002599 3.2483E-06 0.51355
37 105.1724  0.228171 0.933078 0.119184 0.028043 0.737735 0.002476 3.0947E-06 0.48927

38 100.8621 0.24886 0.91987 0.117915 0.028013 0.713954 0.002441 3.0509E-06 0.48235
39 96.55172 0.26889 0.885636 0.113002 0.02791 0.690931 0.00235  2.9373E-06 0.46440
40 92.24138  0.287889 0.836532 0.107214 0.025811 0.669093 0.00222  2.7745E-06  0.43865
41 87.93103  0.320973 0.812158 0.104559 0.02614 0.631066 0.002155 2.6936E-06 0.42587
42 83.62069  0.343586 0.760471 0.097513 0.024869 0.605073 0.002018 2.5222E-06 0.39876
43 79.31034  0.368683 0.72242 0.092527 0.023488 0.576226 0.001917 2.396E-06 0.37881
44 75 0.413642 0.702128 0.090113 0.023154 0.524549 0.001863 2.3287E-06 0.36817

45 70.68966  0.438527 0.631164 0.080868 0.021039 0.495946 0.001675 2.0933E-06 0.33096
46 66.37931  0.480218 0.603001 0.077763 0.020464 0.448025 0.0016 1.9999E-06 0.31619

47 62.06897 0.50501 0.531062 0.068804 0.018704 0.419529 0.001409 1.7613E-06 0.27847
48 57.75862  0.543611 0.486815 0.062204 0.016903 0.37516 0.001292 1.6146E-06 0.25527
49 53.44828  0.577273 0.419481 0.053896 0.014026 0.336468 0.001113 1.3913E-06 0.21996
50 49.13793  0.617493 0.367493 0.046997 0.012141 0.290237 0.000975 1.2188E-06 0.19270
51 44.82759 0.65 0.316234 0.040909 0.01013 0.252874 0.000839 1.0488E-06 0.16582
52 4051724  0.678303 0.275154 0.034908 0.00835 0.220342 0.00073  9.1259E-07 0.14428
53 36.2069 0.707222 0.226415 0.028627 0.006441 0.187101 0.000601 7.5094E-07 0.11872
54 31.89655 0.74533 0.193026 0.025529 0.005479 0.143299 0.000512  6.402E-07 0.10121
55 27.58621 0.78054 0.159801 0.020597 0.004261 0.102828 0.000424 5.3E-07 0.08379
56 23.27586  0.785904 0.126995 0.015957 0.001729 0.096662 0.000337  4.212E-07 0.06659
57 18.96552  0.809428 0.102357 0.012795 0 0.069623 0.000272 3.3948E-07 0.05367
58 14.65517  0.835583 0.079755 0.010429 0 0.03956 0.000212  2.6452E-07 0.04182
59 10.34483  0.864557 0.058228 0.006962 0 0.006256 0.000154 1.9312E-07 0.03053
60 6.034483  0.866709 0.039541 0.004974 0 0.003783 0.000105 1.3114E-07 0.02073
61 1.724138 0.85733 0.02356 0.002814 0 0.014563 6.25E-05 7.8141E-08 0.01235
62 0 0.876747 0.013088 0.001652 0 0 3.5E-05 4.3703E-08 0.00686

Table 7.9: Calculation of the conversion and the yield according to the reaction time.

1 (Peak area cyclohex-2-enone/ Peak area internal standard),

a .
Conversiony =
t (Peak area cyclohex-2-enone/ Peak area internal standard),

with (Peak area cyclohex-2-enone/Peak area internal standard), = 0.87, determined from a GC of the initial reaction mixture of the reagent
with the IS (98.7 pL of reagent A mixed with 0.15 mL of IS, 20 mL of reagent B at 1 M in THF and 20 mL of MeCN).
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b [2 dia]t _ (Peak area 2 dia) [1S]
t

K(2 dia)/K(S)’ the concentration of diastereoisomers in the corresponding GC vial.

Peak area IS
with K(2 dia)/K(IS) = 1.6583, determined from the calibration curve (Figure 7.75).
[IS] = 0.00440 M, the concentration of IS in the GC vials after addition of 1 mL of MeCN.
“ n(2 dia), = [2 dia]; x Volume per GC vial, the amount of diastereoisomers in the corresponding GC vial.

with Volume per GC vial = 1.25 mL.

n(2 diastereoisomeres), _ [2 dia]¢ x Volume per GC vial
n(2 diastereoisomeres) peoretical [limiting reagent], x Volume collected per GC vial

Yield, =

with [limiting reagent], = [cyclohex-2-enone], = 0.0253 M.
Volume collected per GC vial = 0.25 mL (collection during 30 seconds at 0.5 mL/min).

From Tables 7.8 and 7.9, the following Figure 7.78 was generated.

1.4 - e Peakarea 2 diastereoisomers/Peak area IS
m Peak area open cyclobutane/Peak area IS
1.2 -| 4 Peakarea2homo- dimers/Peak area IS 0“,’00“0“”“”’
’ % Peak area cyclohex-2-enone/Peak area IS “00"
@ Conversion 0.0
1 9 < vield (2 dia) ”“ essso00000000000000
L 2 .0...
XXXy * oo®
0.8 - Xx * o..
. x)( ’ ..
X, ** Le®
X
0.6 - AL
2
* 5:
0.4 - RN
o ° x
(2% Xx o
0.2 1 0::. *x ilu -l.lllllllllllllllllllll
0”' Illll.--.-.... ®
0 A1::‘..!!!!’:.‘.AAAAAAAAAAAAAAAAAAAAAAAAAAA{XX‘KXXXXXXXXX!Q
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Reaction time (min)

Figure 7.78: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the reaction time
(UV-A 9 W).

Finally, using the efficiency of the UV lamp data (Figure 7.71), the corrected reaction time was

calculated (Table 7.10) and the final Figure 7.79 was generated.

GC Volume in the . : R Efficiency UV Corrected reaction . .

I Reaction Time (min) a ) b Conversion; Yield;
vial reactor (mL) lamp (%) time (min)

5 14.1 243.1034483 2.624309 176.2850435 1 0.85996

6 13.85 238.7931034 6.060606 176.1719267 0.964104 0.65572

7 13.6 234.4827586 11.80924 175.9106937 0.963334 0.66324

8 13.35 230.1724138 18.26858 175.4016749 0.965267 0.65445

9 13.1 225.862069 22.74395 174.6142363 0.964529 0.65536
10 12.85 221.5517241 28.36538 173.6338937 0.963446 0.65518
11 12.6 217.2413793 32.5835 172.4112479 0.963719 0.65713
12 12.35 212.9310345 34.25224 171.0067865 0.962382 0.65365
13 12.1 208.6206897 39.68579 169.5303968 0.961875 0.65130
14 11.85 204.3103448 45.79243 167.8198023 0.959628 0.65329
15 11.6 200 53.17516 165.8459909 0.957606 0.65026
16 11.35 195.6896552 60.61856 163.5539582 0.955417 0.64862
17 11.1 191.3793103 69.59022 160.9410894 0.95286 0.64910
18 10.85 187.0689655 76.46259 157.9415108 0.949021 0.64610
19 10.6 182.7586207 81.74098 154.6457098 0.945967 0.64239
20 10.35 178.4482759 86.31105 151.1223918 0.942682 0.62861
21 10.1 174.137931 89.20027 147.4020877 0.937672 0.63404
22 9.85 169.8275862 90.05413 143.5572484 0.931109 0.62207
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

9.6
9.35
9.1
8.85
8.6
8.35
8.1
7.85
7.6
7.35
7.1
6.85
6.6
6.35
6.1
5.85
5.6
5.35
5.1
4.85
4.6
4.35
4.1
3.85
3.6
3.35
3.1
2.85
2.6
2.35
21
1.85
1.6
1.35
1.1
0.85
0.6
0.35
0.1
0

165.5172414
161.2068966
156.8965517
152.5862069
148.2758621
143.9655172
139.6551724
135.3448276
131.0344828
126.7241379
122.4137931
118.1034483
113.7931034
109.4827586
105.1724138
100.862069
96.55172414
92.24137931
87.93103448
83.62068966
79.31034483
75
70.68965517
66.37931034
62.06896552
57.75862069
53.44827586
49.13793103
44.82758621
40.51724138
36.20689655
31.89655172
27.5862069
23.27586207
18.96551724
14.65517241
10.34482759
6.034482759
1.724137931
0

94.80519
94.87179
94.83261
95.95668
96.66667
96.86221
96.40387
97.18111
97.04433
97.86293
100
99.72087
98.76118
97.64997
98.72611
98.97285
99.29923
99.78308
100
99.41558
97.89091
96.12626
94.95482
94.53125
94.41133
91.78571
89.40741
86.17318
83.77358
79.54545
75.11848
67.57143
63.59551
55.94615
45.81498
32.3765
23.29131
12.48357
2.149791
0

139.675605
135.5891741
131.4998726
127.4122603
123.2761966
119.1095299
114.9344347
110.7790953
106.5902542
102.4073088
98.18907889
93.87873406

89.5804209
85.32347332
81.11442293
76.85898696
72.59291566
68.31277648
64.01178164
59.70143681
55.41628231
51.19684657

47.0534735
42.96059335
38.88597051
34.81651679

30.860236
27.00646844
23.29210704
19.68117666
16.25249327
13.01462761
10.10206603
7.360880445
4.949408545
2.974625011
1.579086132
0.575150475
0.037065379

0

0.926996
0.920588
0.912396
0.90245
0.896267
0.883402
0.87438
0.86382
0.84787
0.8338
0.819762
0.801412
0.78211
0.760783
0.737735
0.713954
0.690931
0.669093
0.631066
0.605073
0.576226
0.524549
0.495946
0.448025
0.419529
0.37516
0.336468
0.290237
0.252874
0.220342
0.187101
0.143299
0.102828
0.096662
0.069623
0.03956
0.006256
0.003783
0.014563
0.014563

0.62499
0.62147
0.60843
0.61648
0.59802
0.59233
0.58203
0.57725
0.57274
0.55758
0.54567
0.53125
0.51675
0.51355
0.48927
0.48235
0.46440
0.43865
0.42587
0.39876
0.37881
0.36817
0.33096
0.31619
0.27847
0.25527
0.21996
0.19270
0.16582
0.14428
0.11872
0.10121
0.08379
0.06659
0.05367
0.04182
0.03053
0.02073
0.01235
0.00686

Table 7.10: Calculation of the corrected reaction time according to the efficiency of the UV lamp (Figure 7.71).
® Efficiency UV lamp data from Figure 7.71 ® Corrected reaction time,;, » = Corrected reaction time,;, ns1 + (reaction
time,;, » — reaction time,;y ns1) X (Efficiency UV lamp,;, »/100).

1.4 ~ #® Peak area 2 diastereoisomers/Peak area IS
B Peak area open cyclobutane/Peak area IS
1.2 - 4 Peakarea 2 homo-dimers/Peak area IS “’O’Q”‘M
* Peak area cyclohex-2-enone/Peak area IS 0,.”
1 ® Conversion 0’0’
Yield (2 dia) oot o0 00000 0c0cmmD
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0.8 - XX, * e0®
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*,° X x
*° X% x

0.2 1 0::. * x Eum -.-l.llllllll_

’f" .lllll....-.-- L3

0 {‘;]l!lfffAAAAAAAAAAAAAAAAAAAAAAAAAAKXXXXM
0 50 100 150
Corrected reaction time (min)

Figure 7.79: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the corrected
reaction time (UV-A 9 W).
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Table 5.7, entry 2:

Reaction conditions

Reagent Reagent Internal

Entry . [A]° equiv. [B]°  [ISI° flowrate Reaction UV uv
A B A
Standard  equiv (M) B (M) (M) (mL/min) time (min) lamp reactor
O .
. Single
I d;'::;‘r" 1 0025 19.6 050 0.022 0.058 243 L;VV'VC coiled
14.1 mL

®[A] Concentration of reagent A in the stock solution 1 (98.7 pL of reagent A were mixed with 0.15 mL of IS, 20 mL
of reagent B at 1 M in THF and 20 mL of MeCN). b [B] Concentration of reagent B in the stock solution 1. “[IS]
Concentration of Internal Standard in the stock solution 1.

1 7 0000
°
°®
0.9 Axxx o
08 | K
X
0.7 - % ° ® Peak area 2 diastereoisomers/Peak area IS
% e ¥ peak area open cyclobutane/Peak area IS
0.6 - . A Peak area 2 homo-dimers/Peak area IS
05 - ° % Peak area cyclohex-2-enone/Peak area IS
’ § ® Conversion
0.4 - X o0, Yield (2 dia)
300 0%,
0.3 - 0 % ’0..
o L TS
0.2 4 ... xx ’000“’”
0.1 - .. “"“““W
~‘. -..-.III..".IIIIIIIIIII 11
0 M!AAAAAAAAAAAAAAXX)“ ‘
0 50 100 150 200 250
Reaction time (min)

Figure 7.80: Evolution of Peak area com

uhds/Peak area IS, conversion and yield according to the reaction time
(UV-C 9 W).
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Figure 7.81: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the corrected

reaction time (UV-C 9 W).
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Table 5.7, entry 3:

Reaction conditions

Reagent Reagent Internal

Entry , [A  equiv. [B]° [IS]° flowrate Reaction UV UV
A B Standard equiv. A (M) B (M) (M) (mL/min) time(min) lamp reactor
o . Single
3 | dibutyl 1 0025 196 050 0022 0.133 239 VA oiled
ether 36w
31.8mL

®[A] Concentration of reagent A in the stock solution 1 (125.0 L of reagent A were mixed with 0.19 mL of IS, 3.01
mL of pure reagent B and 47.9 mL of MeCN). b [B] Concentration of reagent B in the stock solution 1. ©[IS]
Concentration of Internal Standard in the stock solution 1.

Peak area 2 diastereoisomers/Peak area IS
Peak area trans diastereoisomer/Peak area IS
Peak area cis diastereoisomer/Peak area IS
Peak area open cyclobutane/Peak area IS
Peak area 2 homo-dimers/Peak area IS

Peak area cyclohex-2-enone/Peak area IS
Conversion

Yield (2 dia)

1.6 -

®@ X > B 4+ x &

12 - e R
> %00,
* w”
1 * Wm
o 0% " %000

KKEKKKKIKK YK
® %xXxxxx X X mxx*”‘XXXXXxxxxxxxXxxxxx”‘*Xx"x*Xxx
X

® 0
0.8 % %, O
*0X
X “ X
0.6 1 2%
x
u X
04 ‘X * +_'+.|_|..+++|_++
@, +++++
0.2 - :XX +'% -
E
O J.Af 0440004000 00040

0 50 100, ] 150 200
__ Reaction time (min)

Figure 7.82: Evolution of Peak area comppufpds/Peak area IS, conversion and yield according to the reaction time

(UV-A 36 W).
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Figure 7.83: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the corrected
reaction time (UV-A 36 W).
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Table 5.7, entry 4:

Reaction conditions

ey TR T g B e S
quiv. (M) qui. (M) (M) (mL/min) . lamp reactor
(min)
o . Single
4 \ dibutyl 1 0025 19.6 050 0.022 0.133 239 VB iled
ether 36 W
31.8mL

®[A] Concentration of reagent A in the stock solution 1 (125.0 pL of reagent A were mixed with 0.19 mL of IS, 3.01
mL of pure reagent B and 47.9 mL of MeCN). b [B] Concentration of reagent B in the stock solution 1. °[IS]
Concentration of Internal Standard in the stock solution 1.

1 -
X oY
0.9 + o°
*x ..
- [ )
0.8 X ° X%XXX&WWWMW%QX
x ° X
07 4 v »
X @ X . .
0.6 . X @ Peak area 2 diastereoisomers/Peak area IS
e 0’ X x Peak area trans diastereoisomer/Peak area IS
0.5 - ® * o + Peak area cis diastereoisomer/Peak area IS
L4 & m Peak area open cyclobutane/Peak area IS
0.4 -+ <o x - x® A Peak area 2 homo-dimers/Peak area IS
o xx" * x Peak area cyclohex-2-enone/Peak area IS
0.3 - ox omon X % x Peak area impurities/Peak area IS
X >~’xx X&O e Conversion
02 4 ox v e Yield (2 dia)
—~
0 50 100 150 200 250
1 Reaction time (min)
Figure 7.84: Evolution of Peak ar¢a fompounds/Peak area IS, conversion and yield according to the reaction time
(UV-B 36 W).
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0.5 A 0% & X m Peak area open cyclobutane/Peak area IS
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Figure 7.85: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the corrected
reaction time (UV-B 36 W).
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Table 5.7, entry 5:

Reaction conditions

EntryReaient Reagent ST::SLZ?’L equiv. A [AP  equiv. [B]° [IS]°  flow rate Ri?rc:éon uv uv
quliv. (M) B (M) (M) (mL/min) . lamp reactor
(min)
o . Single
\ dibutyl 1 0025 196 050 0022 0133 239 YT (oiled
ether 36 W 318 mL

®[A] Concentration of reagent A in the stock solution 1 (125.0 L of reagent A were mixed with 0.19 mL of IS, 3.01
mL of pure reagent B and 47.9 mL of MeCN). b [B] Concentration of reagent B in the stock solution 1. ©[IS]
Concentration of Internal Standard in the stock solution 1.

1 -
..I
0.9 T °
[ )
0.8 % . _
L4 o Peak area 2 diastereoisomers/Peak area IS
0.7 1 x x Peak area trans diastereoisomer/Peak area IS
° x Peak area cis diastereoisomer/Peak area IS
06 - «x = Peak area open cyclobutane/Peak area IS
° 4 Peak area 2 homo-dimers/Peak area IS
0.5 - X x Peak area cyclohex-2-enone/Peak area IS
N x Peak area impurity/Peak area IS
0.4 - x 0’“ * Peak area impurity/Peak area IS
. o %% -
o > ® Conversion
03 - ® o ®o0 Yield (2 dia)
0 50 100 150 200
[ Reaction time (min)

Figure 7.86: Evolution of Peak area cdmjpounds/Peak area IS, conversion and yield according to the reaction time

(UV-C36 W).
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Figure 7.87: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the corrected
reaction time (UV-C 36 W).
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Turn off light results - [2 + 2] photocycloaddition between 2,2,6-trimethyl-4H-11,3-dioxin-4-

one (2.38) and tetramethylethylene (5.17)

Table 5.8, entry 1:

Reaction conditions

Reagent Reagent Internal Reaction

Entry ) [A]? ) B [ISI° flowrate . uv uv
A B Standard equiv. A (M) equiv. B (M) (M) (mL/min) tlme lamp  reactor
(min)
>< . Single
1 070 I dbutyl 3 005 20 1 o00sa o116 120 2YC coiled
M ether 9w 141 mL
(6] dm

®[A] Concentration of reagent A in the stock solution 1 (133.6 uL of reagent A were mixed with 0.15 mL of IS, 2.39
mL of pure reagent B and 17.3 mL of MeCN). b [B] Concentration of reagent B in the stock solution 1. ©[IS]
Concentration of Internal Standard in the stock solution 1.

1 A 00000000000000000000000000000000000000000000
® # Peak area dioxinone/Peak area IS
® m Peak area product/Peak area IS
0.8 e Conversion
* o mm,, Yield (5.29)
= I.l-.
0.6 - ° s iy L
. Bmg,
oo N L] -ll..
0.4 - oy o "l-_ 0.22
. ..I-I.IIXI
*
L1 4
0.2 - on. ®
ol *
]
0 HWWWWM
0 20 40 60 80 100 120
Reaction time (min)

Figure 7.88: Evolution of Pegdk drea compounds/Peak area IS, conversion and yield according to the reaction time
(UV-C 9 W). The yield was faltulated from the ratio Peak area product/Peak area IS normalised at 0.22 for a
reaction time of 120 min. (Dufing the preliminary experiment, the product was isolated in 22% yield after 120 min).
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Figure 7.89: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the corrected
reaction time (UV-C 9 W).
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Turn off light results - Photocyclisation of cis-stilbene

Table 5.9, entry 1:

Reaction conditions

Entry Reagent A SI'E];:;Z?’L [A]? [IS]b flow rate Reaction uv uv
(M) (M) (mL/min) time (min) lamp reactor
. Single
/=\ dibutyl UV-A .
1 PH Ph other 0.0050 0.018 0.707 45 36W 3C10;3|e,:|_

®[A] Concentration of reagent A in the stock solution 1 (44.5 pL of reagent A were mixed with 0.15 mL of IS, 6.3 mg
of iodine and 50 mL of cyclohexane, solution saturated with O,). b [IS] Concentration of Internal Standard in the stock

solution 1.
1 - -'*"’_"-'—-_ 1 4 ,’).J'-"_-
o S
e | ? e
0.8 1 .‘. Peak area cis-stilbene/Peak area IS 8 1 £ o Peakarea cis-stilbene/Peak area IS
¢ "™ Peak area phenanthrene/Peak area IS ¢  ®Peakarea phenanthrene/Peak area IS
0.6 w @ Conversion 0.6 [ o Conversion
: Yield (phenan.) : Yield (phenan.)
0.4 f\\‘ 0.4 °
£
L J
0.2 - op 0.2
Ko
0 - 0 <
0 10 20 30 40 0 10 20 30 40
Reaction time (min) Corrected reaction time (min)

Figure 7.90: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the reaction
time (UV-A 36 W).

Table 5.9, entry 2:

Figure 7.91: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the corrected
reaction time (UV-A 36 W).

Reaction conditions

Internal

Entry Reagent A Standard [A]? [IS]b flow rate Reaction uv uv
(M) (M) (mL/min) time (min) lamp reactor
. Single
— dibutyl UV-A .
2 PH Ph other 0.050 0.18 0.177 180 36W coiled
31.8 mL

®[A] Concentration of reagent A in the stock solution 1 (445.0 pL of reagent A were mixed with 1.5 mL of IS, 63 mg
of iodine and 48 mL of cyclohexane, solution saturated with O,). b[IS] Concentration of Internal Standard in the

stock solution 1.

1.2 - & Peakarea cis-stilbene/Peak area IS

m Peak area phenanthrene/Peak area IS
x Peak area 2 dimers/Peak area IS

| ® Conversion

Yield (phenan.)

1.2 - & Peak area cis-stilbene/Peak area IS
m Peak area phenanthrene/Peak area IS
1 4% Peak area 2 dimers/Peak area IS
® Conversion
Yield (phenan.) |
0.8 -
[
0.6 -
0.4 -
0.2 -
,. ..............................................
0 B i T
0 50 100 150
Reaction time (min)

0 50 100

150

Corrected reaction time (min)

Figure 7.92: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the reaction
time (UV-A 36 W).

Figure 7.93: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the corrected
reaction time (UV-A 36 W).
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Table 5.9, entry 3:

Reaction conditions

Internal

Entry Reagent A Standard [A)? [IS]b flow rate Reaction uv uv
(M) (M) (mL/min)  time (min) lamp reactor
. Single
— dibutyl UVv-B .
3 Pl Ph  ethey 00050 0018 0707 45 36 W coiled
31.8 mL

®[A] Concentration of reagent A in the stock solution 1 (44.5 pL of reagent A were mixed with 0.15 mL of IS, 6.3 mg
of iodine and 50 mL of cyclohexane, solution saturated with O,). b [IS] Concentration of Internal Standard in the stock

solution 1.
. e ] . ASa007~S000"0505000000000005000000000005000000000000NND
1 .\ 1 .x\
[ 4 [ ]
[ ] [ ]
0.8 1 o 0.8 °
@ Peak area cis-stilbene/Peak area IS I @ Peak area cis-stilbene/Peak area IS
© m Peak area phenanthrene/Peak area IS < ® Peak area phenanthrene/Peak area IS
0.6 - e Conversion 0.6 ® Conversion
% Yield (phenan.) % Yield (phenan.)
0.4 )‘, ..M 0.4 0: ..M
% %
02 +° 4 0.2 -° A
R u
0 10 20 30 40 50 0 10 20 30 40
Reaction time (min) Corrected reaction time (min)

Figure 7.94: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the reaction
time (UV-B 36 W).

Table 5.9, entry 4:

Figure 7.95: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the corrected
reaction time (UV-B 36 W).

Reaction conditions

Internal

Entry  Reagent A Standard [A]? [IS° flowrate Reaction uv uv
(M) (M) (mL/min)  time (min) lamp reactor
. Single
— dibutyl UVv-B .
. Nl a 1
4 PH Ph other 0.050 0.18 0.177 80 36W coiled
31.8 mL

®[A] Concentration of reagent A in the stock solution 1 (445.0 uL of reagent A were mixed with 1.5 mL of IS, 63 mg
of iodine and 48 mL of cyclohexane, solution saturated with O,). b[IS] Concentration of Internal Standard in the

stock solution 1.

7 A ]
1 .(" 1 r-
0.9 - o 0.9 - S
[ ) [ )
0.8 - N (193 1 o
0.7 1 : 7 A :
0.6 - .. @ Peak area cis-stilbene/Peak area IS 0.6 - : ® Peak area cis-stilbene/Peak area IS
B Peak area phenanthrene/Peak area IS m Peak area phenanthrene/Peak area IS
0.5 \ ° x Peak area 2 dimers/Peak area IS 0.5 \ ° x Peak area 2 dimers/Peak area IS
0.4 - e ® Conversion 04 - . ° C_onversion
’ * Yield (phenan.) ' ’. Yield (phenan.)
0.3 - o’ W 0.3 - ¢’
02 4 _° 24
o -I'g: 0 X
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Reaction time (min) Corrected reaction time (min)

Figure 7.96: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the reaction
time (UV-B 36 W).

Figure 7.97: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the corrected
reaction time (UV-B 36 W).
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Table 5.9, entry 5:

Reaction conditions

Internal

Entry Reagent A Standard [A]? [IS]b flow rate Reaction uv uv
(M) (M) (mL/min) time (min) lamp reactor
. Single
— dibutyl uv-C .
5 P Ph  ethey 00050 0018 0707 45 36 W coiled
31.8 mL

®[A] Concentration of reagent A in the stock solution 1 (44.5 pL of reagent A were mixed with 0.15 mL of IS, 6.1 mg
of iodine and 50 mL of cyclohexane, solution saturated with O,). b [IS] Concentration of Internal Standard in the stock
solution 1.

1 A N 1 1 N
0.9 - . 9 .o
[ ] [ ]
08 7 .. I ..
07 4 3 by
0.6 - : ¢ Peak area cis-stilbene/Peak area IS : # Peak area cis-stilbene/Peak area IS
05 - N m Peak area phenanthrene/Peak area IS ° ® Peak area phenanthrene/Peak area IS
' Q\ o e Conversion ° e Conversion
04 1% Yield (phenan.) . Yield (phenan.)
03 | ¢
0.2
0.1
0
0 10 20 30 40 0 10 20 30 40
Reaction time (min) Corrected reaction time (min)

Figure 7.98: Evolution of Peak area compounds/Peak Figure 7.99: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the reaction area IS, conversion and yield according to the corrected
time (UV-C 36 W). reaction time (UV-C 36 W).

Table 5.9, entry 6:

Reaction conditions

Entry  Reagent A ST;::;T;L [A]? [ISI° flowrate Reaction uv uv
(M) (M) (mL/min)  time (min) lamp reactor
. Single
— dibutyl uv-C .
. A i 1
6 PH Ph other 0.050 0.18 0.177 80 36W coiled
31.8 mL

®[A] Concentration of reagent A in the stock solution 1 (445.0 uL of reagent A were mixed with 1.5 mL of IS, 67 mg
of iodine and 48 mL of cyclohexane, solution saturated with O,). b[IS] Concentration of Internal Standard in the
stock solution 1.

®
.’ # Peak area cis-stilbene/Peak area IS
® Peak area phenanthrene/Peak area IS
x Peak area 2 dimers/Peak area IS
@ Conversion

o

.' # Peak area cis-stilbene/Peak area IS

® ® Peak area phenanthrene/Peak area IS)

° x Peak area 2 dimers/Peak area IS

@ Conversion
Yieldk@

T

0 50 . 100 . 150 0 50 . 100 .. 150
Corrected reaction time (min) Corrected reaction time (min)
Figure 7.100: Evolution of Peak area compounds/Peak Figure 7.101: Evolution of Peak area compounds/Peak
area IS, conversion and yield according to the reaction area IS, conversion and yield according to the corrected
time (UV-C 36 W). reaction time (UV-C 36 W).
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Turn off light results - Sgy1 reaction

Table 5.10:
Reaction conditions
Reagent A Reagent B IS Reagent C
Br
Triethylene glycol N 0
t-BuOK . N
@CN dimethyl ether \\)J\O/\ Reaction UV uv
. . e
Stock solution 1 Stock solution 2 time (min) lamp  reactor
equiv. [A] equiv. [B]° [1S]° flowrate equiv. [C1*  flow rate
A (M) B (M) (M) (mL/min) C (M) (mL/min)
UV-B Single
1 0.080 4 0.32 0.092 0.133 4 0.32 0.133 120 Coiled
36 W
31.8 mL

®[A] Concentration of reagent A in the stock solution 1 (437 mg of reagent A were mixed with 1078 mg of t-BuOK,
0.5 mL of IS and 29.5 mL of DMSO). b [B] Concentration of reagent B in the stock solution 1. € [IS] Concentration of IS
in the stock solution 1. ¢ [C] Concentration of reagent C in the stock solution 2 (1.0 mL of reagent C was mixed with
29 mL of DMSO). ¢ At the end of the UV reactor and before the collection in the GC vials, a flow of a solution of TFA
in DMSO (5.1 mL of TFA in 200 mL of DMSO, same flow as the one inside the UV reactor) was injected in the
reaction mixture.

3 4 * Peak area ethyl 2-cyano-2-(2-cyanophenyl)acetate/Peak area IS
x Peak area bromobenzonitrile/Peak area IS
® Peak area ethyl cyanoacetate/Peak area IS
2.5 - x Peak area benzonitrile/Peak area IS
X " Vld (532)
® ie .
2 09%%9e “‘.’.0.0:000... e ..“.o S
U220 00004%0,0 " 4o, 0000900000, 0000000 __0 o
0’““ oy T e “’““m“‘m“:““ S
1.5 A ¢ m““"»»»m
* .m““
3
1 x . C
x o
X ¢ o0
Xy @
05 | _tex
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X,
o
0 O:XXxxxxx§><§>&rxxxxxxxxXXXm:(xxnoooouxxxxfxxxxxxxx»oo«x:oooo«mxxxxfxxxxxxxmmi
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Reaction time (min)
Figure 7.102: Evolution of Peak arealconpounds/Peak area IS, conversion and yield according to the reaction time
(UV-B 36 W).
N
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Figure 7.103: Evolution of Peak area compounds/Peak area IS, conversion and yield according to the corrected
reaction time (UV-B 36 W).
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