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Reagent-Free Flow Chemistry
by David Bolien

A range of flow chemistries unified by the overlapping concepts of
Reagentless Synthesis and Reactive Intermediate Trapping were developed.
Thermochemically-promoted transformations for the generation and trapping of
reactive intermediates, such as ketenes and N-acyliminium species, are reported.
A particular emphasis was given to acquire kinetic data by means of in-situ
spectroscopy techniques.
Photochemistry is another ‘reagentless’ technique that is much less used in
organic synthesis than might be expected from its capabilities. Flow chemistry
provides a timely opportunity to develop ‘user friendly’ photochemical flow
reactors and validate the equipment on selected photochemical reactions.
Organometallic compounds impose particular challenges when handled in
flow. Homogeneous or immobilised cobalt reagents were tested in combination
with commercial flow equipment. Flow syntheses of selected piano-stool iron
complexes are also presented.
Finally mixing properties of simple-shaped commercial flow mixers were
assessed due to their critical role in commercial flow platforms. A mixing test was
developed and compared against established procedures.

i

)*+$,+$#(

CONTENTS
Contents ............................................................................................................................... ii
DECLARATION OF AUTHORSHIP ................................................................................ v
Acknowledgements ...................................................................................................... vii
Abbreviations ................................................................................................................... ix
Chapter 1 Flow Chemistry – A New Frontier .................................................... 11
1.1 Background ..................................................................................................................... 12
1.1.1 What is Flow Chemistry?.................................................................... 13
1.1.2 Advantages of Flow Chemistry .......................................................... 13
1.1.3 Disadvantages of Flow Chemistry...................................................... 15
1.1.4 Modern Flow Equipment ................................................................... 16
1.2 Thesis Overview ........................................................................................................... 19
1.2.1 Kinetics of Ketene Formation ............................................................ 19
1.2.2 Photoflow Chemistry ......................................................................... 19
1.2.3 Solvent-dependence of an N-acyliminium Reaction ............................ 19
1.2.4 Organometallics in Flow .................................................................... 20
1.2.5 Studies on Mixing ............................................................................. 20

Chapter 2 Kinetics of Ketene Formation ............................................................ 21
2.1 Formation of Ketenes ................................................................................................. 22
2.1.1 Prominent Sources of Ketene ............................................................ 22
2.1.2 Industrial use of Ketenes .................................................................. 23
2.1.3 Ketenes from Alkynyl Ethers ............................................................. 23
2.1.4 Ketenes from Alkynyl Ethers – New Perspectives in Flow ................... 26
2.2 Kinetics of Ketene Formation.................................................................................. 29
2.2.1 Synthesis of Heavy Alkynyl Ethers ..................................................... 29
2.2.2 Preliminary IR Testing ....................................................................... 30
2.2.3 Flow Setup for in situ Analysis .......................................................... 31
2.2.4 Thermolysis of Alkynyl Ethers – Scoping Studies ............................... 31
2.2.5 Thermolysis of Alkynyl Ethers – Thermal Plot .................................... 33
2.2.6 Kinetic Study – Plug Flow Approach ................................................... 34
2.2.7 Push-out Kinetics - Fast Acquisition of Kinetic Data ........................... 37
2.2.8 Ketene Kinetics – Summary ............................................................... 46

Chapter 3 Photochemistry I ..................................................................................... 47
3.1 Photoflow chemistry – Ready for the Future? .................................................. 48
3.2 Considerations for a Chip Reactor Design........................................................ 49
3.3 Considerations for a Coiled Reactor Design .................................................... 51
3.4 Fabrication of a Prototype Reactor ....................................................................... 51
3.5 Testing the Prototype Reactor ................................................................................ 52
3.5.1 Heat Dissipation in the Prototype Reactor ......................................... 52
3.5.2 Test Reaction I: [2+2] Photocycloaddition of Maleimide ..................... 53
3.5.3 Test Reaction II: Intramolecular [2+2] Photocycloaddition.................. 62

ii

)*+$,+$#(
3.5.4 Test Reaction III: Paterno-Büchi Reaction ............................................ 64
3.5.5 Test Reaction IV: DMBP-sensitised Addition to Enones ....................... 66
3.6 Conclusions .................................................................................................................... 67

Chapter 4 Photochemistry II .................................................................................... 69
4.1 Introduction and Review of the Relevant Literature ..................................... 70
4.2 A Photoflow Synthesis of Benzoxazole and Benzothiazole ....................... 76
4.2.1 Synthesis of Precursors ...................................................................... 76
4.2.2 Testing of Amides, Thioamides and Thioureas................................... 78
4.2.3 Photochemistry with Amides, Thioamides and Thioureas – Observations
81
4.2.4 Photochemistry with Thioamides - Further Optimisation Steps ........... 82
4.2.5 Photochemistry with Thioureas – Study in a Mixed Solvent System ..... 84
4.2.6 Anionisation Study of Pyrrole Thioamide ............................................ 85
4.3 Conclusions .................................................................................................................... 88

Chapter 5 Reagent-free N-Acyliminium Chemistry ........................................ 91
5.1 N-acyliminium Chemistry: A Promising Perspective ..................................... 92
5.2 N-acyliminium Chemistry in Batch ........................................................................ 92
5.3 N-acyliminium Chemistry in Flow ......................................................................... 93
5.3.1 Influence of Temperature and Solvent ............................................... 93
5.3.2 Influence of Solvent Conditioning and Preheating .............................. 94
5.3.3 pH Measurements.............................................................................. 95
5.4 Conclusions .................................................................................................................... 96

Chapter 6 Organometallics in Flow ...................................................................... 97
6.1 Organometallics in Flow ........................................................................................... 98
6.2 Pauson-Khand Reaction in Flow ............................................................................. 98
6.2.1 Introduction ...................................................................................... 98
6.2.2 Homogeneous Pauson-Khand Reaction ............................................ 100
6.2.3 Polymer-bound Pauson-Khand Reaction ........................................... 108
6.2.4 Conclusion ...................................................................................... 111
6.3 Cobalt Catalysed [2+2+2] Cycloaddition ......................................................... 112
6.3.1 Introduction .................................................................................... 112
6.3.2 Results ............................................................................................ 114
6.3.3 Conclusion ...................................................................................... 119
6.4 Flow Synthesis of Piano Stool Iron Complexes ............................................ 120
6.4.1 Elaboration on Iron Complexes ........................................................ 120
6.4.2 Synthesis of Piano-Stool Iron Complexes in Flow .............................. 122
6.4.3 Conclusion on Piano Stool Iron Complexes ...................................... 125
6.5 Organometallics in Flow Conclusion ................................................................ 125

Chapter 7 Mixing Study ........................................................................................... 129
7.1 Introduction ................................................................................................................. 130
7.2 Mixing Study – Results ............................................................................................ 131
7.2.1 Fluorescence Microscopy Mixing Test .............................................. 131
7.2.2 Villermaux/Dushman Mixing Test .................................................... 133
7.2.3 Acid Chloride and Amines Mixing Test ............................................ 135
7.3 Mixing Study - Conclusion ..................................................................................... 139

Chapter 8 Conclusions ............................................................................................. 141
iii

)*+$,+$#(
Chapter 9 Experimental ........................................................................................... 143
9.1 General Experimental Information .................................................................... 143
9.2 Chapter 2 – Experimental....................................................................................... 146
9.3 Chapter 3 – Experimental....................................................................................... 149
9.4 Chapter 4 – Experimental....................................................................................... 164
9.4.1 Representative Procedures .............................................................. 164
9.4.2 Compound Data.............................................................................. 166
9.5 Chapter 5 – Experimental....................................................................................... 181
9.6 Chapter 6 - Experimental ....................................................................................... 184
9.6.1 Pauson-Khand Reaction ................................................................... 184
9.6.2 Cobalt Catalysed [2+2+2] Cycloaddition .......................................... 189
9.6.3 Flow Synthesis of Piano Stool Iron Complexes ................................. 196
9.7 Chapter 7 – Experimental....................................................................................... 199
9.7.1 Fluorescence Microscopy Mixing Test ............................................. 199
9.7.2 Iodine Mixing Test .......................................................................... 200
9.7.3 Acid Chloride and Amines Mixing Test ............................................ 200

References ...................................................................................................................... 203

iv

-,'.&%&$/*+(*0(!1$2*%#2/3(

DECLARATION OF AUTHORSHIP
I, David Bolien
declare that this thesis and the work presented in it are my own and has
been generated by me as the result of my own original research.
Reagent-Free Flow Chemistry
I confirm that:
1. This work was done wholly or mainly while in candidature for a research
degree at this University;
2. Where any part of this thesis has previously been submitted for a
degree or any other qualification at this University or any other
institution, this has been clearly stated;
3. Where I have consulted the published work of others, this is always
clearly attributed;
4. Where I have quoted from the work of others, the source is always given.
With the exception of such quotations, this thesis is entirely my own
work;
5. I have acknowledged all main sources of help;
6. Where the thesis is based on work done by myself jointly with others, I
have made clear exactly what was done by others and what I have
contributed myself;
7. Parts of this work have been published as:
Harrowven, D. C.; Mohamed, M.; Goncalves, T. P.; Whitby, R. J.; Bolien, D.;
Sneddon, H. F., Angew. Chem. Int. Ed. 2012, 51 (18), 4405-4408.
Signed:
Date:

v

!'4+*5.,67,8,+$#(

ACKNOWLEDGEMENTS
I would like to express my gratitude to my supervisor Prof Richard Whitby for his
encouragement and support throughout my time at Southampton. His endless
enthusiasm for chemistry was a constant inspiration.
I would also like to thank my co-supervisors Prof David Harrowven, Dr Xunli
Xhang, Dr Helen Sneddon, Dr Andy Craven and my examiners Prof Mark Bagley
and Dr Neil Wells for providing guidance and excellent feedback.
I am particularly grateful to Dr Andy Craven and Dr Helen Sneddon at GSK for
allowing me to carry out synthetic work in their laboratories and their interest in
this work. I will keep fond memories of my time at GSK and also wish to thank Ian
Campbell’s team for the fruitful discussions and the occasional banter in the lab. I
appreciate Sean’s time for helpful NMR discussions.
I wish to thank Dr John Langley and Ms Julie Herniman in MS, Dr Neil Wells in NMR
and the glassblowing staff at Southampton. To Karl and Keith in stores: Your
service was excellent and you have been a source of great entertainment over the
years.
To my comrades in the Whitby group, particularly Cyril, Alan, Jason, Bogdan,
Thomas, Lloyd, Alexis, Flavie, Ayham and Andrea, thank you for your ideas and
support over the past few years. You have been great people to work with.
There are a lot of people within Chemistry who have become good friends and will
be thoroughly missed. I am grateful to Rowena and Claire for the speedy and
eagle-eyed proof reading of this thesis and quarterly reports. I thank my family
and friends for providing welcome distractions from chemistry.
Finally a big thanks goes to EPSRC and GSK for funding this project.

vii

!""%,9/&$/*+#(

ABBREVIATIONS
Acronym / Abbreviation

Definition

BORIS

Bristol Online Reaction Investigation Software

BHT

Butylated hydroxytoluene

BPR

Back-pressure regulator

CHAR

Cyclohexadienyl anion radical

CT

Charge transfer species

CV

Column volume (chromatography)

DCM

Dichloromethane

DIPEA

N,N-Diisopropylethylamine

DMBP

4,4’-Dimethoxybenzophenone

DME

1,2-Dimethoxyethane

DMPU

1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone

DoE

Design of Experiment

dppe

1,1'-Bis(diphenylphosphino)ethane

dppf

1,1'-Bis(diphenylphosphino)ferrocene

dppm

1,1'-Bis(diphenylphosphino)methane

dppp

1,1'-Bis(diphenylphosphino)propane

EI

Electron ionisation

ES

Electrospray ionisation

FEP

Fluorinated ethylene propylene (polymer)

HMPA

Hexamethylphosphoramide

HPLC

High-performance liquid chromatography

IPA

Isopropyl alcohol

IR

Infrared spectroscopy

LCMS

Liquid chromatography mass spectrometry

LRMS

Low resolution mass spectrometry

MDAP

Mass Directed Auto Purification system (preparative
LCMS)

NMR

Nuclear Magnetic Resonance

NOE

Nuclear Overhauser Effect (NMR)

OPA

Orthogonal projection approach

ix

!""%,9/&$/*+#(
PFA

Perfluoroalkoxy (polymer)

PSI

Pounds per square inch (back-pressure regulators)

rt

Room temperature

SS

Stainless steel (tubing / reactor)

TBME

tert-Butyl methyl ether

TBTU

O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
Tetrafluoroborate

TCE

1,1,2,2-Tetrachloroethane

TLC

Thin layer chromatography

UV

Ultraviolet

x

Chapter 1

Flow Chemistry – A New Frontier

Figure 1: Flow Chemistry – An intersection of many disciplines.

Chapter 1

Summary

This chapter introduces the concept of flow chemistry with regards to the challenges
of modern organic chemistry. An overview on available equipment will be provided
and the advantages and disadvantages of flow chemistry will be laid out. The layout
of the thesis will be briefly discussed.
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1.1 Background
Today’s

chemists

are

capable

of

delivering

staggering

libraries

of

compounds ranging from complex pharmaceuticals, food and fuel additives to
sophisticated fertilisers, paints and high-performance polymers due to enormous
synthetic expertise and advanced methodologies in organic chemistry. While
opportunities and tasks in the synthetic business appear to be endless, emerging
trends in chemical technology have identified the need to embrace more efficient,
more cost-effective and more sustainable syntheses.1 Chemists are constantly
under pressure to deliver compounds within tight deadlines. As a result, there is a
preference for the use of highly reactive reagents at the expense of accumulating
waste and formation of by-products, which in turn have to be removed by
purification procedures. The drive for clean chemistry is compromised by rapid
developments of chromatography and purification techniques2 allowing discovery
chemists to utilise low yielding reactions – a step that we consider aims at
developments at the wrong end of organic synthesis.
Chemicals manufacture and industries that rely on it, such as agrochemicals
and pharmaceuticals, contribute around £250 billion (2010 figure)3 to the U.K.
economy. Increasing the speed and efficiency of research, development, and
production through the use of new technology and skills is critical to maintaining
the U.K. position. The need to accommodate far more flexibility within
manufacturing processes is becoming more evident too.4 Modern manufacturing
techniques are constantly adapted to a quickly moving market and changing
consumer patterns. Synthetic chemistry has to provide solutions for persistent
ever-dwindling resources, trade control, environmental restrictions and growing
competition from emerging markets.5
Streamlining research and development (R&D) and production through
technology is at the forefront in the chemical industry to accelerate the company’s
response to new market trends and shifting consumer demands. One such
technology on the rise is flow chemistry, which draws features from synthetic,
engineering, and analytical sciences. This mingling has generated a highly
customisable chemistry platform that is tailored towards accomplishing lab scale
synthesis and scalable production in a single piece of kit. Flow chemistry has the
potential of delivering greener and cleaner synthesis, using fewer resources,
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energy and manpower, a notion that is increasingly recognised by companies
leading to rapid developments in the field.6

1.1.1 What is Flow Chemistry?
Flow chemistry can be as simple as linking three components: a pump,
some tubing and a reactor. Although standard in large-scale chemicals
manufacture (e.g. petrochemicals), it is currently little used for fine chemicals
manufacture or in discovery chemistry. Flow synthesis offers great advantages in
scalability and process intensification (small, multi-purpose plant), which makes it
a key technology for the future.
The concept of flow chemistry approaches organic synthesis from a
different perspective; rather than producing individual batches, flow chemistry
works according to a constant input – output principle. Reactive fluids are passed
through a series of pipes and tubes to be processed in a flow reactor where the
chemical transformation takes place. Here, stoichiometry is dictated by either
concentration or volumetric ratios. This is done with pumps by adjustment of flow
rates as the liquid is pumped through the system. At the exit of such a device, a
stream of product is extruded. By contrast, in batch, several simultaneous
reactions in multiple flasks, such as a carousel apparatus, or repetitive cycles are
required to provide a constant output of material.

1.1.2 Advantages of Flow Chemistry
As with all technologies, there are a number of inherent advantages (Table
1) and disadvantages (Table 2) associated with the use of flow chemistry.

Advantages of Flow
✓

Precise control of reaction parameters:
Flow machines utilise several sensors to control temperature and pressure.
Real time analysis of these sensors ensures that the reaction conditions are
met. Through computer control operator-induced variations and errors are
reduced.

13
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✓

Fast assembly of apparatus:
Flow reactors are quickly exchanged using standard HPLC fittings (e.g. from
Upchurch) and tubing. Most commercial platforms are fitted with several
heated reactors so that parts can be swapped or connected as desired.

✓

High level of automation:
Routine tasks are cut short through automation. Reactions can be run from a
pre-configured computer program including all cleaning and washing cycles.
This allows high sequential throughput of samples.

✓

Scaling to desired quantity:
A large stock of raw materials can be processed by leaving the instrument on,
given that stock and collection capacity are sufficient. This is particularly
useful when large-scale reactions (gram-scale synthesis) are desired and a
useful tool for over-night reactions.

✓

Versatile synthesis:
Default

materials

used

across

all

commercial

flow

reactors

include

perfluoroalkoxy polymer (PFA) or stainless steel (SS) reactors. These materials
are capable of enduring high temperatures and pressures. By means of
backpressure regulators, flow systems can heat the reaction mixture beyond
the boiling point of the solvent. Reactors can be custom made and interfaced
with standard HPLC fittings.
✓

Increased safety:
All chemicals are fully contained in resistant tubing, thus reducing exposure.
Reagents are only processed in small quantities at a time and therefore
hazardous reactions are more accessible.7

Table 1: Advantages of flow chemistry.
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1.1.3 Disadvantages of Flow Chemistry
Disadvantages of Flow
!

Costs:
Flow chemistry is still an emerging technology. Vapourtec, for example,
recently sold their 100th kit. Commercial flow kits are not mass-produced.
Competition is rather low because there are only a few companies specialised
in this field (see commercial flow kit section). Therefore it is not surprising
that a flow platform might be a rather expensive purchase for a small
laboratory.

!

Spare parts:
Replacement reactors and consumables, such as HPLC fittings, are expensive.
Ferrules, flangeless seals, mixers, tubing, and adapters are only available from
a few suppliers. Particularly expensive are backpressure regulators, check
valves and sample loop replacement kits (see section 6.5).

!

Servicing:
Flow systems are highly advanced devices and contain many mechanical and
electrical

components,

which

will

inevitably

break

down

eventually.

Maintenance and troubleshooting of the machine require some basic
mechanical skills. Servicing becomes expensive when electrical components
fail and an engineer needs to be called out.
!

Instrument limitations:
Corrosive materials and pyrophoric materials usually cannot be handled unless
specialised flow equipment is used. Sensitive HPLC pumps and parts struggle
with non-homogeneous reaction mixtures. Organometallic reagents are
particularly difficult to pump.

!

Visibility:
Certain parts, such as SS tubing are not transparent and make it difficult to
judge the stage of the flow reaction. PFA reactors are transparent but are not
fit for all purposes. The chemist relies on software and sensors to monitor the
progress of a reaction.
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!

Open Source?
Control software, such as Vapourtec’s FlowCommander, is propriety. This
makes it difficult to include self-build add-ons and link the device to other
instruments. This is a particular disadvantage to the open source culture
embraced in academia.

Table 2: Disadvantages of flow chemistry.

1.1.4 Modern Flow Equipment
Over the past decade, commercial flow platforms have become accessible
to the scientific community by shrinking factory-size components to fume
cupboard-friendly dimensions. Insertion of interchangeable parts into a flow
system offers flexibility and gives access to a variety of reactions. Engineers finetuned all integrated control systems to do flow synthesis on millilitre scale (mesoscale), thus giving rise to a new age of synthetic opportunities. Today’s flow
systems are highly sophisticated devices capable of fulfilling complex reactions
with a few mouse clicks and little interaction from the user. The chemist can
choose from several commercial flow kits, depending on the application and
budget available. The most prominent commercial platforms in this field are: Asia
by Syrris, R2/R4 by Vapourtec, FlowSyn by Uniqsis and Phoenix/H-cube by
ThalesNano. A brief overview of these commercial platforms is presented in Table
3.
The flow platform used is the VAPOURTEC® R Series, monitored by Flow
Commander software (Figure 2). The advantage of such a system is the flexibility
it offers, allowing creativity to tackle challenging problems by changing the
system configuration. A range of heated reactors allow routine tasks: There are
heated plastic reactors built from flexible and chemically resistant fluoro polymer
(PFA), suitable for reactions up to 150 °C.

Heated stainless steel (SS) reactors

provide the framework for harsher environments when high-temperature and
high-pressure reactions are desirable. A variety of chilled, chip,8 column and gasexchange reactors are also commercially available. Often specialised equipment
can be self-made to fit the specific synthetic purpose; for example we have
recently built a simple photochemical9 flow reactor.
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Workup techniques have been adapted to provide in line chromatography
or phase separation capabilities. Rapid reaction optimisation by means of in situ
spectroscopy is on the rise too. Mettler Toledo’s ReactIR is an IR machine
specifically designed for flow applications. Standard IR and UV-vis devices equally
serve this purpose when coupled to a flow cell or cuvette. A variety of
autosamplers (e.g. Gilson) and injectors are also available if one desires to pursue
a fully automated synthesis.

Figure 2: Vapourtec Flow Platform set up in a fume cupboard. The instrument is coupled to IR
(Bruker Alpha) and UV-vis (Ocean Optics) through a flow cell from Harricks or a UV cuvette from
Starna Scientific. The flow system is linked to an autosampler (Gilson). Not visible: control computer.
Software: Flow Commander, OPUS (IR), SpectraSuite (UV-vis), BORIS (in situ analysis).
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Vendor

Platform
syrris

Asia 110
Vapourtec

R2+ / R4

Uniqsis

FlowSyn

ThalesNano

Phoenix

ThalesNano

H-cube

Picture

(omitted due to

-15 – 150 °C

1 uL – 10 mL/min

50 bar

Rt – 250 °C

0.02 – 10 mL/min

Micromixer block,

97 bar

up to 260 °C

Up to 10 mL/min

temperature

High

100 bar

450 °C

Up to 25 mL/min

platform

hydrogenation

Popular

100 bar

100 °C

copyright)**

20 bar

Knauer HPLC

sample loops or

capability

0.3 – 3 mL/min

Temperature *

syringe pump

Pump, flow

reagent bottles

Flow Rate

Pressure limit

compact design,

commander,

Features

variable back-

Cryo reactor,

reactor, column

Cryo reactor, gas

columns

Cartridges and

Raney Nickel

Cartridges (Pd/C)

HPLC pump

sample loops or
Microreactor,

column reactor,

reactor

reagent bottles
phase reactor, tube

gas reactor

solid

pressure regulator
Add-ons

reactor (250 °C)

Table 3: Overview on popular lab-scale commercial flow kits. *Pressure and temperature limits are often reactorspecific. Data pooled from manufacturer’s website. Pictures taken at exhibitions. **Phoenix system can be found at:
http://thalesnano.com/node/1299.

!"#$%&'()*(+,-.(!"&/01%'2(3(4(5&.(+'-5%0&'(

1.2 Thesis Overview
Drawing from the benefits of flow chemistry, the aim is to develop a range
of novel flow technologies and chemistries combined under the underlying topic
of ‘reagentless’ synthesis and reactive intermediate trapping. This entails
developing

synthetic

routes

focusing

primarily

on

thermochemistry

and

photochemistry. Monitoring of reactions is equally important as reactor design
and testing of the new equipment.

1.2.1 Kinetics of Ketene Formation
A major area of interest is to collect in line kinetic data. In situ IR / UV
spectroscopy coupled to a flow system is a powerful tool for rapid analysis of a
reaction mixture. Exploiting the tightly controlled temperatures and residence
time in a flow reactor in combination with in situ spectroscopy, we acquired
kinetic data on a ketene forming reaction and verified the results against
traditional 1H-NMR spectroscopy. A new methodology, the push-out method,10 was
developed to allow for even faster acquisition of kinetic data.

1.2.2 Photoflow Chemistry
Another

area

that

is

interesting

to

develop

is

photochemistry.

Photochemistry is a ‘reagentless’ technique in organic synthesis because light is
the only source of energy. The development of user-friendly flow alternatives
provides a timely opportunity to encourage more use of photochemistry. A
prototype reactor was built and tested on several benchmark reactions.

1.2.3 Solvent-dependence of an N-acyliminium Reaction
N-acyliminium species are valuable reactive intermediates and provide a
powerful route for the formation of C-C bonds. Usually stoichiometric or excess
amounts of acid are used to induce N-acyliminium ion formation. Using flow-

19
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techniques, a route to access this chemistry without addition of exogenous acid
was developed.

1.2.4 Organometallics in Flow
Much of modern synthesis exploits organometallic reagents and catalysts.
These compounds pose particular challenges to sensitive flow equipment as they
can easily lead to blockages. We looked at two cobalt catalysed reactions. The
Pauson-Khand reaction was tested using a gas-liquid flow reactor for the safe
handling of carbon monoxide. The second reaction involved a stable cobalt
fumarate catalyst for the synthesis of pyridines via trimerisation of alkynes and
nitrile. Another avenue we pursued was the synthesis of cyclopentadienyl piano
stool iron complexes to provide an alternative route for their synthesis for our
collaborators.

1.2.5 Studies on Mixing
Flow technology is only as strong as its weakest component. While flow
platforms have become sophisticated devices, chemists often work with simple
shaped mixing units. These devices are simple to use, durable and cheap. A few
experiments relating to their mixing characteristics were completed. Our
experiments include optical testing using fluorescent microscopy, competitive
reactions with iodine and a self-developed mixing test based on a consecutive
competitive reaction.

20

Chapter 2

Chapter 2

Kinetics of Ketene Formation

Summary

Thermolysis of alkynyl ethers leads to formation of reactive ketenes. Kinetic
measurements relating to their formation were accomplished by means of in line
spectroscopy and allowed determination of the activation energy. We also present a
faster protocol for measuring kinetics, which relies on rapid data acquisition in
transition from one steady state to another. The methodology is much faster than the
traditional protocol.
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2.1 Formation of Ketenes
2.1.1 Prominent Sources of Ketene
Ketenes are reactive molecules of type R'R''C=C=O. The discovery of the
ketene functionality is dated back to 1905 and credited to Staudinger11 and
Wilsmore.12 Staudinger prepared diphenylketene (2) from 2-chorodiphenylacetyl
chloride (1) using zinc, and later expanded his research to synthesise
dimethylketene (3) and dibenzopentafulvenone (4) (Scheme 1). Wilsmore prepared
parent ketene (H2C=C=O) as a reactive intermediate during pyrolysis of acetone
and acetic anhydride (Scheme 2).12 Another route to generate ketenes (7) is
pyrolysis

of

diazoketones

(5)

with

loss

of

nitrogen

followed

rearrangement (6)13, 14 (Scheme 3).

Cl
Ph

Ph

Ph

Zn

Cl

Ph

O

C

O

2

1

Me
Me

C

O

C

3

O

4

Scheme 1: Earliest ketenes discovered by Staudinger.

O

or

O

Pt
!

OH

H2C C O

Scheme 2: Parent ketene discovered by Wilsmore.

R2

R2
N2
O
5

R1

R1

R1
-N2

O
6

R2

C
7

Scheme 3: Wolff rearrangement with intermediary ketene (7).
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2.1.2 Industrial use of Ketenes
Ketenes are versatile building blocks in organic chemistry because of their
high reactivity. The parent ketene itself is mass-produced by pyrolysis of acetic
acid at high temperature (740-760 °C) and is short-lived at -78 °C before
dimerisation occurs.15 In industry, parent ketene is an intermediate for the
synthesis of acetic anhydride and stable ketene dimer. The latter can be cracked
to form ‘clean’ ketene at 350-600 °C (Scheme 4) and serves as a raw material for
the synthesis of acetoacetic esters and amides. These chemicals are all important
for the manufacturing of drugs, paints and agrochemicals.16
O

!T = 740-760 °C
OH

-H2O

H2C

C

O

H2C

C

O
O

O

H2C

C

O

+
O
H2C
O
5%
80-90%
'ketene dimer' 1,3-cyclobutanediones

O

O

dimerisation

O
triketene

!T = 350 - 600 °C

Scheme 4: Industrial synthesis of ketene by pyrolysis of acetic acid to produce ‘ketene dimer,’ a
source of clean ketene.

2.1.3 Ketenes from Alkynyl Ethers
An interesting source of ketene is from alkynyl ethers (alkoxyalkynes).17, 18
In 1954 Finici discovered that ethoxyalkynyl ethers decompose into ethylene and
‘acylating agents’ but she failed to identify that ketenes were involved in the
reaction.19 Arens’s work20-22 showed that alkynyl ethers decompose to ketenes
(Scheme 5) using UV-vis analysis, reduction- and IR-techniques. He proposed a
cyclic, concerted transition state and noticed that the reactivity was related to the
alkyl substituent: tBuO > iPrO > EtO. Arens also measured rate constants for
selected alkoxy-1-heptynes (Table 4).
Pericàs23 pointed out that tBuO-substituted alkynyl ethers are particularly
heat sensitive and decompose at as low as 40 °C. Valentí24 devised a low
temperature synthesis starting from ethylvinyl ether and proposed a bromination
/ elimination sequence to synthesise heat sensitive alkynyl ethers (see section
2.2.1).
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Olsman25 concentrated on mechanistic work. He reported kinetic studies
and revealed a first order rate constant for the decomposition. In addition, he
determined activation energies for a variety of alkyl substituents (Table 4). His
results concerning the reactivity of alkynyl ethers were consistent with Arens’s
observations.

Alkynyl Ether

O
O

Activation Energy
(kJ/mol)

Rate Constant
(x10-3 min-1)

121.3

1.85 (115 °C)

108.8

13.5 (115 °C)

Rate Constant
(x10-3 min-1)

O

9.3 (105 °C)

C5H11
O

96.2

O

65.3 (115 °C)
1.12 (105 °C)
4.36 (120 °C)

121.3
C5H11

O

3.6 (118 °C)

C8H17

Table 4: Selected kinetic data and activation energies determined by Olsman (left and centre
column).25 Activation energy was measured in solution (0.12 M, decalin) at 85-115 °C; temperaturespecific rate constant for first order kinetics were also provided.26 Arens measured first-order rate
constants for selected heptynyl ethers (right column).21

Valentí et al.26 carried out computational studies, which also concluded a
concerted mechanism with a cyclic transition state, thus supporting the
mechanism proposed by Arens and Olsman (Scheme 5).

R
R

O
H

!

H

O

- H2C CH2

R
C O
H

Scheme 5: Thermolyis of ethoxyacetylene forms a reactive ketene. Computational analysis26
indicates a six-membered ring transition state, which was proposed from previous experimental
evidence collected by Arens and Olsman.
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Ketenes can be trapped with nucleophiles, such as amines, for the efficient
synthesis of amides.27 Weaker nucleophiles such as alcohols open up a convenient
route for the synthesis of lactones when tethered to alkynyl ethers.28, 29 Without the
presence of a nuclophile, ketene undergoes [2+2] cycloaddition with its alkynyl
ether precursor to afford cyclobutenones.23, 30, 31 A general scheme summarising
key synthetic pathways starting from alkynyl ethers is provided in (Scheme 11).
Recently alkynyl ethers were handled in supercritical carbon dioxide using
a stainless steel view cell reactor under high partial pressure. This reaction
affords amides in reasonable yield (37-87%) without the need for purification
(Scheme 6).32

O
C

EtO
N

CO2Et

NH
N

scCO2
120 °C

CO2Et

+

O

N

CO2Et

N

85%

Scheme 6: A solvent free ketene reaction in supercritical CO2 (scCO2).32

New synthetic routes to synthesise alkoxyalkynes were explored by
Minehan et al.33, 34 en-route to substituted 2-indanones (Scheme 7). Starting from
alcohol

coupling

to

!-diazoketones,

!-alkoxyketone

was

synthesised

and

subsequently converted into enol triflates or phosphates. Elimination of triflate
with strong base furnished alkoxyalkyne in good yield (Scheme 8). The synthesis
is versatile because a variety of substituents can be installed in a high yielding
process. Other discoveries include intramolecular [2+2] cycloaddition for the
synthesis of various cyclobutanones (Scheme 9).35

R1
R3

R1

R1

O
toluene
60 °C, 1h
R2

R3

C
H

R2

O

62-98%

R3

R2

R1 = H, Me, i-Pr, t-Bu
O R2 = aryl, heteroaryl,
alkenyl
R3 = H, Me, OMe, CF3

Scheme 7: Intramolecular ketene formation from benzyl alkynyl ether leads to substituted 2indones.33, 34
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O
R1

N2

+

O

R2OH

OX
OR2

R1

R1 = alkyl, aryl, alkenyl, alkynyl
R2 = 1°, 2°, 3° alcohol

base

OR2

R1

-78 °C

R1

OR2

64-90%

X = Tf, PO(OEt)2

Scheme 8: A novel route to alkoxyalkynes goes via enol triflate or phosphate elimination starting
from !-diazoketones.33

O

-

O

X
Y
Z

toluene
80 °C
1-3 h

C
Y

Z

O

X

64-92%
up to 95:5 d:r

H

X
Y

Z

X = alkyl, OTIPS, OTBDPS
Y = O, NTs, CH2
Z = Me or Ph

Scheme 9: [2+2] cycloaddition furnishes cyclobutanone in a short process.35

Silyl ketenes can be made from silylalkynyl ethers36-42 and have been the
subject of a comprehensive review.43 These species have the advantage that they
are similar to alkynyl ethers but form a stable ketene, which can be isolated
(Scheme 10).

!
Si

O

- H2C CH2

Si
C O
H

65%

Scheme 10: Silyl ketenes are stable and can be isolated in reasonable yield.36, 37

2.1.4 Ketenes from Alkynyl Ethers – New Perspectives in Flow
Ketene generation from ethoxy-, isoproxoy-, and tert-butoxyalkynes is
irreversible due to extrusion of ethylene, propene, or isobutene. Flow chemistry
provides a timely opportunity to study these compounds. Using flash pyrolysis in
flow, we propose that the reactive intermediate can be generated and trapped. A
scheme of potential targets is supplied in Scheme 11.
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R1

R2CHO

!

O

lactone

O

R2

H

R1

O

R1

C

O

R2NH2

R2OH

H
R2
R2C NR3

R1

EtO
R1

R1

O

dimer

R2

R3

R1CH2CONHR2

amides

R1CH2CO2R2

esters

R1

O

R2

R3

cyclobutenone

O
lactam
NR3

Scheme 11: Synthetic applications of ketenes to the synthesis of pharmaceutically relevant
compounds. Thermolyis of alkynyl ethers leads to alkylketene. Trapping affords valuable synthetic
targets, such as amides, esters, lactone or lactam. The absence of a nucleophile results in formation
of cyclobutenone (dimer).

Trapping with nucleophiles such as amines and alcohols provides a facile
route to amides and esters as it prevents side reactions of the reactive ketene. In
addition,

amide

formation

is

particularly

relevant

for

the

synthesis

of

pharmaceutical compounds and potentially useful for our industrial partner GSK.
According to the 1999 figure, more than a quarter of all drugs contain
carboxamide functionality.44 Surveys show that acylation accounts for 12-22% of
all reactions in pharmaceutical industry; the majority (66-71%) is N-acylation to
amides.45, 46 Acylation is usually carried out with acid chlorides or peptide coupling
agents, which are highly reactive and toxic species. Therefore acylation with
ketenes provides a ‘greener’ and more atom-economical route to amides because
no additional reagents are required. The only by-product in this reaction should
be the corresponding volatile alkene. The solvent can be removed by rotary
evaporation.
In order to optimise and explore the reactivity of alkynyl ethers, we
proposed to monitor the reaction by IR at the exit of the flow reactor. Ketenes, if
traceable at all, show an IR band at 2100 cm-1; the best possibility of observing
this species is by means of in line spectroscopy. The transformation from

27

!"#$%&'()*(+,-&%,./(01(+&%&-&(20'3#%,0-(
alkoxyalkyne into amide provides distinct changes in functional groups, which
should be perfectly visible in IR (carbonyl formation ~1750 cm-1 alkynylether
consumption at ~2200 cm-1). If ketene cannot be detected directly, we can
indirectly show its existence by determining the order of the reaction in a kinetic
study.
Olsman25 showed the feasibility of kinetic measurements with IR. However,
he recognised limitations of alkyne detection when working with solutions below
0.12 M. He also had to draw individual samples from a reaction mixture. Modern
FT-IR analysis allows rapid acquisition of the entire IR region (4000-400cm-1) and
in combination with an IR flow cell we can acquire kinetic data without the need of
sampling from a flask. We believe that this key advantage allows us to produce
kinetic results much faster and with far less input of alkoxyalkyne than literature
kinetic studies.
While in situ analysis has been a long-established technique in HPLC
analysis, real-time monitoring using in situ IR has just become a useful tool in
flow chemistry, largely because of availability of commercial equipment (ReactIR
from Mettler Toledo).47-49 In addition, modern chemometric analysis50, 51 has opened
up new opportunities to analyse large amounts of data from continuously
recording sources in near-real time. This means that individual components can
be detected in complex mixtures even when individual peaks are poorly resolved
or overlapping. Analytical methodologies have particularly grown with increasing
computing capacity and better detection, e.g. UV detection with diode array
detectors.52-55 The importance of customised algorithms for IR analysis has been
noticed.56, 57 We gratefully acknowledge access to BORIS, software by GSK and
Bristol academics, which includes essential multivariate analysis capabilities. One
feature, orthogonal projection approach (OPA),58 is a calibration-less technique to
break down complex reaction mixtures into their individual components and is
able to produce a relative concentration profile. We also describe our progress
towards implementation of this software during routine in situ measurements.
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2.2 Kinetics of Ketene Formation!
2.2.1 Synthesis of Heavy Alkynyl Ethers
Alkynyl ethers are readily available from literature procedures.24, 31, 33, 41, 59-61
Ethoxyacetylene is commercially available, however, heavier, non-volatile alkyl
derivatives were synthesised to be able to compare in situ data against 1H-NMR
data, which required evaporation of the solvent (toluene).
The isopropyl octynyl ether (11b) was synthesised from trichloroethylene
(8) by isopropoxide substitution to give (9). BuLi induced elimination afforded the
lithiated alkoxyalkyne (10), which was alkylated with 1-iodooctane to give the
required alkynyl ether (11b). Henry, a fellow PhD student, synthesised (11a) and
(11c) from the available vinyl-ethers in a two-pot sequence. Addition of bromine
to ethyl- or tert-butyl-vinyl ethers followed by in situ elimination of HBr using
triethylamine and aqueous work-up gave (Z)-!-bromo-vinyl ethers (12c) in
reasonable yield. Treatment of (12c) with two equivalents of LDA gave the
lithiated alkynyl ether (10), which was alkylated as before to afford the required
products (11b) and (11c). The corresponding ethoxyalkyne (11a) was also made
from alkylation of commercial ethoxyacetylene (Scheme 12).
Cl
Cl

iPrONa

Cl

OiPr
Cl

Cl (51%)

9

8

2 BuLi

C8H17

C8H17I

OR1

12a -->11a R1 = Et (51%)
9 -->11b R1 = iPr (51%)
12b -->11c R1 = tBu (53%)

HMPA/
DMPU

OR1
Li

10

2 LDA

OR1
12ab

Br2

Br
Br

OR1

NEt3

OR1
Br 12c

Scheme 12: Synthesis of alkynyl ethers.

*Work described in this chapter was carried out with Cyril Henry, a fellow PhD student in Prof. Whitby’s lab. We thank Dr. Bogdan
Ibanescu for his help with data processing.
!
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2.2.2 Preliminary IR Testing
We used BrukerAlpha FT-IR, which was integrated into our flow system by
means of a flow cell from Harricks with sodium chloride windows (100 µm spacer)
(Figure 3, right). Concentration limits for prospective reactions were then
established (Figure 3, left). In IR spectroscopy, carbonyl groups are strongly
absorbing species, whereas alkyne signals only give a low reading. Consequently
saturation of the IR detector can cause problems when concentration of the
substrate is too high, whereas alkyne compounds might not be detected at all.
The sensitivity of our flow setup was tested with ethyl acetate to establish
absorbance limits for carbonyl groups. Gradients of ethyl acetate in hexane were
pumped into the flow cell from an HPLC, while IR data were acquired. A linear
relationship in accordance with Beer-Lambert-Law (see section 3.1) was valid for
concentrations ranges 1-20% (10% solution of ethyl acetate in hexane (v/v)), which
corresponds to a concentration of approximately 0.01-0.20 M. A compromise for
detection of both carbonyl and alkyne chromophore was located in range of 0.04–
0.20 M, which shows that even dilute solutions are traceable in our experiment.

Figure 3: Exploring suitable concentration ranges for detection of carbonyl compounds using Bruker
AlphaIR and a flow cell from Harricks (right).
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2.2.3 Flow Setup for in situ Analysis
The thermal and kinetic studies required a flexible setup of the flow system
to allow for both in situ IR and offline 1H-NMR confirmation on the same sample.
We decided to use sample loop injection to avoid preparation of larger stocks
during initial scoping studies. The pump was linked to the default hightemperature reactor (10 mL capacity, 1 mm internal diameter) made from
stainless steel (SS). The reaction coil temperature is controlled using circulated
heated air. Toluene was selected as solvent because of its high boiling point and
IR-transparency in the regions of interest. A backpressure regulator (250 PSI) was
necessary for superheating of the reaction mixture. The flow cell and fraction
collector (Gilson 203B) were then connected to the exit of the assembly to
continuously record IR data and sample individual portions for evaporation and
offline 1H-NMR analysis (Figure 4).

Figure 4: Schematic for sequential reactions in flow: Vapourtec R2+/R4, set-up for single channel
sample loop reaction with SS reactor, was coupled to flow cell and autosampler for offline NMR
validation.

2.2.4 Thermolysis of Alkynyl Ethers – Scoping Studies
Initial experiments were performed on 2 mL slugs containing 0.5 mmol of
ethoxyalkyne (11a) and 0.5 mmol benzylamine in toluene at 100, 130 and 180 °C
over ten minutes residence time (Scheme 13, p. 32) to afford the corresponding
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amide (13). While we did not detect ketene itself using the setup, we were able to
monitor the consumption of starting material at 2271 cm-1 and the formation of
product at 1683 cm-1. This screening revealed no conversion at 100 °C, partial
conversion at 130 °C (~20%) and full conversion into product at 180 °C (Figure 5).
Thus, the upper and lower temperature limits were found for a ten-minute
reaction without the need for offline 1H-NMR analysis.

O

C8H17
H
11a

!
-C2H4

C

C8H17
H

O

PhCH2NH2

O
C8H17
13

N
H

Ph

Scheme 13: Reaction examined in this subsection: Thermolysis of ethoxyalkyne and trapping with
benzyl amine leads to formation of amide.

Figure 5: Thermolysis of ethoxyalkyne (11a) and trapping with benzylamine monitored by in situ IR.
Residence time: 10 min. Temperatures: 100 °C (blue), 130 °C (green), 180 °C (red). Ketene was not
found.
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2.2.5 Thermolysis of Alkynyl Ethers – Thermal Plot
The initial IR screening indicated suitable temperature regions ranging
from 100-180 °C. These should provide all necessary intermediate conversions for
ethoxyalkyne (11a) at 10 min reaction time. The study was expanded to explore
other synthesised alkynyl ethers (Scheme 14). The ratio of starting alkoxyalkyne
to product benzamide was determined by 1H-NMR analysis. No other side products
were found. The order of reactivity EtO < iPr < tBuO was consistent with the trends
observed in the literature (Table 4, p. 24). The half-life was 10 min at
approximately 155, 132 and 109 °C, respectively. The reactions can be driven to
completion at 180, 160 and 140 °C, respectively for a 10 min reaction time (Figure
6). A preparative reaction of (11b) with benzylamine at 160 °C for a 10 min
reaction time furnished the amide (13) in quantitative yield after evaporation of
the solvent.
R1

O

R2

C8H17 11a-c
+ Ph

NH2

! PhMe
-

R1
R2

O
N
H

C8H17

Ph
13

11a R1 = H; R2 = H
11b R1 = H; R2 = Me
11c R1 = Me; R2 = Me

Scheme 14: Reaction explored in this subsection: Thermolyis of ethoxy-, isopropoxy-, and tertbutoxyalkyne and trapping of intermediary ketene with benzyl amine to afford amide.

Figure 6: Loss of (11a-c) with temperature at 10 min reaction times.
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2.2.6 Kinetic Study – Plug Flow Approach
The great advantage of flow is that laborious kinetic studies can be highly
automated. For example reactions at several temperatures and time can be
programmed into the machine potentially allowing the kinetics of reactions to be
readily established. For the reaction of ethoxyalkyne (11a) with benzylamine by
varying flow rates between 0.5 and 10 mL/min reaction times between 2 and 20
min could be used (10 mL reactor capacity); and we chose temperatures between
150 and 180 °C for kinetic studies. The reaction times were corrected for thermal
expansion of solvent (see section 2.2.7.5). In all cases the only products observed
were the starting materials (11a-c) and amide (13). For these experiments in
addition to 1H-NMR we also used in situ IR to monitor the conversion of alkynyl
ether to amide.

1

H-NMR analysis required evaporation of the solvent of the

corresponding reaction slug and integration of peaks corresponding to the
alkoxy-substituent against benzylic peaks relating to the amide. The heights of
the absorption peaks at 2263 and 1683 cm-1 were used respectively in IR
spectroscopy. This ratio was then compared with a calibration curve, which relates
peak heights to a molar ratio. This was necessary to compensate for the
difference in extinction coefficient of the monitored species.

2.2.6.1 Plug Flow Kinetics – IR calibration
The Beer-Lambert law provides a linear relationship between concentration
and absorbance as long as no species saturates the detector. The extinction
coefficient is a characteristic constant for each compound and a simple ratio of
alkyne versus carbonyl taken from IR spectroscopy will not correspond to their
molar ratio. Initially we estimated from collected IR data that the alkyne intensity
is half of that from a carbonyl signal, which gave great correlation of IR to 1H-NMR
data. Calibration converted absorbance ratios into molar ratios. Stock solutions of
alkynyl ether (11a) and amide (13) were prepared using concentration ranges (0.4
mg/mL, 0.08 mg/mL and 0.016 mg/mL). At each concentration, the composition
was varied (11a:13= 10:90, 25:75, 50:50, 90:10). The material was then pumped
into the flow cell and IR data were acquired; each experiment was repeated three
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times. Peak height analysis of the IR carbonyl and IR alkyne absorptions gave a
calibration curve that related peak height ratios into molar ratios (Figure 7).

Figure 7: Calibration curve to relate peak height ratios of ethoxalkyne (11a) and amide (13) to their
molar ratios.

2.2.6.2 Plug Flow Kinetics – Results IR vs. 1H-NMR
Plots of ln(proportion of alkoxyalkyne unreacted) against reaction time for
each temperature confirmed the expected first-order nature of the kinetics. An
Arrhenius plot of log of the first-order rate constants against the reciprocal of the
temperature showed excellent linearity. Solving the Arrhenius equation (Equation
1) for Eact allowed the activation energy of the reaction to be calculated as 105.4
kJ/mol as measured by IR (Figure 8). The corresponding 1H-NMR data gave a value
of 108.9 kJ/mol (Figure 9). The difference is probably due to a slight non-linearity
in the calibration of the IR data. For comparison, Olsman25 found 121.3 kJ/mol
from ethoxy-1-hepyne in decalin (Table 4, p. 24).

k = Ae

!

Eact
RT

Equation 1: Arrhenius equation.
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Figure 8: First order kinetic plot (k’ = 103k) (left) and Arrhenius plot from IR data (right). Eact = 105.4
kJ/mol.

Figure 9: First order kinetic plot (k’ = 103k) (left) and Arrhenius plot from 1H-NMR data (right). Eact =
108.9 kJ/mol.

2.2.6.3 Plug Flow Kinetics – Remarks
Although the calculation is useful there are some limitations of the applied
methodology. A detailed discussion about the plug flow approach is provided in
the next section. One major limitation of the plug flow approach is the necessity
for a calibration curve to account for the different extinction coefficients in IR.
This adds extra steps to the procedure. Concerning reaction times we confirmed
the flow rates given by the instrument by direct measurement of volumes
delivered. For temperature we relied on a thermocouple in direct contact with the
stainless steel column. These are all potential experimental limitations, which
need to be evaluated.
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2.2.7 Push-out Kinetics - Fast Acquisition of Kinetic Data
2.2.7.1 Limitations of Conventional Kinetic Methods

Flow reactors have proven to be an exceptionally useful platform for a wide range
of chemical applications and offer several advantages over conventional batch
experiments. We have realised some advantage of using flow reactors for kinetic
analysis as we demonstrated that they allow for almost perfect isothermal
reaction conditions and automation of repetitive steps. In addition, the benefits of
in situ analysis for kinetic studies were highlighted on a ketene template and
confirmed against 1H-NMR analysis. In spite of some significant improvements
when working in flow, the underlying principle did not diverge from conventional
acquisition of kinetic data, which utilises a rather slow and tedious procedure
(Table 5).

Drawbacks of Conventional Kinetic Data Acquisition
!

Temperature Selection
Initial screening establishes a suitable range of temperatures for the kinetic
study. The boundaries are found by locating:
i)

a slow flow rate (= long residence time) at a high temperature when
the reaction is almost complete (low ratio of starting material to
product).

ii)

a fast flow rate (=short residence time) when the reaction is just
about initiated (high ratio of starting material to product).

!

Flow Rate Selection
After initial temperature screening the flow rates need to be selected. This is
usually within the limits of the pump specification and the reactor dimension.
When working with Vapourtec Flow systems we found that flow rates no lower
than 0.3 mL/min are appropriate (the instrument can go as low as 0.02
mL/min). The upper margin is 10 mL/min. Using the default reactors (10 mL
capacity) this translates into residence time 1-33 min. Our preference is
residence times ranging between 2 and 20 min, for convenience.
! The push-out method is based on a published procedure10 and was modified to fit to our meso-scale flow system with help from
Thomas Durand, Cyril Henry and Bogdan Ibansecu.
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Repetitions
Once these boundary conditions are found the chemist then acquires kinetic
data. The procedure is repetitive: At a given temperature, several flow rates
are explored; data are acquired either in situ or offline, which might require
workups. Then the next temperature is selected; the procedure starts all over
again.

!

Data Analysis
Data are gathered, kinetic plots are made for each temperature and rate
constants are determined. These are then plugged into the Arrhenius equation
to calculate the activation energy.

Table 5: Kinetic data acquisition – as it stands.

Whilst flow chemistry shaves off considerable time by automation, the
overall procedure is still laborious. It takes about 30-40 individual experiments to
produce a comprehensive kinetic study. The methodology requires improvement –
one solution could be the push-out method.10

2.2.7.2 Push-out Kinetics – Fast Acquisition of Kinetics in Three Steps
Recently we learned of a novel methodology to acquire kinetic data in
between two transition states, called the push-out method.10 The method acquires
all kinetic data points at a given temperature between two steady states (flow
rates) in a single experiment and can therefore speed up data acquisition
dramatically. For example, whereas a conventional study might take forty
reactions and a week of time, the push-out method requires only six reactions and
a few hours work. This methodology requires rapid analysis capabilities in flow at
the exit of the reactor because of high volume throughput. The data points in
between two flow rates are then extracted and converted into useful kinetic plots.
Whilst originally developed for a microreactor for a small-scale flow process, work
in our group showed the feasibility of the push-out method on a larger scale in
Vapourtec flow systems. The procedure for this method involves the following
three crucial steps (Table 6, Figure 10).
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Stage

Action / Elaboration

i)

Stabilise the system at a low flow rate (F1), allowing for substantial
conversion of starting material into product but not allowing for complete
conversion. Find the equilibrium. This is steady state I. For a typical
experiment we use 1 mL/min = 10 min residence time, which is in
accordance with the capabilities of the instrument. Rapid analysis (BORIS)
of an isolated starting material peak (IR alkoxyalkyne: 2270 cm-1) allows
for an instant judgement when this stage is reached. We wait to see a
plateau formation after approximately 10 min reaction time.

ii)

Introduce a step change by pushing the material out of the flow reactor at
a high flow rate (F2), while the reaction mixture is rapidly analysed. The
flow machine is switched to 10 mL/min and the profile is pushed out of
the reactor. In this way the transition state includes all intermediary data
points in between 1 ! 10 min residence time.

iii)

Stop the experiment when equilibrium is reached (steady state II). Once
steady state II is reached, the experiment is finished. If starting material is
precious, the reaction mixture can be pushed out with neat solvent shortly
after F2 is applied. Rapid analysis is crucial to prevent wastage of precious
material. The information from intermediary data can be extracted by
determination of !0 and !1, which are local inflection points. In combination
with selected flow rates F1 and F2 and the time stamp from each spectrum
(!), the actual reaction time can be computed for any given data point
(Equation 2). Repeat i-iii at several temperatures to determine the
activation energy.

Table 6: Three stages of the push-out method.
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i

ii

iii

[alkynyl ether]

steady
state II
F2

apply
F2

kinetic
information

steady
state I
F1
!0

!1

Time

Figure 10: Push-out method at a glance. The methodology depends on a rapid step change in flow
rate (F1 ! F2). Analysis of intermediary data point contains all kinetic information in between these
flow rates (residence times).

tr = !

F2 !F1 F2
! + !1 ! ! 0
F1
F1

Equation 2: Extraction of kinetic data from the Push-out method.

2.2.7.3 Flow Setup for Push-out Kinetics
The setup slightly diverges from the published procedures10 because the
methodology is transferred from microfluidics and chip-reactor scale to a mesoscale Vapourtec reactor. The scope of the push-out method relies on the gap in
between the two steady states. The broader the gap, the more intermediate
residence times are acquired. A reasonable gap for our setup is a step change
from 1-10 mL/min to acquire all points from 1-10 min residence time. While we
are confident about the lower flow rate because it is commonly used in the lab,
the high flow rate might bear some risks:
•

Vapourtec reactors are air-heated by internal heat guns. Air has a relatively
low heat capacity in comparison to other media, such as silicon oil. We
were uncertain whether rapid heating and a short residence time are
sufficient to stabilise the temperature.
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•

The default cooling loop (95 cm) at the exit of the reactor is not sufficient
to cool the hot liquid to room temperature at high flow rate. Additional ice
bath cooling was required to prevent damage to PFA tubing and flow cell.

The experimental setup is depicted in Figure 11. Vapourtec’s platform cannot
be programmed to execute changing flow rates within a run so manual operation
is needed. This also means that the autosampler cannot be used easily. In its
current form the experiment requires meticulous supervision by the operator to
get the timing right.

Figure 11: Setup for the push-out method featuring a home-made stainless steel reactor (10 mL)
submerged in a precision oil bath from Grant with high temperature silicone oil fluid. At the exit of
the reactor an ice bath chills the reaction mixture. Reagent: alkynyl ether (11a).
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2.2.7.4 Push-out Kinetics – A Case Study with Alkynyl Ether
The model reaction (11a!13, Scheme 15) already explored by plug-flow
analysis was then used to test the validity of the push-out method. A stock
solution of (11a) (0.04 M) in toluene and benzylamine (1 eq.) was prepared and
the push-out method was applied for a temperature range of 150-180 °C in range
of 1-10 mL/min. Repetitions are included for 160 °C. The profile was followed by
IR analysis at (2270 cm-1) and is depicted in Figure 12. As temperature increases,
steady state I decreases because more reagent is converted to product. Two
repetitions at 160 °C indicate reliability of data. Note: steady state II was only
briefly reached in most experiments to avoid wastage of precious starting
material. A case study of a typical push-out profile is provided for 160 °C in Figure
13 and breaks down how kinetic data are extracted from intermediary points.

O

C8H17
H
11a

!
-C2H4

C

C8H17

O

PhCH2NH2

H

O
C8H17
13

N
H

Ph

Scheme 15: Thermolysis of ethoxyalkyne and trapping with benzyl amine.

Figure 12: Raw data from Push-out method. Thermolysis of (11a) is followed by IR (2270 cm-1) at the
indicated temperatures.

42

!"#$%&'()*(+,-&%,./(01(+&%&-&(20'3#%,0-(

Figure 13: Top: A Push-out profile performed on 1-ethoxy-1-octyne (0.04 M) in toluene measured by
IR spectroscopy at 160 °C. From this expanded view to and t1 are located. t was determined from the
time stamp of each spectrum. On average, Bruker Alpha IR produces 15.5 spectra / min in fast
acquisition mode. The information extracted from the plot are then fed into equation 2 to assign a
residence time to each data point. Bottom: Kinetic plots are produced from Push-out data (k’ = -103k)
after accounting for thermal expansion (section 2.2.7.5).
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2.2.7.5 Correction Factor for Thermal Expansion
Due to efficient heat transfer in flow reactors, the liquid rapidly heats up in
the coil. However, the liquid stream from the pump is at room temperature and
therefore at a substantially lower temperature than the reactor itself. As a result,
the liquid warms up as it enters the heated reactor and expands. This expansion
can cut off significant residence time from the reaction and leads to a lower
effective residence time (Timeeff). The effective flow rate (Feff) is not equal to the
flow rate adjusted on the instrument (Fpump). This phenomenon is called the cubic
expansion of a liquid and an equation was derived in the literature to account for
this expansion in pipe flow (Equation 3).10 Some values are tabulated for an
example reaction in a 10 mL reactor in toluene at 150 and 180 °C with respect to
room temperature. In toluene, the results were corrected with ! = 1.08*10-3 /
1°C.62 Table 7 shows that thermal expansion leads to an error of 13% between
Fpump and Feff at 150 °C and an error of 16% at 180 °C.
!!!"" ! ! !!"#! !! ! !!!!
Equation 3: Thermal expansion of a liquid.

Feff
150 °C
(mL/min)

Feff
180 °C
(mL/min)

Timepump

Timeeff
150 °C
(min)

Timeeff
180 °C
(min)

1.00

1.13

1.17

10.00

8.82

8.58

2.00

2.27

2.33

5.00

4.41

4.29

3.00

3.40

3.50

3.33

2.94

2.86

4.00

4.54

4.66

2.50

2.21

2.14

5.00

5.67

5.83

2.00

1.76

1.72

6.00

6.80

7.00

1.67

1.47

1.43

7.00

7.94

8.16

1.43

1.26

1.23

8.00

9.07

9.33

1.25

1.10

1.07

9.00

10.20

10.49

1.11

0.98

0.95

10.00

11.34

11.66

1.00

0.88

0.86

Fpump
(mL/min)

(min)

Table 7: Thermal expansion at a glance for selected flow rates when warming toluene from room
temperature to 150 or 180 °C.
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2.2.7.6 Push-out Kinetics – Results
An Arrhenius plot was made from the rate constants (Figure 2) obtained from the
push-out method. The corresponding activation energy was then calculated by
solving the Arrhenius equation (Equation 1) to obtain:
Eact = 124.7 kJ/mol
Temperature
(°C)
150

Rate
(x10-3 s-1)
0.69

160

1.65

170

3.69

180

7.45

165

2.40

160

1.77

160

1.78

Figure 14: Rate constants from push-out experiments are plotted in an Arrhenius plot. The resulting
activation energy was determined (Eact = 124.7 kJ/mol).

2.2.7.7 Push-out Kinetics: Discussion
The activation energy found in the push-out method is in good correlation with
the literature for ethoxy-1-heptyne (121.3 kJ/mol, Table 4, p. 24). However, it is
significantly higher than determined via plug flow. For comparison reasons,
Henry, a member of the group, re-acquired kinetic data for this reaction in a
default Vapourtec flow reactor under standard air-heating conditions. The
activation energy was found to be 121.0 kJ/mol. This result is important for three
reasons:
i)

The push-out method is a valid and repeatable method.

ii)

The heat transfer in Vapourtec flow reactors is sufficient in spite of
some initial doubts about air-heating. An expensive precision oil bath
and a custom made reactor are not needed.

iii)

The push-out method is valid without the need for calibration, which is
a substantial time gain when it comes to data analysis.
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2.2.8 Ketene Kinetics – Summary
We have demonstrated that flow chemistry, particularly using in line IR
monitoring, provides a fast platform for optimising reactions and acquiring basic
kinetic information. We have developed a clean method for the acylation of
amines, which is suitable for direct input of the products into a subsequent flow
reaction as the only by-product is a volatile alkene.
Two useful approaches for the acquisition of kinetic data were shown. The
plug flow model, using the conventional procedure, provides a reliable route to
record kinetic data. Vapourtec’s standard reactors and programs were efficiently
used to accelerate several repetitive tasks. IR data recorded in this process was
validated against 1H-NMR analysis.
A faster way to acquire kinetic data was also presented. A particular
technique, the push-out method, dramatically reduces the time needed for a
kinetic study. For example, whereas the conventional method might take more
than forty reactions and a week of work, the push-out method requires only a few
reactions and a few hours work and seems to give better agreement to the
literature.
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Chapter 3

Photochemistry I

Figure 15: A conventional batch immersion well reactor with 125 W Hg lamp (left) and the prototype
photo-flow reactor with 9 W Hg lamp (right).

Chapter 3

Photoflow Chemistry: Reactor Design and Testing

Summary: A photoflow reactor was designed and built that is compatible with the
Vapourtec Flow platform. The reactor was then tested using several photochemical
reactions. The selected example reactions include [2+2] photocycloaddition, PaternoBüchi and IPA addition to enones.
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3.1 Photoflow chemistry – Ready for the Future?
Photochemistry is the ideal ‘reagent-less’ technique. The energy required to
drive a photochemical reaction comes from light rather than a reactive chemical
and chemical waste is therefore avoided. In spite of being the ideal ‘green’
technology, photochemistry is very little used in industry. One reason for this is
the lack of convenient photochemical equipment. Conventional batch reactors
have remained largely unchanged for decades and require high voltage mercury
discharge lamps, emitting intense UV radiation and heat (Figure 15). As a result,
such an apparatus needs to be shielded to protect the operator and equipped with
extensive cooling capability. In addition, mercury lamps emit across the entire UV
spectrum, so control of wavelength, often a critical aspect in the success of any
photochemical reaction, has to rely on filters adding further components and
reducing power efficiency.
Although photochemical reactions are powerful tools for C-C bond formation
and can lead to interesting skeleta e.g. by [2+2] cycloaddition, most chemists
might

find

current

batch

reactors

inconvenient

to

use.

Photochemical

transformations are also often complicated and particularly difficult to spot during
retrosynthetic analysis.
One way to overcome the familiarity barrier to the use of photochemistry
would be to build a convenient photo-flow reactor. Taking advantage of the
characteristic of flow chemistry, that scaling of a reaction is simply done by
continuous production; the use of a convenient low power source is viable. The
reaction only has to be optimised once because no parameters are changed
during scale-up. In combination with in line analysis, as shown for reactions with
ketenes, we believe that a photo-flow reactor is a powerful device due to the fast
optimisation and efficient scaling.
By contrast, scaling up a reaction in a batch reactor is tricky for several
reasons. Firstly, the instrument’s components might not be available in bigger
dimensions. Secondly, a photochemical transformation relies on absorbance of
photons. Beer-Lambert’s law states that the penetration of light into the irradiated
medium depends on the concentration and extinction coefficient of the substrate
as well as its distance from the lamp. Increasing the distance from the lamp
dramatically reduces the amount of photons. Consequently, a bigger reactor does
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not necessary give a higher throughput as illustrated in a plot of loss of light
intensity with increasing distance from the lamp in Figure 16.

Figure 16: Plot of transmittance (I/ I0) (loss of light = 1 - transmittance) vs. distance from the lamp to
illustrate the screening effect by a solution (0.01 M) with a modest extinction coefficient (!254 = 500
M-1 cm-1). This illustrates the dilemma of photochemistry: 90% of the light is already absorbed within
2 mm distance from the lamp in this already very dilute solution. This is the result of the BeerLambert law (right) and the reason why upscaling a batch reaction is tricky.

Finally, the long irradiation times in batch reactor often lead to secondary
transformations of the products. Particularly notable of a photoflow reactor is the
increase in ‘production per watt’ compared with a conventional batch reactor
because only small quantities are irradiated at a time in either micro channels or
tubing. Two designs have recently been developed, one based on a microfluidic
chip reactor63,
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the other based on a tubing reactor.65 The advantages and

disadvantages will be briefly discussed in the following sections. Other designs
include falling film reactors and will not be discussed.66

3.2 Considerations for a Chip Reactor Design
One option was to design a chip reactor utilising recently commercialised
nitride UV LED sources.67 These units overcome many of the disadvantages
associated with mercury lamps. The advantage is to build a compact unit with
unidirectional and continuously variable output, which generates little heat and
has a long lifetime without the typical output decline in comparison to a mercury
lamp. Other advantages include the fine-tuning of emission wavelength. Selected
LEDs ranging between 240 and 375 nm and around 0.01 W power output are
commercially available but are extremely expensive for their low power output.
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LEDs in UV-A region are much cheaper and more powerful though they are also
less relevant for photochemical applications. A convenient equation relating
excitation wavelength and power to chemical conversion was derived in the
literature (Equation 4)68 and can be used as a guide to determine the maximum
theoretical conversion.
Equation 4

mol photons / h = ! (nm) x power (W) x 3*10-5
Equation 4: Theoretical amount of photons emitted by a UV lamp.

By Equation 4, a single LED at 250 nm and 0.01 W power can achieve a maximum
theoretical conversion of 0.075 mmol/h, which we considered too low to justify
the substantial costs of building a prototype apparatus from several of these
LEDs. Microflow photoreactors are typically made from quartz either by etching
channels or sandwiching Teflon® spacers between a front and a back cover. Input
and output can be made with HPLC fittings to quickly interface the chip with a
syringe pump or flow machine. A common design is depicted in (Figure 17). This
device has the advantage of allowing deep penetration of photons into the fine
channels of the chip. The design is also very compact in comparison to a batch
reactor. Overall the scope of such a project will be likely within the microfluidics
domain69-73 where one has to accept the usually low throughput (syringe pumpscale). This can be a limitation.74

Commercial nitride LEDs
can found at:
http://www.set.com/uvclean.html
(omitted due to copyright)

Figure 17: Commercial nitride LEDs can be used in a microchannel chip design.

50

!"#$%&'()*(+",%,-"&./0%'1(2(

3.3 Considerations for a Coiled Reactor Design
A tubing reactor provides a real alternative to a chip reactor. The design also
bears several advantages over a conventional batch reactor. First and foremost, a
tube reactor can be assembled from cheap components whilst avoiding difficult
engineering. For example, a tubing reactor can be fabricated by wrapping
transparent fluoropolymer (PFA or FEP) around a glass cylinder. Quartz or pyrex
(300 nm filter) are commonly used materials.
Secondly, the enclosed lamp design makes efficient use of even low-power
UV lamps (9-11 W). For example, low-pressure mercury lamps are available with
key emission bands at 254 (UV-C, clear), 313 (UV-B, white coating), 370 nm (UV-A,
black/white coating) and the visible region (white coating). Traditionally these
lamps fulfil commercial duties. They are found for water sanitation in fish tanks
(UV-C), treatment for osteoporosis (UV-B) and in fly catchers (UV-A). This makes
them cheaply available from non-scientific suppliers. These lamps cost around
£10 per unit, which is only a fraction of the price of an LED but at a significantly
higher power output. Particularly interesting are two-pin lamps from Philips (9 or
11 W) as they can be clicked into a standard garage lamp holder and are
interchangeable within seconds. These lamps do not heat up excessively so that
no sophisticated water jacket cooling is necessary, a factor that is also important
from a safety perspective. When built from standard flow tubing (PFA) these
reactors are robust and are quickly integrated into standard flow chemistry
processes.
Many tubing photoflow reactors recently built75-80 are based on the design by
Booker-Milburn.65 While the advantages of photo-flow chemistry are largely
acknowledged, the majority of published reactors in the last eight years
surprisingly utilise high-powered lamps (>125 W).76-86

3.4 Fabrication of a Prototype Reactor
Ruling out a chip-like design due to the excessive costs ‘per Watt output,’ we
decided to fabricate a tubular reactor using the described 9 W low-power lamps.
The prototype reactor is depicted in Figure 18 and shows all essential
components.
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Figure 18: Schematic of the prototype reactor (20 mL capacity) featuring a double layer of PFA
tubing (1 mm diameter) and interchangeable 9 W (2 pin PL-S, Philips) lamp. Condenser tubing
provides sufficient cooling to the PFA tubing.

3.5 Testing the Prototype Reactor
3.5.1 Heat Dissipation in the Prototype Reactor
The advantages of low power lamps are that they operate at lower
temperatures than their high power counterparts. However when lowered into the
confined space of a glass cylinder, radiated heat is not easily lost to the
surrounding atmosphere. In fact, when no cooling is applied, the lamp warms the
tubing up to 60 °C. In order to rule out any thermal reactions whilst doing a
photochemical reaction, the heat had to be removed from the tubing through an
external heat sink. We were pleased to discover that standard condenser tubing
wrapped and taped around the exterior of the assembly was sufficient to bring
down the temperature to 40 °C (Figure 19). Submergible reactors can be built by
substituting a glass cylinder for a tube to achieve sub-ambient temperatures.

52

!"#$%&'()*(+",%,-"&./0%'1(2(

Figure 19: Temperature profile of the prototype reactor. Omitted: exterior aluminium barrier and
water hose cooling. The UV-B (11 W) light bulb was warmed for 10 min and inserted into the reactor.
The temperature was measured over 50 min (no cooling) in selected spots as indicated by the colour
code (left). Water-cooling was then applied and the cooling recorded over 40 min.

3.5.2 Test Reaction I: [2+2] Photocycloaddition of Maleimide
The reactor was tested using the literature65, 79 reaction between maleimide
(14a) and alkyne (15). The reaction can lead to [2+2] adduct (16) and dimer (17)
(Scheme 16). The latter87-90 is highly insoluble and leads to blockages inside the
reactor but can be suppressed when alkyne is used in excess. The bottle feed
setup described in Figure 20 was beneficial to carry out optimisation steps.
O
h!

NH +

H

H
15

O
NH +

Bu MeCN

O
14a

Bu

16

O

O

HH

HN
O

O
NH

HH

O

17

Scheme 16: Trapping maleimide with 1-hexyne. The dimer can be an undesired side product and
must be supressed in flow due to its insolubility.
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Figure 20: Reagent bottle setup allows for rapid optimisation of routine reactions. The reactor
profile was determined through in situ UV studies (see section 3.5.2.1). GC analysis was performed
on collected samples.

This overall kinetic model for this reaction is proposed to explain product
formation and potentially observed side reactions (Scheme 17).
i)

A

A*

ii)

A*

A

iii)

A* + B

C

iv)

A* + A

D

v)

A* + O2

sec. rxns

Scheme 17: Simplified Kinetic model.91
(i)

Excitation by light of compound A (maleimide) with the formation of the intermediary
excited state.

(ii)

Thermal deactivation of the excited state.

(iii)

A* can undergo a reaction with B (1-hexyne) forming C (product).

(iv)

A* and A can dimerise.

(v)

Secondary photochemical reactions can be caused by the presence of oxygen.

Due to the insolubility of the maleimide dimer (17), the discrepancy between
consumption of starting material (14a) and product (16) is attributed to the
dimerisation. (14a) and (16) were measured by GC analysis using 5-nonanol as an
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internal standard; we did not see (17) by GC. In accordance with the kinetic model
(Scheme 17) step (iii) is a second order reaction, which means it is highly
dependent on the concentration of trapping alkyne. We observed an increase of
conversion from 53% to >90% when alkyne was increased from 1-5 equivalents at
a reaction time of 40 min (Figure 21).

Figure 21: [2+2] photocycloaddition of maleimide and 1-hexyne. Optimisation of residence time and
quantity of trapping agent.

Once the primary concern about the side reactions was eliminated, we
further optimised the reactions testing degassed vs. non-degassed solutions to
check for the influence of oxygen. In the kinetic model (Scheme 17), step (iii) and
(v) are parallel reactions, competing with the same starting material. Hence, we
recorded a decreased amount of product formed in non-degassed solutions. The
consumption of starting material remains the same because excitation step (i) is
rate-limiting (Figure 22).

Figure 22: [2+2] Photocycloaddition of maleimide and 1-hexyne. Degassed solution vs. nondegassed solution. % of maleimide (a) and conversion (b) with increasing reaction time.
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Where excitation is concerned the right wavelength needs to be matched
with the reaction components. The absorbance maximum of maleimide is located
at 278 nm. Three light bulbs with centred frequencies at 254, 313 and 370 nm
were available (Figure 23).

Figure 23: Absorbance of maleimide (solid line) and emission spectra of available light bulbs (greendashed for UV-B, purple-dotted for UV-A and long red dashed for UV-C). Data measured by UV-vis
spectrometer.

We compared the consumption of starting material and formation of
product at several reaction times ranging from 5 min to 40 min. Consumption of
starting material is highest using UV-C light (Figure 24a), however, the graph on
its own is deceptive because UV-C does not foster formation of product (Figure
24b) and also shows that prolonged UV-C irradiation (>10 min) effectively breaks
down the product once all starting material disappears. Product formation under
UV-B light showed a constant increase and was thus the best choice. This is
because UV-B light has the biggest overlap with the absorbance of maleimide. UVA light is not suitable for this reaction because its emission does not overlap with
the absorbance of maleimide (Figure 23) at all.

Figure 24: [2+2] photocycloaddition of maleimide and 1-hexyne. Three different lamps were tested:
UV-A (370 nm), UV-B (313 nm) and UV-C (254 nm).
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We then optimised for the choice of solvent. The consumption of starting
material was similar in all tested solvents; the formation of product was slightly
better in acetonitrile than in ethyl acetate or acetone when exposed to UV-B light
(Figure 25b). In acetone a slightly smaller rate of consumption of starting material
was observed (Figure 25a), which means that formation of product runs at a
decreased rate in comparison to other solvents. In addition we recorded that once
all of the starting material was depleted, further reactions were observed, leading
to a decrease in product (Figure 25b).

Figure 25: [2+2] photocycloaddition of maleimide and 1-hexyne. Three different solvents were
exposed to UV-B light: acetone (triangle), EtOAc (square) and acetonitrile (diamond). % of maleimide
(a) and product (b) with increasing reaction time.

We then investigated if the reaction in acetone required a different excitation
frequency, e.g. UV-C. We noticed an increase in the rate of formation for product
by overall shifting the peak of product formation to a shorter reaction time (Figure
26b). However, product formation peaked at 63% and 70% (UV-C vs. UV-B) and
remained much lower than in other solvents. We concluded that acetone
accelerates the reaction but also leads to further reactions on the product side.

Figure 26: [2+2] photocycloaddition of maleimide and 1-hexyne. Reactions were carried out in
acetone using different bulbs to determine if acetone requires light from a different lamp: UV-B
(diamond) vs. UV-C (square) % of maleimide (a) and product (b) with increasing reaction time.
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Concentration effects were investigated in range of 0.02-0.5 M. At low
concentration (<0.1 M) maleimide disappeared quickly (<20 min), whereas the
reaction did not go to completion after 40 min at 0.2-0.5 M (Figure 27a). Figure
27b shows that UV-B light also led to destruction of the product once all of the
starting material was consumed. This is similar to the findings shown in Figure
26b and underlines the importance of working at the correct concentration.

Figure 27: [2+2] photocycloaddition of maleimide and 1-hexyne. Reaction was carried out at UVB
light in MeCN at a variety of concentrations: 0.02 M (plus), 0.05 M (x), 0.1 M (triangle), 0.2 M
(square), 0.35 M (circle) and 0.5 M (diamond). % of maleimide (a) and product (b) with increasing
reaction time.

In addition we observed that a switch from zero-order kinetics to higher
order kinetics is related to concentration. In the case of 0.5 M and 0.35 M, zeroorder kinetics are observed because of the linear trend over time when plotting
concentration of maleimide vs. time (Figure 28). This is because the solution is so
saturated that photons are the limiting species (Scheme 17, step (i)). The other
case occurs at low concentration (0.02 and 0.05 M). Their asymptotic approach to
x- and y-axis could represent higher order kinetics because plenty of photons are
available for excitation and the rate is determined by the concentration of both
maleimide and alkyne. In between cases are 0.1 and 0.2 M solutions with 0.1 M
being closer to second-order kinetics (Figure 27a). Similar trends can be seen
when looking into the formation of product. Linear trends are visible for 0.5, 0.35
and 0.2 M, whereas 0.1 and 0.05 M solutions lean towards second-order kinetics,
maximising at 30 min reaction time. In case of the lowest concentration (0.02 M)
we observe full conversion after 10 min followed by some decomposition of the
product when irradiated beyond full conversion (Figure 27b).
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Figure 28: Zero–order rate constant for reaction between maleimide and 1-hexyne at 0.5 M.

3.5.2.1 Flow Direction Testing with a Maleimide Reaction
Hook et al.65 showed that the direction of the flow through their tubing
reactor had an impact on product formation. They observed a higher conversion
when the compounds were passed first through the outer coil and then through
the inner coil. We examined both cases on a customisable reactor (17.5 mL
volume), where the inner and outer layers were separated by HPLC fittings. In situ
UV monitoring through a flow cuvette allowed us to obtain the entire profile of the
reactor in a single experiment using a 0.1 M solution. A mixer at the end of the
reactor was introduced to pump in neat solvent at high flow rate (7.87 mL/min)
for dilution (1:9) to prevent saturation over the monitored range (200-450 nm).
Once steady state was reached the light was switched off and the reactor emptied
by pumping neat solvent. The acquired UV spectra were treated by a software
package (BORIS from GSK) for multivariate data analysis. The software determined
the relative concentration of the starting material and the product using
orthogonal projection approach analysis (OPA),58 which was then converted into
%product from calibrated GC data at steady state. The resulting reactor profile is
depicted in Figure 29 in a plot of %product and %maleimide vs. tubing length. The
kink indicates the transition from one layer after approximately 10 and 12 m,
depending on the flow direction.
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Figure 29: Reactor profile when pumped from the inner loop to the outer loop (Conf. a) and viceversa (Conf. b) using a 0.1 M solution of maleimide and 1-hexyne (5 eq). Maleimide (red), product
(blue).

We found that a significantly higher product formation was obtained in the
inner layer than in the outer layer up to the degree that the direction of flow
mattered overall. At the given conditions we observed that 13% more product was
achieved using the outer to inner coil setup (conf. b) than using the opposite
setup (conf. a). For configuration a (inner to outer) 10% of the total product
formation had occurred in the outer layer while configuration b (outer to inner)
the number increased to 27%. This means that when pumping the reaction
mixture in from the outside coil, the concentration of maleimide is high but
shielding is not important in the outer layer. In the opposite scenario, the reaction
mixture in the inner coil blocks the light to the outer coil and renders it ineffective
for a photochemical reaction due to screening. Therefore, the setup outside to
inside (conf. b) provides better conversion, consistent with Hook’s findings for
their four-layered reactor.65
We would like to point out that we had expected a much higher conversion
for the given conditions. However, the reactor was smaller than our preparative
reactor and this experiment was carried out towards the end of this study and the
lamps used in this experiment decrease their power output (20%) after 100 h of
usage as indicated by the data sheets.
When the two layers were isolated from each other and filled alternatively
with solvent and reaction mixture, there was no significant difference between the
reactor profiles obtained from product formation and consumption of starting
material at steady state. This confirms that the screening is only due to the
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absorbance of the reaction mixture in the inner layer and not due to other
parameters such as distance to the lamp.

3.5.2.2 Preparative Tests with a Maleimide Reaction
After optimisation, we applied these conditions to trap maleimide and Nalkyl maleimide with several alkenes and alkynes (Table 8). A large-scale
experiment with maleimide was carried out to simulate a continuous production
process (Table 8, 1a). At the given conditions, all starting material was consumed
which was verified by 1H-NMR analysis of the crude material. This is a modest
throughput of material of 0.71 mmol/h. Purification of the crude material
afforded the [2+2] product in 86% isolated yield. In order to prove that no dimer
(17) was formed during the photochemical reaction, N-octylmaleimide (18a) was
synthesised from the reaction of maleic anhydride and 1-octylamine under DeanStark conditions. A photochemical dimer from N-alkyl maleimide should be more
soluble making analysis easier. Employing the optimised conditions (0.05 M
solution, 5 eq excess of reagent, UV-B) the reactions went smoothly to completion
as monitored by 1H-NMR and TLC (entry 1b-2d). To our delight no traces of a
potential dimerisation or a side product were found after the reaction. However,
we noticed that all crude products were slightly yellow. The corresponding
cyclobutanes

/

cyclobutenes

were

isolated

in

good

yield

(>80%)

after

chromatography. The products (16, 18-23) were all colourless oils. We believe that
minor photochemical degradation had occurred during the reaction, giving
impurities that were removed during chromatography.
The reaction between N-propylmaleimide (commercially available from
Aldrich) and benzene (Table 8, entry 3e) was then tested. Under optimised
‘maleimide conditions’ (20 mL, 0.05 M, UV-B, 40 min) a mediocre crude yield of
46% was obtained, whereas the reaction gave a 62% crude yield after irradiation
with a UV-A lamp. We noticed that the reaction was substantially slower than the
previously tested reactions. Increasing the reaction time to 150 min gave full
consumption of the starting material but afforded the target compound (24) in
low isolated yield (32%) after recrystallisation.
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Maleimide
14a
R=H

Reagent

Product
H

Bu

O

Bu

N R

14b
R = C8H17

H

O

H

HOBu

14a

O

BuOH

N R

14b

H
H

Bu
14b

O

O

Product
No.

100
(84)

16*

100
(87)

18

100
(81)

19

100
(80)

20

100
(98)

N R

Bu

%cons. SM
(%Yield)

21:22

3:1 trans:cis

H

O

O
N R

14b

100 (TLC)
(73)
100% trans

23**

O
O
14c
R = C3 H7

R N
O

O
N R

100
(32)

24***

O

Table 8: Reactions between maleimide and N-alkyl maleimide with alkenes or alkynes. Stock
solutions were made (20 mL, 0.05 M, MeCN) and passed through the reactor over 40 min using the
UV-B lamp. Consumption of starting material (cons. SM) was determined via 1H-NMR analysis of the
crude material. % Yield = isolated yield after chromatography. *95 mL stock solution.
**Stereochemistry determined by NOE. ***UV-A, 150 min, in benzene, yield after recrystallisation;
stereochemistry cannot be determined by NOE.

3.5.3 Test Reaction II: Intramolecular [2+2] Photocycloaddition
3.5.3.1 Literature Precedent
Testing of the photochemical equipment was expanded to an intramolecular
[2+2] photocyclisation. The reaction between cyclopentenones and its unsaturated
tether (25) was a particularly challenging example. In the literature, the reaction
was limited in its scope due to secondary photochemical degradation observed in
a batch reactor. The literature procedure suggests that this is the result of similar
absorbance between the starting material and the product (!max = 282 nm vs. 273
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nm). Application of a pyrex filter did not eliminate the problem; irradiation with a
mercury lamp (125 W) always led to destruction of product. Consequently a
sequential approach was described in the paper using in situ reduction during
irradiation to obtain a stable alcohol (27) which could later be oxidised to the
ketone (26) (Scheme 18).92
H

O
HO
O

O

+

p
hv,

O
p-TSA
toluene
DS-conditions
25

O

yre

H

x

CN
Me5 h
.
1
hv,
LiB pyrex
H
HO
Me 4
C
1.5 N
h

degradation

O
26

H
H

27

O

83%

Scheme 18: Synthesis of enol ether from cyclopentanedione and 1-butenol. Baker92 observed
secondary photochemical reactions during intramolecular [2+2] photocycloaddition. Following these
observations, in situ reduction was proposed affording (27). The alcohol can be oxidised afterwards
to gain access to compound (26).

3.5.3.2 Reactor Testing
The UV-B lamp shows excitation starting from 280 nm (Figure 23). This cutoff may be sufficient to excite just the starting material without any destructive
interference on the product side. To test this hypothesis the starting material was
synthesised as indicated in Scheme 18. After irradiation of the sample (0.04 M, 8
mL, UV-B), analysis of the crude reaction mixture by

1

H-NMR confirmed the

formation of ketone (26). The sample was unclean with unidentifiable impurities.
Purification by chromatography gave ketone (26) in acceptable yield (55%)
(Scheme 19). We noticed that the use of a more selective UV lamp (UV-B) provides
easier access to these strained species than a conventional batch reactor where
destructive photochemical processed prevailed. The benefits of our reactor lie in a
simple one step procedure without the need to include any additional reagents or
a Pyrex filter as proposed by the literature procedure.
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O
UV-B

O

O

H
H

8 mL, 0.04 M
MeCN, 40 min

100% consumption SM
55% isolated yield

O
26

25

Scheme 19: Photoflow chemistry with UV-B lamp provides access to (26) without excessive
secondary decomposition.

3.5.4 Test Reaction III: Paterno-Büchi Reaction
3.5.4.1 Literature Precedent
Another type of [2+2] photocycloaddition is the Paterno–Büchi93 reaction.
Paterno-Büchi chemistry has been employed for the formation of oxetanes.94, 95
Important mechanistic work was carried out by Griesbeck.96-101 Formation of
oxetanes (27a+b) (27a:27b = endo:exo = 7:1) was reported (50% crude yield)
when irradiating benzaldehyde (45 mmol) with 2,3-dihydrofuran in benzene (75
mL, 0.6 M) over 11 h using mercury lamps (125 W) (Scheme 20).96

+
O

H

h! (125 W Hg)

O
Ph

75 mL, 0.6 M
benzene

O
O

H
27ab

Ph

50% crude yield
7:1 endo (a) : exo (b)

Scheme 20: A Paterno-Büchi reaction proposed by Griesbeck.96

3.5.4.2 Reactor Testing
The literature example for the selective Paterno-Büchi reactions is not very
encouraging. Griesbeck reported a crude yield; in other case studies only GC
yields were discussed.95 This could suggest that the products are not easily
accessible or unstable. In addition, benzene seems to be the preferred solvent for
this chemistry. The use of benzene is nowadays restricted in industry.
Griesbeck’s reaction was attempted at lower concentration (0.05 M) than
suggested by the literature procedure. A brief optimisation study of concentration
and residence time was carried out using 40 mL stock solutions with five
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equivalents of 2,3-dihydrofuran exposed to UV-B light (Table 9). The consumption
of aldehyde was followed by GC analysis of the crude product against internal
standard. The exo- and endo-selectivity was assigned from 1H-NMR data of the
crude product against the literature and remained unchanged at 7:1 (endo:exo).
The optimisation study revealed that the reaction never proceeded beyond 93%
consumption of benzaldehyde when using the default 0.05 M solution (Table 9,
entry 1-3). While we had already pushed the residence time to a maximum at 65
min in the 20 mL reactor (entry 3), lowering the concentration was the next
attempt to drive the reaction to completion. We found that at 0.025 M
consumption of aldehyde increased from 50 to 88% for a 30 min reaction (entry 2
vs. 5); strikingly, the reaction did not progress beyond 93% too (entry 6).

1

Time
(min)
15

[aldehyde]
(M)
0.05

%Cons. SM
(% GC)
26

2

30

0.05

50

3

65

0.05

93

4

15

0.025

59

5

30

0.025

88

6

65

0.025

93

Entry

Table 9: Optimisation of time and concentration in the Paterno-Büchi reaction between
benzaldehyde and 2,3-dihydrofuran (5 eq). The reaction was carried out in benzene and irradiated
with UV-B light. Conversion was measured by GC with internal standard (tridecane).

The sample from entry 3 (0.05 M, 40 mL, UV-B) was then used for isolation
of the products. Chromatography afforded exo- and endo- enriched samples in an
overall

acceptable

yield

(55%)

(Scheme

21).

Additional

purification

by

chromatography and collection of leading and trailing edges afforded clean
samples (27ab) of each isomer for analysis.

+
O

H

h! (UV-B)

O
Ph

40 mL, 0.05 M
benzene

O
O

H

Ph

55% isolated yield
7:1 endo:exo

27ab
Scheme 21: Griesbeck’s reaction tested on the prototype reactor.
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3.5.5 Test Reaction IV: DMBP-sensitised Addition to Enones
3.5.5.1 Literature Precedent
The double bond of maleimide was added to IPA in a radical-type addition
(Scheme 22).87

O
NH
O

HO

IPA, h!

O
NH

150 mL, 0.07 M
12 h, 110 W Hg

60%

O

Scheme 22: Addition of IPA across the double bond of maleimide described in the literature.87

A similar radical addition with furanone was attempted in the literature using a
chip reactor72 and a tubing reactor (Scheme 23).102

HO

h! DMBP (20 mol%)

O

O

reactor scale
time
(type) (mmol/mL) (min)

IPA

O

O

O
DMBP
sensitiser

O

batch
chip
tubing

0.50/15
0.03/1
0.33/10

lamp
(W/type/nm)

conversion
(NMR%)

10 16x35/Rayonett/350 90
5
6x0.075/LED/ 365 100
10
8/UV-A/350
100

O

Scheme 23: A test reaction with furanone and IPA proposed by Oelgemoller to compare the
performance of batch, chip and tubing reactors.

3.5.5.2 Reactor Testing
In order to avoid build-up of maleimide dimer we propose to work with Nalkyl substituted maleimides due to their enhanced solubility. We noticed that
addition of 4,4’-dimethoxy-benzophenone (DMPB) was crucial to the success of
the reaction but also difficult to remove at the end of the reaction. Reactions were
carried out in IPA using 20 mol% DMBP as a sensitiser to be consistent with the
literature. The addition of IPA to maleimides proceeded with full consumption of
starting material under default conditions (0.05 M, UV-B). Isolation only gave
mediocre isolated yield of alcohol (28); the removal of residual or fragmented
DMBP from the crude reaction mixture was problematic by chromatography.
Alcohol (29) for example, was purified by reverse phase chromatography due to
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contamination by DMBP. By contrast, the addition of isopropyl alcohol across the
double

bond

of furanone

resulted

in

high

isolated

yield

(90%) of the

corresponding alcohol (30) (Scheme 24). It should be noted that no isolated yields
for (30) are reported in the literature for direct comparison.
O
N R

DMBP (20 mol%)
IPA

DMBP (20 mol%)
IPA
O

20 mL, 0.05 M
40 min, UV-B

cons. SM

N R

40 mL, 0.05 M
40 min, UV-B

O

O

O

HO

O

Yield substituent No

100%
N/A

44%
29%

R = nC8H17 28
29
R = iC3H7

100%

90%

30

HO

O

O

Scheme 24: The addition of isopropyl alcohol across the double bond of N-alkylmaleimides and
furanone proceeds by a radical promoted process from DMBP sensitiser.

3.6 Conclusions
We demonstrated that a photo flow reactor can be assembled from low-cost
components and is a useful expansion to commercially available flow platforms,
e.g. Vapourtec system. The apparatus was then tested on selected photochemical
reactions. [2+2] photocycloaddition was extensively tested and the reaction was
optimised for solvent, time, concentration and amount of reagent. It was shown
that 9 W lamps provided enough photochemical energy to complete our
maleimide test reactions at 0.05 M in acetonitrile within 40 min. We noticed that
excessive irradiation only led to further reactions of the product and therefore
propose that these optimised conditions are a good stating point to test other
photochemical reactions, such as intramolecular photocycloaddition, PaternoBüchi reaction or the DMBP-promoted addition of IPA to maleimide and furanone.
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Chapter 4

Photochemistry II

Figure 30: A coloured reaction mixture observed after photochemical reaction of benzothiazole.

Chapter 4

Summary

Benzoxazoles and benzothiazoles can be generated by a photochemical ring closure
reaction. The literature is reviewed because photochemical pathways are not fully
elucidated.

We report a base-assisted photocyclisation of selected amides,

thioamides and thioureas.
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4.1 Introduction and Review of the Relevant Literature
Benzoxazoles and benzothiazoles are well known for their biological activity.
These molecules are important building blocks for drugs with antitumor,
antitubercular,

antimalarial,

anticonvulsant,

inflammatory and antihypoxic properties.
active compounds include:
•

Condensation

of

103

anthelmintic,

analgesic,

anti-

Established routes to access these

104

ortho-amino

thiophenols

carboxylic acids, acyl chlorides or esters

or

phenols

with

nitriles,

105-108

•

Palladium or copper-catalysed cyclisation of ortho–halothioformanilides109-111

•

Bu3SnH/AIBN-promoted cyclisation of aryl radicals onto thioamides112

•

Potassium ferricyanide-induced cyclisation of thioformanilides (Jacobsen’s
method)113, 114

•

Oxidative routes, including electrochemistry115-119

By contrast, a photochemical route starting from readily available reagents was
reported in the literature. The simplified reaction is presented in Scheme 25 and
shows the photocyclisation of o-haloamide or thioamide in the presence of base
by elimination of halogen. A photochemical route provides an interesting
alternative as highly reactive and toxic reagents and/or metal mediated syntheses
are avoided. The literature reveals that procedures and suggested mechanisms
vary (Scheme 26).

H
N
X

R
Y

h!
solvent
base

N
Y

R

R = alkyl, NH-R, Ar
X = Cl, Br, I
Y = N, S

Scheme 25: General photochemical cyclisation starting from o-haloamide or thioamide to afford
benzoxazole or benzothiazole via elimination of halogen.
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Scheme 26: Selected photochemical syntheses of benzoxazole and benzothiazole, highlights from
the literature.
A

First photochemical synthesis of benzothiazole reported by Grellmann and Tauer.120

B

Ramakrishnan121 compared halo-thioacetanilides and solvents (benzene vs. methanol).

C

Bowman122 used DMSO and tBuOK. An SRN1-type mechanism was proposed.

D

Ramakrishnan123 studied the importance of halogen substitution and solvents (methanol vs
benzene).

E

Ramakrishnan124 synthesised naphthiazoles.

F

Ramakrishnan125 synthesised 1-indolylthiocarbanilides.

G

The synthesis of benzothiazole starting from thiourea turned out to be difficult due
formation of side products.125, 126

H

Mayouf and Park127 devised a synthesis for pyridinylbenzoxazoles.

IIIIIIIIIIIIIIPark128 studied the photocyclisation of naphthalene amides to obtain aryloxazole,
the presence of base was not crucial to the success of the reaction.
J

Penenory118 devised a photo- and thermochemical route induced by chloranil additives to
afford benzothiazole in moderate to good yields.
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Reaction conditions that ultimately led to different mechanistic pathways are
summarised in Table 10 and are then briefly discussed.

Photochemical Syntheses of Benzoxazole and Benzothiazole in the Literature
Electron transfer mechanism:
(i) Ramakrishnan129 (Scheme 28).
(ii) Park and Mayouf127 (later called electrophilic addition/elimination
Mechanism

mechanism) (Scheme 27).
Reason: Flash-photolysis studies.
SRN1-type mechanism:
Bowman122 and Rossi130 (Scheme 30).
Reason: Reaction rates depends on halide substituent I>Br>Cl. Radical
scavengers hamper the reaction.
Biradical-type mechanism: Rossi.131
Reason: Fluorescence quenching studies and DFT calculations.

Ramakrishnan: benzene or methanol, no base.
Base

Solvent and

Bowman: DMSO, base: tBuOK (large excess).
Park and Mayouf: acetonitrile, base: aqueous sodium hydroxide (excess).
Rossi: DMSO, base: tBuOK (excess) or liquid ammonia and tBuOK (strong
dilution).

Lamp

Powerful mercury lamps (100-400 W) are the typical choice for this
chemistry. Occasionally a Rayonet apparatus with several medium power
Hg lamps was used. No flow or microreactor technology has been reported
so far.

Time

The reaction time is substrate specific. Apart from some exceptions
observed by Bowman and Park who completed a few reactions within
minutes, most photochemical reactions require irradiation of several hours
up to several days.
Table 10: Summary of literature conditions and mechanistic studies for the intramolecular
cyclisation of carboxamides and thioamides to benzoxazole and benzothiazole.
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Mayouf and Park127 discovered several mechanistically relevant intermediary
species by flash photolysis. As a result of their work, an SN(ET)Ar* mechanism was
proposed and later renamed to electrophilic addition/elimination reaction
(Scheme 27).132

H
N
X

N
O

NaOH

X

i

h!
3

v

h!
1

H
N
X

O

N
O

ii

X

O

vi

CT

-X
H
N

N
O

iii

X

O

vii CHAR

-X
H
N

N
O

iv

O

viii

Scheme 27: Electrophilic addition and elimination mechanism proposed for the photochemical
cyclisation of N-ortho-haloacetanilides to benzoxazole (right) and elimination mechanism proposed
for the photochemical reduction (left).
Elimination (left):
Irradiation of the starting material (i) forms a triplet state excited species (ii) that provides the
necessary energy for homolytic cleavage of the fragile C-X bond (iii), furnishing the reduced product
(iv).
Substitution (right):
In base, the imidolate anion is formed (v), which, upon excitation, generates a singlet charge
transfer species (CT, vi). The cyclisation proceeds by electrophilic addition of imidolate radical to the
halophenyl anion radical. A cyclohexadienyl anion radical

(CHAR, vii) is formed. Elimination of

halide anion followed by re-aromatisation provides the cyclised benzoxazole (viii). Both CT and
CHAR are believed to be seen during flash photolysis experiments.127
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Ramakrishnan129 worked with ortho-thioacetanilide (31) under neutral
conditions

(Scheme

28).

He

proposed

an

intramolecular

charge

transfer

mechanism initiated by excited sulphur to afford benzothiazole (32).129

H
N
Cl

H
N

h!
S
31

Cl

S

H
N

H
N

S

S

Cl

N
32

Cl

S

Scheme 28: Flash photolysis at 266 nm indicated a charge transfer mechanism.129

Rossi130 claimed the discovery of an intramolecular fusion reaction of selected
pyrrole,

indole

and

pyrazole

carboxamides

to

afford

the

corresponding

azaheterocycle (Scheme 29). An SRN1-type mechanism was proposed (Scheme 30).
However, the reaction was later revoked.131

H
N

HN
O I

h! , tBuOK (2 eq)
0.25 mmol in
NH3 (200 mL) or
DMSO (7/4 mL)
3h

H
N

H
N

O

X

NH

O
NH3

53-68%

N

100%
85%

DMSO

Subs.

83% 2-pyridinyl
94% 2-indolyl

Scheme 29: Claimed synthesis of azaheterocycles from pyridine carboxamide was revoked in favour
of benzoxazole formation.133

Rossi’s team then concentrated on mechanistic studies of indolocarboxamides.131 Their studies indicate that their proposed SRN1 mechanism is not
likely and suggest that the reaction can either proceed via SN(ET)Ar* mechanism,
as proposed by Park, or through a bi-radical collapse. They also showed that the
rate for the substitution reaction proceeds faster with bromine substituent rather
than chlorine substituent. Switching from tBuOK to NaH slowed the conversion
down significantly. The pathways and conditions are presented in Scheme 31.
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i

(ArX)
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(1)

Ar + Nu

(ArNu)

(2)

ArNu + (ArX)

(3)

(ArNu)

+ ArX
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N
N
H

O
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HN
N

ii

HN
N

H
N

iv

O

HN

O

N

O

N

O
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Scheme 30: SRN1 mechanism for the formation of benzoxazole proposed by Rossi.133 Deprotonation
of the more acidic pyrrole moiety (i) is followed by photoinduced electron transfer (ET) into the haloaniline moiety. The halogen bond is fragmented to give an aryl radical (ii) which couples with the
anion to give (iii). Intramolecular proton transfer (PT) and electron transfer to another aryl halide
furnishes benzoxazole (iv).
box: Simplified SRN1 propagation mechanism. After initiation by base and light, the reaction proceeds
by intermolecular electron transfer, cleaving the Ar-X bond (1). Nucleophilic attack onto the aryl
radical gives rise to an intermediary radical anion (2). Electron transfer onto the another aryl halide
furnishes the product (3).134
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Scheme 31: Mechanisms for the intramolecular O-arylation reaction to obtain benzoxazole proposed
by Rossi.131 The reaction can either work by an electron transfer mechanism as pointed out by Park
or by a bi-radical collapse.
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4.2 A Photoflow Synthesis of Benzoxazole and Benzothiazole
The literature reveals that many of the aforementioned photochemical
reactions required prolonged exposure to high intensity UV light. This is a
drawback that is often observed in photo batch reactions. Given the lack of
precedence of a flow procedure, we were therefore interested whether a suitable
photoflow protocol could be developed.

4.2.1 Synthesis of Precursors
We propose to look at the following classes of compounds:
•

Amides and thioamides (Table 11). Only single deprotonation is possible.
Thioamides should deprotonate more readily according to pKa values in
the Bordwell tables135 and might therefore be more feasible to form a
photochemically

reactive

anion.

These

compounds

can

be

easily

synthesised from the corresponding amide in a one step transformation
with Lawesson’s reagent (Figure 31).
•

Pyrrole- and pyridine

substituted carboxamide

and their thioamide

derivatives. According to Rossi’s work, the electron rich pyrrole moiety is
important for the success of this reaction and affords the corresponding
benzoxazole in high yield. Pyridine substituents, as studied by Park, are
electron poor compounds and showed poor conversion. However, applying
Rossi’s conditions (DMSO, tBuOK) to Park’s reaction might potentially
provide some improvements.
•

Similar to pyrrole-substituted amides and thioamides, thiourea bears two
exchangeable

protons.

Although

we

are

aware

of

the

difficulties

encountered by Ramakrishnan’s team who studied these species in
benzene / methanol, addition of base might aid formation of the
corresponding thiazole and supress side products.
The synthesis of amides and thioamides is presented in Table 11. A list of
synthesised thiourea derivatives is presented in Table 12.
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Entry reagents 1

reagents 2

Br
i

(a) amide / Yield

O

+

THF
2h

Cl

NH2

O

Br

THF
16 h

NH2
O

I

+

iv

I
+

I

O
+

NH2 HO

I

I

N

i) SOCl2
ii) DIPEA
N
DMAP
THF
5d

THF
16 h
O

I
N
H

38

39

O

40

95%
H
N
39%

N
H
Br

41

42

N

THF
22 h

43

86%

N
50%

THF
23 h

44

70%

S

S

N
H

89%
H
N
55%

S
N

N
H
I

O

S

N
H
I

O

28%

N
H
I

THF
24 h

S

N
H
I

99%
THF
24 h

N
H

37

THF
16 h

O

N
H

36

TBTU
DIPEA
THF
20 h

100%

N
H

35

i) SOCl2
ii) DIPEA
THF
18 h

H
N

O
HO

NH2

vi

O
HO

NH2

v

34

THF
3h

NH2
I

N
H
I

Et3N

+ Cl

iii

33

Br

O

N
H
Br

Et3N

+ Cl

ii

Br

Et3N

Lawesson's
reagent (b) thioamide / Yield

59%
S
N
67%

Table 11: Synthesis of amides and thioamides from readily available reagents. Thioamides were
synthesised from the corresponding carboxamide with Lawesson’s reagent at reflux.

O
S

S P
P S

S
O

Figure 31: Lawesson’s Reagent.
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Entry

reagents 1

i
NH2

ii

NH2
C8H17

reagents 2

Br

Br

+

THF
1h

SCN

46

Br

+

THF
reflux
1h

SCN

I
iv

LHMDS
+
SCN

NH2
Br
+

v
NH2

+
NH2

SCN

48

THF
reflux
31 h

49

THF
reflux
31 h

50

N
H

C8H17

74%

S
N
H

62%

S
N
H

18%
NO2

S

N
H
I

NO2

N
H

N
H
Br

76%

S

N
H
I

NO2

SCN

I
vi

THF
reflux
18 h

N
H

N
H
Br

47

S

N
H
Br

THF
5 min

SCN

NH2

45

Br

+

iii

thiourea

N
H

43%
NO2

S
N
H

24%

Table 12: Synthesis of thiourea from amine and isothiocyanate. 2-iodoaniline is not very nucleophilic
towards isocyanate, even when treated with LHMDS (entry iv) prior to its addition to the
isothiocyanate.

4.2.2 Testing of Amides, Thioamides and Thioureas
Initial testing was performed using the sample loop setup and 2 mL plugs
at 0.1 M concentration (Figure 32). Each sample was irradiated for 40 minutes in a
20 mL photoflow reactor using UV-B light and anhydrous degassed DMSO and
t

BuOK (4 eq) (Scheme 32, p. 80). After aqueous workup (NH4Cl)aq and extraction

into ethyl acetate, the crude sample was dried over MgSO4 and the solvent
evaporated. The crude product, still containing traces of DMSO, was analysed by
LCMS (reverse phase) for convenience. The results are presented in Table 13, p.
80.
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Figure 32: Sample loop setup allows for rapid testing and optimisation.
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X

h! = UV-B, tBuOK
DMSO, 40 min

Y

N
R
H
2 mL, 0.02 mmol

Y
N

X = Br, I
R Y = O, S

R= Me, Ph
2-pyrrolyl
2-pyridinyl
4-pyridinyl

N-benzylamine
N-aniline
N-octylamine
51-53

Scheme 32: Conditions and substrates investigated in this section.

Thiourea

Thioamide

Amide

Type

Entry
no
1

Substituent
(X, Y, R)
Br, O, Me

PR
%
-a

SM
%
50

Red.
%
28

other
%
7

isolated
(no)
!

2

Br, O, Ph

-a

97

0

-

!

3

I, O, Ph

-a

59

32

7

!

4

I, O, 2-pyridinyl

13

74

-

13

!

5

I, O, 4-pyridinyl

-

86

10

-

!

6

Br, S, Me

-a

93

-

-

!

7

Br, S, Ph

11a,b

85

0

-

!

8

I, S, Ph

45

41

0

8

!

9

I, S, 2-pyrrolyl

99a

-

-

-

97% (51)

10

I, S, 2-pyridinyl

11

c

73

-

13

!

11

I, S, 4-pyridinyl

39d

61c

-

-

48% (52)

12

Br, S, N-benzylamine

33

-

-

!

13

Br, S, N-aniline

70f

-

-

23

38% (53)

14

I, S, N-aniline

g

73

0

0

26

49% (53)

15

Br, S, N-octylamine

54h

7

-

24

!

a

33-55

c,e

Table 13: Attempted photocyclisation reactions in DMSO and tBuOK. PR = product, SM = starting
material, Red = reduced starting material (loss of halogen), other = unidentified species. % = UV
chromatogram in LCMS data.
LCMS analysis: signals below 5% are not reported.
a

crude product was brown.

b

additional additives were tested without notable success: i) 18-crown-6 (4 eq), ii) cyclopentene (4

eq).
c

crude product: complex 1H-NMR.

d

crude product analysed by 1H-NMR

e

two peaks with identical mass identified that could correspond to product; crude product largely

insoluble apart from DMSO.
f

product isolated by preparative LCMS (MDAP). A side product (3 mg) was isolated (54).

g

experiment on 20 mg scale, product isolated by preparative LCMS. Side product with identical mass

isolated (3.5 mg), structure not identified but different from entry 13 by LCMS.
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h

two peaks with identical product mass identified, complex 1H-NMR from crude sample.

S
HN

NH

54
f

isolated side product from entry 13.

4.2.3 Photochemistry with Amides, Thioamides and Thioureas –
Observations
It was often observed that the reactions mixture was coloured after
completion of the photochemical reaction (Figure 30, p. 69), which might suggest
a successful reaction at first glance. However, LCMS analysis indicated that
amides remained largely unreactive towards cyclisation and reductive pathways
predominated under the explored conditions (Table 13, entry 1-5).
Thioamides showed better selectivity for cyclisation over reduction (entry 711), but conversion was so low that no attempts were made to isolate the product
from the reaction mixture. Further work on these compounds will be discussed in
the next section.
The experiment with thiourea (entry 12-15) produced significant amounts
of other unidentified species. On one occasion, isolation of this side-product
succeeded furnishing a 7-membered ring system (entry 13). In addition to
formation of several side products, thiourea derivatives were barely soluble in
organic solvents, making chromatography more difficult. This issue was resolved
through synthesis and testing of N-octylthiourea (entry 15), which, in spite of
improved solubility, only afforded an incomplete reaction. The identified
components were still too similar for successful separation from the reaction
mixture by chromatography.
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4.2.4 Photochemistry with Thioamides - Further Optimisation Steps
On the thioamide side (Table 13, entry 6-11), no reductive processes were
observed. Addition of 18-crown-6 to aid solvation of tBuOK was then tested,
followed by an experiment with cyclopentene to suppress the colouration of the
reaction mixture (entry 7b). Unfortunately these experiments did not result in any
noticeable improvements.
Alternative solvent systems to Rossi’s DMSO-based solvent (Table 14,
Scheme 33) were then chosen. Park’s solvent system based on acetonitrile and
aqueous sodium hydroxide turned to be heterogeneous and difficult to pump.
Analysis of the crude product by 1H-NMR indicated a complex reaction mixture
(entry 1).
The solvent system was changed and acetonitrile replaced with methanol.
Addition of sodium thiosulfate removed the burgundy colour of the crude solution
but did not show any improvements (entry 2). It was noticed that thioamides were
not particularly soluble in this solvent system. The introduction of DMSO as a cosolvent in a mixture of MeOH, DMSO, NaOHaq and sodium thiosulphate was more
suitable for this chemistry and led to isolation of benzothiazole (55) in good yield
(72%, entry 3).
In another experiment the use of an organic base was tested. A solvent
system based on DMSO, MeOH, water and DABCO was prepared (entry 4). While
this resulted in full consumption of starting material, only 47% benzothiazole
were isolated and substantial amounts of an unidentifiable species with complex
1

H-NMR spectrum after chromatography recovered.
A solvent system based on DMSO and NaOH without any additives was

prepared. The high isolated yield (84%, entry 5) was due to pump failure and
prolonged exposure in the reactor. The solvent system was not compatible with
the sensitive HPLC pumps.
As a final experiment the optimised solvent system (MeOH, DMSO, NaOH
and sodium thiosulfate) was used. Changing to UV-A light, as often found in the
literature, resulted in a significant drop in both consumption of starting material
and yield (entry 6 vs. 3).
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X

S

S

h! = UV-B, base
solvent, 40 min

N

N
Ph
H
2 mL, 0.02 mmol

Ph

X = Br, I

55

Scheme 33: Photochemical testing on a thioamide template.

Entry

X

Solvent / Base
2 mL of…

1

Br

MeCN (210 mL),

PR
%
-a

SM
%
-

Red.
%
-

other
%
-

isolated
(no)
!

14b

86

-

-

!

86

8

6

-

72%c (55)

100

-

-

-

47%d (55)

100

-

-

-

84%e (55)

43

54

-

-

35%f (55)

NaOH (2 M, 30 mL)

2

Br

MeOH (210 mL),
NaOH (2 M, 30 mL),
sodium thiosulfate

3

I

MeOH (110 mL),
DMSO (110 mL),
NaOH (2 M, 30 mL),
sodium thiosulfate

4

I

MeOH (110 mL),
DMSO (110 mL),
DABCO (60 mmol),
sodium thiosulfate

5

I

DMSO (210 mL),
NaOH (2 M, 30 mL),
sodium thiosulphate

6

I

MeOH (110 mL)
DMSO (110 mL),
NaOH (2 M, 30 mL),
sodium thiosulphate

Table 14: Optimisation steps of thioamide reaction by solvents (entry 1-6) and lamp (entry 7).
Conversion was measured by LCMS. Isolated yield after chromatography. PR = product, SM = starting
material, Red. = reduced starting material (loss of halogen), other = unidentified species. % = UV
chromatogram in LCMS data.
a

incompatible heterogeneous solvent system. Complex 1H-NMR from crude product.

b

crude sample was colourless.

c

8 mg starting material and 9 mg of an unidentifiable substance recovered.

d

55 mg of unidentifiable material recovered from column. LCMS indicates presence of product.
Complex 1H-NMR spectrum.

e

incompatible solvent system. Reaction mixture pumped by changing carrier solvent into IPA.

f

UV-A lamp.
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4.2.5 Photochemistry with Thioureas – Study in a Mixed Solvent System
The previously optimised conditions were applied to experiments with
thiourea (Scheme 34) and a solvent system based on a mixture of MeOH, DMSO,
NaOHaq and sodium thiosulfate (Table 15) prepared. Purification of the partially
converted sample failed due to solubility issues of the product (entry 1). During
experiments with N-aniline substituted thiourea consumption of starting material
remained low (26% in the mixed solvent system entry 2 vs. 70% in DMSO and
t

BuOK, Table 13 entry 13). High recovery of starting material (53 mg) showed that

the reaction was inefficient (Table 15, entry 2).
When N-p-nitroaniline was tested, no reaction had occurred at all (entry 3).
Only a small amount of starting material was consumed when starting from iodosubstituted thiourea (entry 4). When working with N-octylamine substituted
thiourea (entry 5), two species with identical mass fragment were present in
LCMS. The reaction turned out to be inefficient and purification was therefore not
attempted.
Other reactions in this mixed solvent were also inefficient (entry 4,5). We
concluded that while this solvent system might have helped to improve the
conversion and yield for certain thioamides (51,52), this mixed solvent system did
not show the advantages observed with thioureas (53).
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X

S

S

h! = UV-B, NaOH
DMSO, MeOH
N
R
40 min
H
2 mL, 0.02 mmol

N

X = Br, I
R R = N-benzylamine
N-aniline
N-p-nitroaniline
N-octylamine

Scheme 34: Photochemical testing of selected thiourea derivatives.

Entry
no
1

Substituent
(X, R)
Br, N-benzylamine

PR
%
29a

SM
%
18

Red.
%
-

other
%
48

isolated
(no)
!

2

Br, N-aniline

26

64

-

-

15b (53)

3

Br, N-p-nitroaniline

-

96

-

-

!

4

I, N-p-nitroaniline

11

73

-

13

!

5

Br, N-octylamine

26c

51

-

19

!

Table 15: Optimisation steps of thiourea reactions with mixed solvent system (DMSO, MeOH, NaOH,
sodium thiosulphate). % = UV chromatogram in LCMS data.
a

crude largely insoluble apart from DMSO.

b

70% purity, 53 mg of SM isolated.

c

two peaks with identical mass identified that could correspond to product. PR = product,
SM = starting material, Red. = reduced starting material (loss of halogen), other = unidentified
species.

4.2.6 Anionisation Study of Pyrrole Thioamide
Bowman122

reported

the

use

of

excessive

amounts

of

t

BuOK

and

demonstrated that 20 equivalents of base accelerate the reaction. Even Rossi’s
examples are conducted at slight excess (2.5 eq.). However, pyrrole substituted
carboxamide and its thioamide counterpart (Figure 33) bear two exchangeable
protons. In the literature only mechanistic work based on singly deprotonated
compounds were described, which seems counterintuitive in the presence of an
excess amount of strong base. We were therefore interested if the reaction could
potentially proceed via a di-anion rather than the proposed mono-anion.
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I
N
H

O

I
H
N

N
H

S

H
N

Figure 33: Exchangeable protons of pyrrole carboxamide and thioamide.

In order to test this hypothesis dilute samples were prepared (2 mL, 0.23
mM, DMSO) and the amount of tBuOK was increased from sample to sample (1– 10
eq). Each solution was analysed by UV-vis. We noticed that the starting material
visible at 330 nm declined sharply with addition of base and a new peak rose at
370–390 nm. Beyond four equivalents of tBuOK a noticeable rise at 290 nm was
observed, indicating formation of the di-anion (Figure 34).

Figure 34: UV-vis analysis of pyrrole thioamide in DMSO (0.23 mM). The mono-anion and di-anion
formation is visible at 380 and 290 nm respectively after addition of tBuOK aliquots. Deprotonation
of starting material is visible at 330 nm. The isosbestic points are at 304 and 349 nm. The UV cutoff for DMSO is at 268 nm.

Since all detected species were partially overlapping in UV-vis spectroscopy,
the amount of each species could not be determined by simple peak height
analysis. A multivariate method (BORIS, OPA) was applied to tell the components
apart. Injection of reagent plugs into a flow cuvette whilst recording the UVspectra gave a data set from which relative amounts of each species were
determined (Figure 35). The experiment revealed that at low equivalents of base
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(1-4 eq.) the material was likely to be present as a mixture of mono- and di-anion.
Complete deprotonation was achieved at around eight equivalents of base. The
small presence of di-anion in the starting material (8%) could be attributed to the
error associated with the multivariate analysis. This experiment suggested that
the reaction proceeded via an intermediary di-anion (Scheme 35). Rossi’s
proposed mechanism via mono-anion also remains valid due to the presence of
both species between 1 and 4 equivalents in significant quantities. Work
conducted within the group by Henry on the pyrrole amide cyclisation indicated a
strong rate increase of the photocyclisation in presence of eight equivalents of
base, which further underpins the di-anion mechanism.
On the experimental side, when going beyond four equivalents of tBuOK,
the viscosity of the solution increased and became incompatible with the pumps.
As a compromise all experiments in DMSO and tBuOK were carried out using four
equivalents of base.

Figure 35: Anionisation study of pyrrole-thioamide (0.23 mM, DMSO) with increasing amounts of
t
BuOK. Slugs (2 mL) were injected directly into a UV-vis flow cuvette and the composition of the
mixture was computed by OPA algorithm.
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HN

H
N
I

N

tBuOK

N

N

(8 eq.)

S

I

N

h!
S

S

I

H
N

-Iworkup

O

S
I

S

N

O

Scheme 35: Proposed cyclisation via di-anion species.

4.3 Conclusions
Photocyclisation of selected o-halocarboxamides, thioamides and thioureas
were tested. Carboxamides were prone to undergo photoreductive processes over
cyclisation and are therefore not viable precusors for a photochemical route to
benzoxazoles. Thioamides were successfully cyclised under photochemical
conditions though the reactions tended to be incomplete. It was observed that
iodo-substituted

thioamides

cyclise

more

readily

than

bromo-subtituted

thioamides. This trend was also visible when working with thioureas. However,
consumption of starting material remained lower in these reactions and several
side products were discovered in LCMS data. Separation of products from the
partially reacted mixture was difficult when working with thioureas due to their
low solubility in organic solvents.
Optimisation studies were carried out on the solvent system and on the
lamp. Thioamides were more likely to cyclise in a mixed solvent system based on
DMSO, MeOH and NaOH and sodium thiosulphate. However this solvent system
was limited to reactions with thioamides and did not provide a better route for the
photocyclisation of thioureas.
Exceptionally efficient was the cyclisation of pyrrole-substituted thioamide
(42!51). A quantitative yield was achieved within 40 min. This is important as it
indicates that the electron rich pyrrole substituent in combination with a second
proton is the reason for increased performance rather than a limitation attributed
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to the methodology or the apparatus. In addition, the anionisation study
suggested that the cyclisation of pyrrole-substituted thioamide can occur via an
excited di-anion. This has so far not been discussed in the literature.
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Chapter 5

Reagent-free N-Acyliminium Chemistry

O
No exogeneous
reagent needed

N
OMe
OH
OMe

(CHCl2)2, !

O
N

O

O
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5.1 N-acyliminium Chemistry: A Promising Perspective!
N-acyliminium species are powerful building blocks for C-C bond formation
in organic chemistry and an active field of research.136-139 Succinimides are
particularly convenient precursors; by reduction one obtains hydroxyl lactam,
which in turn can be converted into N-acyliminium species by an acid promoted
dehydration. Alkylation of N-acyliminium ion with nucleophiles yields valuable !functionalised amido compounds (Scheme 36).

O
N R
O

O

NaBH4

N R

O

O

H+

OH

N R

NuH

N R

Nu

Scheme 36: Generation of N-acyliminium species and trapping with nucleophiles.

In spite of a wide scope and numerous applications of N-acyliminium
chemistry, a notable feature is that often Lewis acids are required in
stoichiometric quantities or excess amounts. Catalytic N-acyliminium reactions
have only recently been employed and are gaining momentum in the literature.140143

5.2 N-acyliminium Chemistry in Batch
Our collaborators (Vincent Dalla, L’Havre and A. Ganesan, UEA) had
developed a claimed catalyst-free N-acyliminium reaction. They found that
refluxing substrates such as hydroxylactam (57) in 1,1,2,2-tetrachloroethane (147
°C, 1h) gave smooth and efficient conversion into the desired product (58)
(Scheme 37). All published examples of similar intramolecular N-acylminium
reactions required an added catalyst.137, 143-147
TCE at high temperature could serve as a ‘dry’ source of HCl, which
consequently catalyses the reaction. It would be interesting to see if the capability
of flow to handle high temperatures and pressures could be used to advantage in
this transformation.
!

* Work described in this chapter was carried out in collaboration with Prof. Vincent Dalla’s team from Université du Havre, France
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O
N
OMe
OH

57

OMe

!
high boiling
solvent

Xylene TCE

OMe

O

N
OMe

58

time 4 h
yield 99%

1h
93%

Scheme 37: An investigation of high boiling solvents by our collaborators led to quantitative yield in
refluxing xylene and TCE.

A search of the literature revealed that Barton148 had studied the
decomposition of TCE and other chlorinated solvents.149-155 He derived a rate
constant for the decomposition of TCE into trichloroethylene and HCl in range of
263-382 °C. He also established that the decomposition was a radical chain
reaction.
Kawaguchi et al.156 describe industrial-scale cracking of TCE at 460 °C and
noticed slight rate enhancements when adding catalytic amounts of FeCl3 to the
reaction mixture. Lennon157 worked on chlorination reactions and found that TCE
gave pentachloroethane in the presence of chlorine at 250-380 °C.
Flow chemistry could provide a convenient way of carrying out the Nacyliminium chemistry, and provide quantitative information on the mechanism.

5.3 N-acyliminium Chemistry in Flow
5.3.1 Influence of Temperature and Solvent
The intrinsic advantages of flow chemistry to safely handle high
temperatures and pressures are well established, and we have demonstrated the
advantages

for

mechanistic

investigation.

Clean

and

rapid

reaction

of

hydroxylactam (57) at 160 °C over 20 min in flow was observed, as monitored by
1

H-NMR of the crude product. The cyclised compound (58) was obtained in

excellent yield after chromatography (94%) on a 0.1 g scale; the flow reaction was
noticeably faster than in batch, for example, on occasions 90% conversion was
reached at 120 °C after 30 min, whereas the regular thermal reaction gave little
product.
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In order to explore the kinetics of cyclisation using flow methods, some
initial scoping experiments were carried out to find suitable temperature and
residence time ranges for a full study. Initial screening showed moderate to good
conversion at 110 and 120 °C within an appropriate time frame (5-30 min).
Despite the advantages of strong control of the reaction environment under flow
conditions, we observed some outliers in the data set and poor reproducibility of
our results.
The importance of acid generation from the solvent became apparent when
switching from TCE to 1,2-dimethoxyethane (DME). A test reaction at 140 °C
indicated no consumption of starting material. When adding a drop of
trifluoroacetic acid (TFA) to the reaction mixture the reaction went to completion
under identical conditions.

5.3.2 Influence of Solvent Conditioning and Preheating
Storing the solvent over potassium carbonate eliminated any traces of acid
in the reaction mixture from the beginning. With this precaution in place we
repeated a thermal analysis at fixed reaction time (20 min), which showed
increasing conversion with temperature (Figure 36). In contrast to previous
experiments where solvent was used straight from the bottle, the temperature in
those experiments with TCE stored over base had to be increased beyond 140 °C
to start the reaction.
Pre-heating of the solvent at 170 °C over a 40 min period before mixing in
the reagent followed by a 20 min run (90-160 °C) showed that the solvent greatly
enhanced the reaction rate. The reaction was already finished at 100 °C (Figure
36), whereas without preheating hardly any product was observed at the same
temperature. This illustrates the importance of acid generation from the solvent.
The experimental setup is described in Figure 37.
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Figure 36: Consumption of (57) with (red square) and without preheating (blue diamond) of solvent
followed by 1H-NMR analysis of the crude for a 20 min reaction. The solvent was kept over base
(K2CO3) and preheated for 40 min at 170 °C where indicated.

Figure 37: Two PFA reactors (10 mL capacity each) were connected in series. At the exit of the first
reactor (170 °C, 40 min) a T-mixer introduced the reagent into the pre-conditioned solvent stream.
This was then directed into the second reactor (20 min) that was kept at the indicated temperature
(Figure 36).

5.3.3 pH Measurements
The last test was to determine if the amount of HCl produced from TCE
could be measured directly. Plugs of TCE embedded in toluene were passed
through the stainless steel column at a fixed residence time (10 min) at various
temperatures. The plugs were then collected in plastic bottles filled with
deionised water and KCl. The resulting drop in pH was measured by pH meter.
The addition of salt cured fluctuations in the data set near pH 7 and led to faster
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stabilisation of the probe. A plot of –log[H+] against temperature shows the
generated

acid

from

TCE

and

indicates an

exponential correlation

with

temperature (Figure 38).

Figure 38: Concentration of HCl generated by heating TCE (5 mL, in toluene) at various
temperatures for 10 min heating in SS reactor. TCE was stored over K2CO3 prior to use.

At higher temperatures (>170 °C) we noticed that the plug of TCE was
yellow and brown material was extruded from the column when washed with
water. This suggests that acid generated by TCE reacts with the column as would
be expected for HCl with stainless steel.
Data from Figure 38 was applied to estimate the amount of acid produced
in the previous preparative run at 160 °C, 20 min (Figure 36, no pre-heating, 0.33
mmol of substrate in 30 mL TCE). HCl was generated at an average amount of
0.04 mol%, thus demonstrating the remarkable efficiency of the reaction.

5.4 Conclusions
The results indicate that small amounts of acid were generated by thermal
decomposition of TCE in sufficient quantity to catalyse the intramolecular Nacyliminium test reaction. We also confirmed that trace amounts of acid were
present in commercial TCE, which contributed to inconsistent results noted. Other
solvents (DME) failed to show significant conversion apart from when acid was
deliberately added. The methodology therefore shows the significance of the
solvent-derived acid production from TCE in catalysing the ‘reagent-free’ reaction.
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Chapter 6

Organometallics in Flow

Figure 39: Commercial samples of dicobalt octacarbonyl.

Chapter 6

Summary

Some organometallics reactions were investigated in flow. This work can be divided
into three topics:
i)

The Pauson-Khand reaction was tested with phosphine stabilised cobalt
carbonyl catalysts using a gas-exchange rector reactor.

ii)

Reactions

with

an

air-stable

CpCo(CO)fumarate

catalyst

for

[2+2+2]

cycloaddition of alkyne and nitrile were tested in flow.
iii)

Several Cp-iron piano stool complexes were synthesised by ligand substitution
in a thermally promoted process.
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6.1 Organometallics in Flow
Modern synthesis heavily relies on organometallic reagents.46 A major
challenge for flow chemistry lies in the reactive nature of organometallic reagents.
Most reagents are extremely air- and moisture sensitive and their decomposition
might leave behind insoluble residues that could jeopardise the integrity of
expensive flow equipment. Clogging is a major issue when working with
organometallics but several successful attempts have been reported to avoid
build-up

of

aggregates.

Key

techniques

involve

mechanical

agitation

by

ultrasound158 but also liquid/gas slug flow has been reported to prevent
clogging.80 This challenge has only recently been addressed and commercial flow
platforms are now adapted to pump slurry reaction mixtures.159
The potential difficulties for flow chemistry can be reduced substantially
when

working

with

air

stable

homogeneous

organometallic

reagents.

Alternatively, one might consider working with resin-bound reagents,160 which can
be immobilised in column reactors. We present two challenging cobalt reactions
using a gas liquid flow reactor and also describe the synthesis of selected iron
complexes through a thermally promoted ligand exchange reaction.

6.2 Pauson-Khand Reaction in Flow
6.2.1 Introduction
The traditional Pauson-Khand reaction161, 162 has been established for thirty
years and is a valuable tool for the synthesis of cyclopentenones (Figure 40).
However, the reaction suffers from major drawbacks. Take the catalyst as an
example of handling issues. Octacarbonyldicobalt(0) (cobalt carbonyl) is readily
available; however, it is also extremely air-sensitive.163 A fresh batch can be
identified by its distinct orange colour (Figure 39, left).
The catalyst is often used in stoichiometric amounts or excess under toxic
carbon monoxide atmosphere.164 The majority of Pauson-Khand reactions were
tested on intramolecular reactions to avoid regioisomers (Figure 40).
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Figure 40: Pauson-Khand reaction with traditional carbonyl cobalt catalyst affords cyclopentenones.

Over the last two decades, the Pauson-Khand reaction was greatly
improved. Pagenkopf and Livinghouse165 for example tried to solve some
limitations by a photochemical procedure. Other researchers utilised additives
such

as

N-oxides,166,

167

amines,168-170

phosphines,171-174

phosphine

oxides,175

sulfoxides,176, 177 sulfides,177, 178 DME/water178 and urea.179 Throughout the 90s and
the early 2000s, solid phase catalysts180, 181 and polymer-supported catalysts182-187
were extensively studied. To date, many variations exist (reviews)188-190 and many
alternative metals are used, rhodium191-194 being the most popular but also the
most expensive. Use of alternative power sources such as ultrasound195 and
microwave196 have been published, and, towards the end of this study, the first
flow project was reported utilising a two step photoflow batch sequence.197
The review of the literature shows that there are numerous ways to tackle
this challenging reaction. In order to make this reaction much safer for convenient
laboratory use, one has to eliminate two hazards. Firstly, it is essential to make
the catalyst more air-stable so that it can be stored and handled under
atmospheric conditions. Secondly, a convenient way to handle CO gas has to be
found. The latter was addressed by purchasing a gas liquid flow reactor. The gasliquid reactor from Vapourtec (‘tube-in-a-tube reactor’) is a 15 mL permeable tube
for the reaction mixture surrounded by a metal tube containing the desired gas.
This design allows handling of reactive gases up to 150 °C and a pressure
difference between the tubes of 8 bar (Figure 41).
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Figure 41: Commercial gas-liquid reactor connected to Vapourtec platform and gas cylinder.

Initially the instability of the catalyst was addressed by opting for an airstable

derivative

of

cobalt

carbonyl.

Then

the

formation

of

various

cyclopentenones under flow conditions was investigated using both phosphinestabilised and polymer-bound cobalt carbonyl.

6.2.2 Homogeneous Pauson-Khand Reaction
6.2.2.1 Preparation of Catalyst
Cobalt carbonyl, the catalyst for the Pauson-Khand reaction, is air-sensitive
and gas is released upon mixing it with the substrate. The rapid expansion of gas
made loading of substrate with the catalyst impossible so that a more stable
derivative had to be found. Gibson, 35, 47, 66 stabilised cobalt carbonyl by addition of
phosphines to overcome these limitations (Figure 42).

OC OC
CO
OC
Co Co
CO
OC
CO CO

OC OC
CO
Ph3P
Co Co
CO
OC
CO CO

Figure 42: Air-sensitive dicobalt octacarbonyl(0)
heptacarbonyl(triphenylphosphine)dicobalt(0) (right).
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The air-stable phosphine catalyst was synthesised following Gibson’s
procedure (Scheme 38). The resulting complex was purified by chromatography
and the structure was verified against 13C-NMR and 31P-NMR.

PPh3 + Co2(CO)8

OC OC CO
47%
Ph3P Co Co CO
OC CO CO 59

THF, rt

Scheme 38: Synthesis of heptacarbonyl(triphenylphosphine)dicobalt (59).

The model reaction included an intramolecular Pauson-Khand reaction to
afford cyclopentenone (61) from tosyl amide (60) that had been synthesised
following published procedures.198,
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The reaction (Scheme 39) was then

optimised using temperature, solvent and CO pressure variants.

O
N S
O

OC OC
CO
Co Co
CO
Ph3P
OC
CO CO
60

conditions

O

O
N S
O

61

0.02 mmol in 2 mL solvent
Scheme 39: Intramolecular Pauson-Khand test reaction.

6.2.2.2 Optimisation of Temperature
A thermal screening was carried out first. A fixed amount of catalyst (10%)
and a fixed flow rate (0.5 mL/min) were selected. In accordance with Gibson’s
work DME was picked as a solvent. The formation of product peaked at 120 °C as
monitored by LCMS of the crude product. A side product was also also found
(Figure 43). LCMS analysis showed a mass ion of 499 Da for this species, which
could correspond to a starting material dimer; however, isolation of this species
by prep-LCMS and analysis by 1H-NMR did not provide any conclusive data.
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Figure 43: Optimisation of the intramolecular Pauson-Khand reaction with tosyl amide (60) in flow
using the gas-liquid reactor (15 mL). Conditions: tosyl amide (0.02 mmol) in DME (2 mL), CO gas (5
bar), catalyst (59) (10 mol%), flow rate: 0.5 mL/min. The crude material was analysed by LCMS.
Unaccounted are phosphine fragments from the catalyst. Plotted are product (PR, red), starting
material (SM, blue) and side product (side PR, green). The repetitions at 120 °C indicate an error of
about 7%.

6.2.2.3 Optimisation of Solvent
Several solvent systems were then tested, concentrating on three common
solvents for the Pauson-Khand reaction: DME, toluene and THF. All solvents were
analytical-grade and anhydrous and were saturated with nitrogen prior to
conducting the experiment. A batch of BHT stabilised DME performed notably
worse than unstabilised DME. Commercial anhydrous THF was used without
stabiliser (Figure 44).

Figure 44: Optimisation of the intramolecular Pauson-Khand reaction with tosyl amide (60) in flow
using the gas-liquid reactor (15 mL). Conditions: tosyl amide (0.02 mmol) in the indicated solvent (2
mL), CO gas (5 bar), catalyst (59) 10 mol%, temperature 120 °C, flow rate: 0.5 mL/min. The crude
material was analysed by LCMS. Unaccounted are phosphine fragments from the catalyst. Plotted are
product (PR, red), starting material (SM, blue) and side product (side PR, green).

102

!"#$%&'()*(+',#-./&%#00123(1-(40.5(
6.2.2.4 Optimisation of Pressure
The pressure was the next variable to be changed. A run with nitrogen (5
bar) and an experiment in a conventional PFA reactor served as a control
experiment. Figure 45 shows that a pressure of 5 bar CO furnished the highest
conversion. The pressure was not exceeded beyond 8 bar to remain within the
manufacturer’s guidelines for the gas liquid reactor.

Figure 45: Optimisation of the intramolecular Pauson-Khand reaction with tosyl amide (60) in flow
using the gas-liquid reactor (15 mL). Conditions: tosyl amide (0.02 mmol) in DME (2 mL), CO at
various pressures and PFA reactor (10 mL) as a comparison; catalyst (10 mol%), temperature 120 °C,
flow rate: 0.5 mL/min. The crude material was analysed by LCMS. Unaccounted are phosphine
fragments from the catalyst. Plotted are product (PR, red), starting material (SM, blue) and side
product (side PR, green).

6.2.2.5 Optimisation of Catalyst
Reducing the catalyst to 5% resulted in substantial drop in productivity. Going
beyond 10% also led to a small drop. Therefore the catalyst loading was kept at
10 mol% (Figure 46) for the following preparative run.
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Figure 46: Optimisation of the intramolecular Pauson-Khand reaction with tosyl amide (60) in flow
using the gas-liquid reactor (15 mL). Conditions: tosyl amide (0.02 mmol) in DME (2 mL), CO (5 bar)
and 120 °C. Unaccounted are phosphine fragments from the catalyst (59). Plotted are product (PR,
red), starting material (SM, blue) and side product (side PR, green).

6.2.2.6 Optimisation – Preparative I
So far the experiments predicted that the following conditions were most
suitable for a preparative run:
•

120 °C

•

DME, non-stabilised

•

5 bar CO

•

10 mol% catalyst

A preparative experiment at the indicated conditions was prepared. These
conditions resulted in a poor isolated yield of compound (61) (30%) after
chromatography. Diethylmalonate derivative (62)200 was synthesised to test a
different substrate. Under identical conditions the corresponding cyclopentenone
(63) was obtained in a higher yield (51%, Scheme 40).
O
EtO

O
OEt

62

O

10 mol% (59)
DME, 110 °C, 30 min

OEt
OEt

O

63

0.2 mmol, 2 mL
Scheme 40: Pauson-Khand reaction on diethylmalonate derivative.
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The reaction turned out to be not as straight forward as optimising each
variable in a step-by-step approach. In fact, was likely that variables might be
closely related to one another. In spite of several optimisation attempts, the
reaction never went to completion as indicated by the presence of residual
starting material in the crude sample. This was most likely due to the release of
CO gas from the catalyst, which in turn shortened the residence time dramatically.
It was noticed that the residence time in the gas liquid reactor was particulary
unreliable. On occasions only half of the expected residence time was observed.
The formation of a side product was also observed, which was most
evident when the reaction mixture was heated beyond 110°C. The data indicated
that a competitive process had occurred. It was therefore important that a more
thorough approach was prepared to elucidate the relationship of each variable to
on one another. One way to gain more insights into this reaction could be by
Design of Experiment (DOE), which is capable of breaking down the importance of
each parameter in the reaction.

6.2.2.7 Optimisation – DoE
Design of Experiment (DoE) is an effective way to maximise the amount of
information gained from a reaction whilst minimising the amount of reactions to
be done. One feature of DoE is factorial designs; through variation of several
factors at the same time the impact of each variable or a pool of variables on the
system can be predicted. At this juncture it was important to check if this
challenging reaction could be improved by means of DoE.
In order to maximise the yield by DoE it was essential to obtain an accurate
representation of yield. LCMS analysis provided a good starting point to monitor
the progress of a reaction whilst providing the overall boundaries for the DoE
study. However, a precise representation of %yield had to be instated. An HPLC
was calibrated for %yield of (61). Using the initial boundary conditions acquired
from all previous optimisation steps, a two factorial DoE experiment was created
(Table 16) within the following margins:
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•

solvent: DME

•

temperature: 100 – 120 °C

•

catalyst loading: 8-15 mol%

•

CO pressure: 1-8 bar

•

time: 15-30 min*

O
N S
O

OC OC
CO
Co Co
CO
Ph3P
OC
CO CO 59
conditions

60

O
N S
O

O

61

0.02 mmol in 2 mL solvent

Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Temp
(°C)
110
120
100
110
110
120
100
120
100
110
120
100
100
100
110
110
120
120
120

CO
(bar)
4.5
4.5
4.5
1
4.5
8
4.5
8
1
4.5
4.5
1
8
8
8
4.5
8
1
1

Time*
(min)
22.5
30
15
15
22.5
15
30
22.5
30
22.5
15
15
30
15
15
22.5
30
30
15

Catalyst
(mol%)
11.5
8
8
15
11.5
11.5
15
8
8
11.5
15
11.5
8
15
8
11.5
15
15
8

Yield
(%)
47
34
48
43
44
50
49
39
37
43
50
41
63
67
44
56
44
39
29

Table 16: Randomised list for DoE study of the Pauson-Khand reaction (60) ! (61). Yields were
determined by HPLC against a calibration curve.
*Observed reaction time was lower due to due to extrusion of gas from the catalyst.
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Analysis of the results in Table 16 indicated that the most favourable
conditions for this experiment was at 100 °C (entry 13). The decline in yield at
higher temperatures (120 °C) can be explained by the formation of the unknown
side product in a competitive process. Pressure turned out to be equally important
as temperature. The yield became higher by increasing the pressure. While this is
in accordance with the general literature for Pauson-Khand reactions with cobalt
carbonyl, it is against the trend noticed during the optimisation of pressure in
section 6.2.2.4 where maximum conversion was found at 5 bar.
The amount of catalyst had a smaller effect on the reaction. A higher yield
was predicted for those reactions carried out at 15% catalyst, which is also against
the trend noticed in section 6.2.2.5.
No correlation fit was found for time, which might be because the release
of gas made this parameter particularly difficult to control. The correlations of
temperature, pressure, catalyst and yield are summarised in Figure 47 and show a
maximum yield at 65% with a modest error (±6%) when the experiment was
carried out at 100 °C, 8 bar CO and 15% catalyst.

Figure 47: Results from DoE study show location of highest yield at 100 °C, 8 bar CO and 15%
catalyst. Error: ±6%.
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6.2.2.8 Optimisation – Preparative II
A preparative run was then completed to clarify the validity of the
optimised conditions predicted by the DoE study (100 °C, 8 bar CO and 15%
catalyst). Cyclopentenone (61) was isolated at an acceptable yield (63%). This
result was consistent with the prediction (65%) and thus confirmed the validity of
the DoE study. Previously, a disappointingly low yield (30%) had been obtained
after a long and stepwise optimisation processes. Hence this DoE study was far
superior and provided more meaningful insights into the significance of each
variable.

6.2.3 Polymer-bound Pauson-Khand Reaction
6.2.3.1 Preparation of Polymer
Gibson also immobilised cobalt carbonyl on polymer and created another
convenient way to stabilise the catalyst.183-185 Following Gibson’s procedure,185
polymer-bound triphenylphosphine was treated with cobalt carbonyl (Scheme 41).
The resulting air-stable polymer was then placed into Omnifit columns (Figure 48)
for testing.

PPh2

PPh3 on polymer
(polystyrene)

Ph2
P
Co(CO)3
P Co(CO)3
Ph2

Co2(CO)8
rt, 5 h, dark

PPh2Co(CO)3Co(CO)4
64

Scheme 41: Polymer-bound triphenylphosphine (100-200 mesh, 1.6
mmol ‘P’ / g, polystyrene cross-linked with divinylbenzene) was
swollen in THF and then treated with cobalt carbonyl in the dark to
afford the resulting polymer as purple beads. The literature proposes
two structures for the polymer bound product (64).185
Figure 48: Omnifit columns connected to a Vapourtec Flow system
with catalyst polymer (64) (left, dark purple colour) and its untreated
polymer (right, yellow colour) for comparison.
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6.2.3.2 Optimisation – Setup
The same intramolecular Pauson-Khand reaction (60!61) was chosen for
testing. Three configurations of the flow system were tested:
•

Case I: Polymer column in front of gas-liquid reactor (Figure 49)

•

Case II: Gas-liquid reactor in front of the polymer column and swelling of
polymer (Figure 50)

•

Case III: Polymer column without the gas liquid reactor and swelling of
polymer (Figure 51)

A portion (1.0 g) containing approximately 1.06 mmol ‘P’ was then packed into
an Omnifit column (0.6 mm diameter) and placed into the column holder heated
to 70 °C. THF was chosen to remain consistent with Gibson’s procedure. A stock
solution of tosyl amide (60) was made up (0.005 M, 95 mL, 0.475 mmol) and
pumped at 0.5 mL/min (Scheme 42). The entire plug was sequenced into small
aliquots (14x 8 mL), which were then concentrated in vacuo and analysed by LCMS
to determine % conversion in each fraction.
O
N S
O

5 bar CO, 1 g (64)
60

THF, 70 °C

O

O
N S
O

61

Scheme 42: Pauson-Khand reaction in flow using polymer bound catalyst (64).

Figure 49: Case I: Pauson-Khand reaction with tosyl amide (60) in flow using polymer bound cobalt
carbonyl (64) and the gas-liquid reactor (15 mL) connected in series. The reaction mixture was
sampled into vials (14x 8 mL aliquots) and each was analysed by LCMS.
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Figure 50: Case II: Pauson-Khand reaction with tosyl amide (60) in flow using the gas-liquid reactor
(15 mL) and polymer bound cobalt carbonyl (64) in series. The polymer was swollen inside the
column for 30 min prior to the reaction. The reaction mixture was sampled into vials (14x 8 mL
aliquots) and each was analysed by LCMS. Samples 12-14 crashed due to build up of high pressure.

Figure 51: Case III: Pauson-Khand reaction with tosyl amide (60) in flow using the pre-swollen
polymer (64). The reaction mixture was sampled into vials (14x 8 mL aliquots) and each was
analysed by LCMS. Samples 12-14 crashed due to build up of high back-pressure.

6.2.3.3 Polymer-bound Cobalt Complex: Remarks
Our studies revealed that the polymer bound complex increased its activity
over time and required an activation period. This can be seen in Figure 49 where
partial conversion was observed in fraction 1-11 before reaching full conversion in
fraction 12 (phosphine traces from catalyst are not included in graph). It could not
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be confirmed whether the decrease in fraction 13 and 14 indicates depletion of
cobalt complex.
Prolonged swelling could have an impact on the activation period of the
catalyst. The polymer in the column was covered with THF prior to the
experiment. After a swelling time of 30 min the column was sealed and the
experiment started (case II). Unfortunately in both follow up experiments (case II
and case III) a gradual build-up of backpressure that shut down the instrument
after collection of only 11 fractions (Figure 50, Figure 51).
Case I (Figure 49) indicated the fastest activation period of the catalyst as
seen at the disappearance of starting material within 11 collected fractions. It is
reasonable to assume that the catalyst was displaced from the polymer and
leached into the gas liquid reactor to further react with the substrate.
By contrast, case II and III were set up to keep the polymer column at the
very end of the process, therefore no more reaction should take place once the
material had left the column.
Case II was designed to deliberately supply CO gas to the reagent stream
before reaching the polymer column; whereas case III would determine how the
immobilised catalyst performed on its own without an additional supply of CO
gas. In both cases, a notably lower performance was seen, which strengthens the
hypothesis that the catalyst was slowly displaced from the column. Further
evidence was discovered in the collected fractions as they turned turquoise/green,
indicating the presence of cobalt(II) oxide.

6.2.4 Conclusion
We demonstrated a thermally activated Pauson-Khand reaction in flow
using stable phosphine derivatives of cobalt carbonyl and elucidated some
correlations between temperature, pressure and catalyst loadings by (DoE) study
on an intramolecular tosyl amide template. Vapourtec’s gas liquid reactor proved
to be a convenient way for the safe handling of carbon monoxide gas. The
residence time remains challenging to control due to the decomposition of the
catalyst and the extrusion of gas.
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Polymer-bound cobalt carbonyl is potentially valuable for Pauson-Khand
reactions in flow. However, swelling of the polymer during the reaction resulted in
difficulties to maintain a constant pressure in the flow system. One way to
overcome this limitation would be to substitute the polymer with a more porous
resin, which might be at the expense of catalyst leaching.

6.3 Cobalt Catalysed [2+2+2] Cycloaddition
6.3.1 Introduction
Metal

catalysed

cyclotrimerisation,

[2+2+2]

has

been

cycloaddition
reviewed

of

alkynes,

frequently

in

also

the

known

as

literature.201-204

Traditionally this reaction is employed for the formation of benzene rings but
variations do exist including use of alkenes to access dienes and incorporation of
a nitrile to afford pyridines. One of the biggest limitations associated with the
reaction is the regioselective outcome of the cyclisation (Scheme 43, i). The use of
terminal diynes and tethering often helps to control the substitution in the
aromatic product (ii). One may think that even longer tethers bearing internal
acetylenes may further increase the regioselectivity. However this often comes at
the expense of reactivity205 of the internal acetylene (iii) and may lead to
crosslinking.
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i
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Scheme 43: Regioselectivity in cyclotrimerisation can be a limitation.
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To date, 17 metals are known to catalyse [2+2+2] cycloaddition reactions.
A lot of research has been devoted to controlling the regioselectivity by a careful
selection of metal and fine-tuning of ligands, solvents and substrates.206 The
overall accepted mechanistic framework was described by Vollhardt207,

208

who

studied the cyclotrimerisation of acetylenes using a CpCo(CO)2 catalyst. The
simplified catalytic cycle is depicted in Scheme 44.209 The first step includes
coordination of two alkynes to the metal complex followed by oxidative
cyclisation (1) and formation of the metallacycle (2). The third alkyne co-ordinates
to cobalt. This is then followed either by insertion or by a Diels-Alder [4+2]
addition (3). Reductive elimination affords benzene (4). A more detailed
discussion on the mechanism is available in the literature.210
Cp
Co
OC CO
2 R

- 2 CO

R

Cp
Co

R

1

R

R R
R

4

R

R

R

R
R

R
[4+2]
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R
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2
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R
R

R

R
R

2

R

R
R

R
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Co

R

R

R
R

R
R
R
insertion
3

Scheme 44: Cyclotrimerisation of alkynes – a simplified catalytic cycle.
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Vollhardt211 made use of CpCo(CO)2, which is unstable under atmospheric
conditions. A recent publication caught our interest, describing a synthesis of an
air-stable cobalt catalyst (Figure 52) and a microwave procedure for selected
cyclotrimerisation reactions.212 A search of the literature reveals that this catalyst
has already attracted the interest of several researchers.213-217 To the best of our
knowledge, a flow approach using this catalyst has not yet been reported. Ley218
describes a custom-built microwave flow reactor for several catalyst-free
intramolecular cyclotrimerisation experiments.

OC

Co

CO

OC

Co

O
O

O
O

a

b

Figure 52: Air- and light-sensitive cyclopentadienyl cobalt [CpCo(CO)2] (a) and stable
CpCoCO(fumarate) (b).

6.3.2 Results
6.3.2.1 Preparation of Catalyst
A batch of the air-stable fumarate catalyst was prepared by refluxing
CpCo(CO)2 in the presence of fumarate in toluene overnight under visible light
irradiation (Scheme 45). The resulting reaction mixture was purified by
chromatography to afford the resulting CpFe(CO)(fumarate) (65) in good yield
(60%).

O

OC

Co

O

+
CO

O
O

h!
reflux,
toluene
12 h

OC
O
65

Co

O

O
O
60%

Scheme 45: Preparation of air-stable CpCo(CO)(fumarate) catalyst.212 A 400 W xenon lamp was used.
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6.3.2.2 Optimisation – Temperature
The cyclotrimerisation between 1,7-octadiyne and benzonitrile was chosen
as a model system for optimisation and testing. Initial conditions such as catalyst
loading and solvent were taken from the microwave procedure described in the
literature212 and directly applied to the flow reaction without modification (Scheme
46). Plugs of material (2 mL, 4 mmol) were prepared and processed by the flow
machine using the default setup for sample loops with the stainless steel reactor
connected in series. Despite exposure to a relatively short residence time (10 min)
the catalyst showed good activity when heated above 140 °C (Figure 53). A
preparative run at 200 °C failed to furnish the product (66) in good isolated yield
(31%). A competitive cyclisation might have occurred, whose products were
untraceable by LCMS.

5 mol% (65)

+
N

toluene, 200 °C, 10 min

N

31%
66

Scheme 46: Model reaction between 1,7-octadiyne and benzonitrile. Cyclotrimerisation leads to
pyridine formation (66). Plugs of starting material (2 mL, 4 mmol) were passed over the stainless
steel reactor (10 mL) over a 10 min period.

Figure 53: Thermal overview of the reaction between diyne and benzonitrile at 10 min reaction time
in toluene in the stainless steel reactor.
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In order to identify the side products, LCMS analysis was abandoned in
favour of GC-MS analysis. The latter did not depend on the presence of UVchromophores or heteroatoms and should therefore detect any traces of side
product unless substantial crosslinking had occurred, making the compound nonvolatile. In addition, the less-volatile naphthonitrile (67) was selected over
benzonitrile (Scheme 47) in subsequent optimisation steps.

5 mol% (65)
+

N

67

toluene, 200 °C, 10 min

37%
N

68

Scheme 47: Model reaction between diyne and naphthonitrile was tested to overcome screening
problems of previous substrates.

A stock solution of 1,7-octyne, naphthonitrile and catalyst was prepared,
saturated with nitrogen and kept in the dark during the experiments. Aliquots (2
mL, 0.5 mmol) were then tested at different temperatures. The results in Figure
54 indicate that the stock solution upheld its catalytic strength over a 2 h period.
The error can be estimated from the repetitions at 180 and 200 °C and remained
within a 10% margin. Analysis of the crude material indicated the presence of
substantial quantities of alkyne dimer and trimer species. We also found that all
reactions did not go to completion as seen from the presence of starting material
(67) in the samples. GC-MS analysis confirmed a maximum productivity of 50% at
200 °C (Figure 54). A preparative run at these conditions led to isolation of only
37% of the pyridine (68) (Scheme 47).
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Figure 54: Reaction between 1,7-octadiyne and naphthonitrile (67). Temperature screening by GCMS analysis. Conditions: 0.5 mmol scale, catalyst (5 mol%) (65), toluene (2 mL), 10 min, SS reactor.

6.3.2.3 Optimisation – Reaction Time and Catalyst
In the next study the reaction mixture was exposed to a longer reaction
time. No significant difference was seen when the residence time was augmented
from 10 to 20 min. Increasing the amount of catalyst did not improve the reaction
too. The results in Figure 55 indicated no significant change at 10 or 50 mol%
loading compared to the default 5 mol% loading in all previous studies. Side
products from alkyne dimerisation and trimerisation were also confirmed by GCMS.

Figure 55: Optimisation at variable residence time and catalyst loadings. Conditions: toluene, 200 °C,
SS reactor.
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6.3.2.4 Optimisation – Equivalents of Reagents
In the next reaction the amount of alkyne was doubled, only to observe a
rise in alkyne dimer and trimer products. When the nitrile component was
increased, the situation became unclear as unreacted nitrile remained in the crude
product and saturated the spectrum (Figure 56).

Figure 56: Optimisation of equivalents nitrile. Conditions: toluene, 200 °C, SS reactor, 250 PSI, 10
min reaction, 5 mol% catalyst.

At this stage the nitrile component (67) was swapped for volatile
acetonitrile. With this in place the cyclotrimerisation using five and ten
equivalents of acetonitrile was attempted. The corresponding isolated yield
indicates that a large excess of nitrile is harmful to the catalyst. A 46% isolated
yield of pyridine (69) was observed when working with only five equivalents of
nitrile (Scheme 48) compared to a much lower 31% yield at ten equivalents of
nitrile loading.

+

N

5 mol% (65)
toluene, 200 °C, 10 min

N
69

nitrile
(eq)
5
10

Yield
(%)
46%
31%

Scheme 48: Testing cyclotrimerisation with an excess of nitrile. Isolated yield of pyridine (69) after
chromatography.
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6.3.2.5 Optimisation – Substrates
In spite of the substantial efforts taken to optimise several parameters,
conversion and isolated yields remained consistently below 50%. The question
arose whether the reaction is substrate dependent. Tosylamide derivative (70),
diethyl malonate derivative (71) and Meldrum’s acid derivative (72) were
synthesised (Scheme 49) for testing. No improvements were seen when screening
reactions (70!73) and (72!75). The cyclisation occurred with a moderate 34 and
37% yield, respectively. The reaction with diethyl malonate derivate (71) provided
a good yield (65%) of the corresponding pyridine (74).
O
S N
O

O
S N
O

70

OEt
O
71

O

toluene, 200 °C, 20 min

OEt

No

34%

73

65%

74

37%a

75

O
O
O

N
O
O

O

O

O
72

O

N 5 eq
5 mol% (65)

N

Yield

O

N

O
O

Scheme 49: Expansion of the cobalt catalysed trimerisation for the synthesis of selected pyridines
on 0.5 mmol scale. Isolated yield after chromatography. a 90% purity after chromatography.

6.3.3 Conclusion
We have explored the formation of bicyclic pyridines using an air-stable
cobalt catalyst in flow. We demonstrated that the homogenous reaction mixture
could be processed continuously, which is a great advantage over the use of the
traditional unstable catalyst. The mediocre conversion and yields are a direct
result of a competitive cyclisation amongst terminal alkynes. This leads to
undesired crosslinking that could not be supressed sufficiently during several
optimisation attempts.
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6.4 Flow Synthesis of Piano Stool Iron Complexes!
6.4.1 Elaboration on Iron Complexes
Organometallic catalysts are essential to synthetic chemistry. Many
catalysts are expensive and toxic. Iron complexes are gaining more importance
because they are cheap due to the large abundance of the metal. Unlike other
heavy metal catalysts, iron is not toxic (high iron content in blood) and even
present in enzyme active sites.219 An important subdomain of iron catalysis is
attributed to half-sandwich metallocenes, often described by their appearance as
‘piano stool compounds.’ These catalysts have remarkable properties and were
successfully employed for reductions,220 oxidations,221 formation of C-C bonds222
and C-N bonds223, 224 as listed in Scheme 50.

O
H
R

OH
R2

A (1 mol%)
PhSiH3 (1 eq)
toluene, 3h,
30 °C

Ph

+
H

H
R

acetone 18 h, !

C (30 mol%)

OSiMe3

CH2Cl, rt, 48 h

R

R2

D (5 mol%)
PhNO2 (0.75 eq)

OC Fe TMS
OC CO

B

O
Fe

OEt
OC

88%

R1

Oxidation:
Oppenauer reaction

O

R2

Ph

A

TMS

O

OR

Reduction:
Hydrosylation

Fe CO

N

I
N
Mes

77-94%

OSiMe3

Mes

65-88%

B (10 mol%)
10 mol% Me3NO*H2O

R1

O

OH

C-C bond formation
Mukaiyama reaction

Cl

CO
C

R1
NHPh

dioxane, 150-180 °C R2
50-70 atm. CO
10-92%

Fe
OC

O
C
C
O

Fe

CO

C-N bond formation
Allylic amination

D

Scheme 50: Literature applications of piano stool iron complexes.

!

* Work described in this section was carried out in collaboration with Prof. Jean-Luc Renaud’s team from ENSICAEN, France

120

!"#$%&'()*(+',#-./&%#00123(1-(40.5(
The synthesis of piano stool iron complexes can be approached from two
routes. The first route involves a thermal displacement of carbon monoxide ligand
from commercially available CpFe(CO)I (76). The reaction involves heating the
starting material in the presence of a phosphine ligand. Major improvements have
been reported in the presence of a powerful mercury lamp225 and by microwave
activation (Scheme 51).226

P-ligand (1 eq)
Fe
OC

76

I

toluene, N2, 6 h, rt
Hg lamp

CO

Fe

I

light activation

PPh2

Ph2P

83%
I

P-ligand (1 eq)
Fe
CO

OC

Fe
OC

I

CO

I

ethanol, N2,
10 h, !

Fe

CO
PPh2

Ph2P

35%
I

PPh3 (1 eq)
THF, 150 W,
20 min, 90 °C,

thermal activation

Fe
OC

PPh3
CO
76%

mircowave-assisted

Scheme 51: Route 1: Synthesis of piano stool iron complexes in the literature.225, 226

The second route starts from cationic arene cyclopentadienyl iron complex
(77) and affords piano stools of type [CpFe(P-ligand)(CH3CN)][PF6] (78a-e) (Scheme
52) when heated in the presence of a bidentate phosphine ligand (Figure 57).
In the past complex (77) used to be synthesised from CpFe(CO)2Cl with
arenes in the presence of aluminium chloride.227, 228 A more robust route involved
ferrocene and was developed by Nesmeyanov et al.229, 230 Their route was recently
improved by Kunding231 in terms of yield and time and was used by our
collaborator to supply the starting material (77) for our studies (Scheme 52).
The displacement of the labile aromatic ligand by phosphine ligands
through thermal activation could lead to a highly efficient and scalable flow
synthesis of these valuable complexes and provide an alternative to existing
microwave procedures.
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Fe

naphthalene (4 eq)
AlCl3 (1.1 eq)
Al (0.5 eq)
TiCl4, (0.5 eq)
heptane, 90 °C
3 h, 57%

PF6

78 ligand
a
dppm
b
dppe
c
dppe
d
dppf

PF6

ligand (1.1 eq)
THF / MeCN (2:1)
Fe PR1
160 °C,
MeCN PR
1
4 min
78a-d

Fe
77

Scheme 52: Route 2: Ferrocene route proposed by Kundig231 leads to a stable cationic arene
cyclopentadienyl iron complex (77). In a second step the labile naphthalene ligand can be displaced
by phosphine upon thermal activation e.g. by microwave to afford various piano stool complexes
(78a-d).

P
P

P

P

P

P

Fe

P

P

dppm

dppe

dppp

dppf

Figure 57: Selected bidentate phosphine ligands.

6.4.2 Synthesis of Piano-Stool Iron Complexes in Flow
6.4.2.1 Route 1 – CpFe(CO)2I
Our initial interest in this field was guided by the availability of commercial
starting material CpFe(CO)2I (76). As seen in Scheme 51, the literature examples
indicate that these complexes can exist as either the neutral form or as the iodide
salt. Following the procedure by our collaborator, we were expecting to obtain a
salt. It is interesting that 1H-NMR data provided by our collaborator for the salt
matches those published by Zheng232 for the neutral compound (Scheme 53).

PPh3 (1 eq)
Fe I THF (1 mL)
OC CO 150 W, 6 min
0.16 mmol 130 °C
76

I
Ph3P

Fe CO
CO

vs.
Ph3P

Fe I
CO

Scheme 53: Microwave procedure to access piano stool compound from commercial CpFe(CO)2I (76).
Data provided for salt also matched those published for the neutral complex (right) reported by
Zheng.232
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Our explorations in this field were hampered by the rapid release of gas
and extrusion of reaction mixture during the thermal process, which occurred
when heating the reaction mixture above 90 °C. Two ligands were tested:
triphenylphosphine in either one or two equivalents and dppe, a bidentate
phosphine ligand. In all experiments the residence time was not controllable in
either PFA or SS flow reactors. The rapid release of gas could also not be reduced
when employing the gas liquid reactor because diffusion across the membrane
was not fast enough to make up for the rapid release of gas from the reaction
mixture.
In addition to the experimental difficulties, the crude reaction mixture
turned out to be highly unstable in solution. Several precautions were instated.
For example the reaction mixture was collected and purified under nitrogen
atmosphere. However, the resulting green complex always decomposed during
analysis so that no conclusive results were obtained. Noticing these experimental
limitations and the uncertainty about the actual structure of the target compound
we decided to abandon this chemistry in favour of the second route.

6.4.2.2 Route 2 – Cationic Arene Cyclopentadienyl Iron Complex
The second route proved to be more robust and reliable. The microwave
procedure provided by our collaborator (Scheme 54) was transferred into a flow
process with minor adjustments. For example, the backpressure regulator was the
bottleneck of the synthesis; without any precautions in place the reaction mixture
blocked the device. In order to avoid clogging of the system in-series alumina
chromatography was introduced. This protected the backpressure regulator from
clogging (Figure 58) but in spite of this improvement, the long purification
procedure from the microwave protocol still had to be followed in its entirety. A
two-step purification procedure was required to isolate this material, which relied
on extraction with hot hexane/acetonitrile to remove naphthalene followed by
chromatography to remove unreacted phosphine ligand.
When scaling the synthesis from 50 mg (2 mL) to 150 mg (6 mL), higher
yields were obtained especially when a more concentrated solution was used (150
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mg in 2 mL). However, the concentrated solution was more susceptible to clog
various parts of the flow system.
In addition, the reaction with dppf ligand required minor modification to
the solvent system (DCM) and only gave the target compound in 90% purity after
purification. The results are summarised (Table 17).
PF6

THF / MeCN (2:1)
160 °C,
4 min

Fe

78 ligand yield
a
dppm 55%
b
dppe
92%
c
dppp
87%
d
dppf
89%

PF6

ligand (1.1 eq)
MeCN

Fe PR1
PR1
78a-d

77

Scheme 54: Isolated yields reported by collaborator using microwave heating for the synthesis of
selected piano stool complexes with various bidentate phosphine ligands.

Figure 58: Modified flow setup with in-series chromatography.

Ligand

Scale / Isolated Yield

(1.1eq)

50 mg

150 mg

(78a-d)

160 °C, 4 min, 2 mL

140 °C, in 6 mL, 20 min

dppm

63%a

55%

dppe

80%

72% (83%)b

dppp

57%

77% (89%)b

dppf

17% c,d

53% c,e

Table 17: Flow Yields for the synthesis of piano stool complexes with various ligands.
a) chromatography using silica
b) A higher yield was obtained when a more concentrated solution was used (dissolved in 2mL) but
this tended to cause blockages
c) material contained significant unidentified impurities
d) T = 140 °C, DCM:THF:MeCN = 8:1:1
e) DCM added to dissolve the material, T = 160 °C
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6.4.3 Conclusion on Piano Stool Iron Complexes
The first route proved to be impractical for three reasons. Firstly, the
extrusion of gas was impossible to control in a sealed flow system and therefore
remains more feasible for a microwave setup described by our collaborator.
Secondly, the instability of the reaction mixture made data acquisition particularly
challenging. Thirdly, the literature proposed a different structure than suggested
by our collaborators. Due to this uncertainty, we abandoned this to synthesise
piano stool iron complexes.
The second route starting from cationic naphthalene cyclopentadienyl iron
complex indicated that flow chemistry provided a real alternative to the
established microwave procedures and led to successful isolation of several piano
stool iron complexes. We acknowledge that the yields in comparison to the
microwave method were lower but this could be due to the extensive purification.

6.5 Organometallics in Flow Conclusion
We presented three organometallic reactions and showed that flow
chemistry can serve as an equally important tool to synthesise and handle
organometallic reagents as conventional batch and microwave techniques. The
Pauson-Khand reaction can be converted into a flow reaction by means of a
commercial gas-liquid flow reactor to safely handle toxic CO gas at high
temperatures and at reasonable pressures.
As seen during cyclotrimerisation of alkynes and nitriles with the air-stable
cobalt catalyst, flow chemistry is a valuable tool when high temperatures are
required to activate the reaction. Routine sequential optimisation experiments can
be executed rapidly when making efficient use of the sample loop injection or
bottle-feed setup.
The synthesis of piano stool iron complexes was accomplished from cationic
arene cyclopentadienyl iron complex and we believe that further optimisation with
current flow technology will enable their synthesis without additional purification
in the near future.
From a practical perspective it is worth mentioning that organometallic
reagents pose a greater risk to the flow equipment than other reagents. During
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the Pauson-Khand reactions for example we found that metallic residues remained
inside the reactor and accumulated preferentially in cooling loops or at the exit of
the flow reactor. We introduced routine HCl washing steps in order to prevent
clogging of the instrument. This removed metal deposits from the machine as
seen in Figure 59 by the distinct blue colour that indicates the presence of cobalt
(a). Check valves (b) and backpressure regulators (c) are particularly prone to
failure but can be carefully disassembled and cleaned. A few spares of each,
though expensive, should be kept ready to avoid any delays due to timeconsuming cleaning routines.
Small-scale reactions are conveniently processed through the sample loop
(d). This avoids pumping the reaction mixture over the pump and is usually a
good start to explore a novel reaction. A severe limitation is the fine-bore 6-way
switching valve located at the rear of the injection port (e). This part can clog
easily when organometallic reagents are used. We found that acid cleaning does
not always guarantee that this part remains operational. Often the microscopic
holes of the rotor face seal (f) had to be cleaned mechanically. This process can
be done several times with means of acupuncture needles or a fine wire but is
generally very time consuming. This is a limitation of the kit that has already been
recognised by the manufacturer. A bigger bore size injector port is now standard
on all new Vapourtec machines and can be fitted to existing kits.
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Figure 59: Common blockages and useful spare parts when working with organometallics in flow.
(a) HCl cleaning of PFA (left) and gas liquid reactor (right) after reaction with organometallic
reagents (here: cobalt) prevents gradual build up of deposits and clogging of expensive
reactors.
(b) Location of check valves (2x) on Vapourtec pumping module. These units are most likely
affected by organometallic reagents during reactions ‘from the bottle.’
(c) Backpressure regulator assembly can often be protected from particles by in-series
chromatography. Internal spring (not visible) corrodes after prolonged exposure to
organometallic reagents or acid.
(d) 6-way sample loop injector port, front view.
(e) Disassembled sample loop exposing rotor face seal featuring 6 micro-scale injection holes.
(f)

Close-up of rotor face seal.
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Chapter 7

Mixing Study

Figure 60: T-mixer attached to a microscopy slide holder.

Chapter 7

Summary

The mixing performance of commercially available flow mixers by means of
fluorescent microscopy studies and by two chemical reactions was assessed. The
experiments showed that the tested mixers did not perform well at low flow rate (0.5
mL/min); however, the mixing performance dramatically improved at higher flow rate
(3 mL/min).
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7.1 Introduction
Mixing reagent streams prior to directing them into a flow reactor is an
important process. The Vapourtec system uses simple T-mixers for this purpose.
There has been a lot of work investigating mixing in microfluidic systems where
diffusion dominates and complex-shaped micromixers are frequently developed
and tested.233-239 Mixing in production scale flow is well developed using
turbulence, for example by using a baffle reactor,240 but little work has been done
in the meso-scale domain (1-10 mL/mL) where neither is expected to be useful.
A simple way to predict when pipe flow is turbulent is to calculate its
Reynolds number (R) (Equation 5). Turbulence in pipe flow is achieved when the
Reynolds number exceeds a threshold (R>4000).241 For water at ambient
conditions this would require a flow rate of 188 mL/min in 1 mm diameter tubing
and exceeds the maximum flow rate of a Vapourtec System by far (2x 10
mL/min). Therefore it might be desirable to mix two liquid streams properly
before they reach a flow reactor.
Equation 5

R=

!QD
Aµ

Equation 5: Definition of Reynolds number, where ! is dynamic density, Q is mean flow rate, D is
tubing diameter, A is area and µ is viscosity. For water in 1 mm diameter tubing: ! = 1000 kg/m3, µ =
0.001 Ns/m2.

A lot of work has been dedicated to study T-mixers and it is generally
understood that their performance is only mediocre.242-245 Only a few case studies
exist to measure the mixing performance by means of a chemical reaction. The
Bourne246,

247

and Villermaux/Dushman248-252 reactions are two chemical tests to

characterise mixing in pipe flow. These methods rely on competitive reactions and
can be followed by UV-vis spectroscopy or GC. A recent study of commercial flow
mixers from Upchurch and other mixing units was published by Roder.253
Loebbecke254

summarised

the

Villermaux/Dushman

(iodine)

reaction

for

experimental chemists who wish to avoid dealing with the complicated underlying
kinetics and optimisation procedures. Jensen255 recently published a glycosylation
reaction to characterise mixing properties in flow systems. Other common
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characterisation methods, such as dye extraction, nanoparticle tracking or
fluorescence microscopy, do not utilise a chemical reaction but are also powerful
ways to assess the mixing performance.256-258
We were interested to explore mixing characteristics within flow rates that
we often use in the lab (0.5–3.0 mL/min) and tested three commercial mixers
from Upchurch: T, Y, and static mixer (arrow head mixer). The mixing
performance was assessed by fluorescent microscopy study with aqueous
fluorescein dye before moving on to the Villermaux/Dushman test, representing a
mixing test based on a chemical reaction. A third mixing test was developed,
making use of insertion of a reactive species before and after the mixer. The
results obtained from this new mixing test were then compared to established
procedures described in the literature.

7.2 Mixing Study – Results
7.2.1 Fluorescence Microscopy Mixing Test

!

Fluorescent microscopy was our first choice of analysis because the standard
flow tubing (PFA) is transparent enough for optical assessment of its contents.
Three commercially available mixing units from Upchurch/IDEX (T-mixer, Y-mixer,
static mixer) were analysed by fluorescent microscopy using aqueous fluorescein
dye and blue light excitation. The method showed fluorescent and nonfluorescent fluid layers, which indicated poor mixing of the combined streams
(Figure 61).
Figure 62 shows a typical series of observations. At first the dye was
pumped exclusively to capture an accurate representation of the channel width (1
mm). Then water was pumped into the mixer together with the dye and the dye
was partially displaced. Shortly afterwards equilibrium was reached, where one
section of the tubing was fluorescent and the other section was dark. Tubing
margins and the aqueous layer appeared black. The grey area represented the
fluorescent layer.

* Work described in this section was carried out in collaboration with Dario Carugo from Dr. Xunli Xhang’s group at the School of
Engineering at Southampton University.
!
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Figure 61: T-mixer from Upchurch attached to a microscope tray. Commercial mixers (T-, Y- and
static mixer (arrow head mixer)) attached to a microscope slide holder for fluorescent microscopy.
Pictures were recorded at the exit of the mixer to determine mixing of two aqueous solutions.

Figure 62: Mixing via T-mixer. Fluorescent microscopy recorded at the exit of a T-mixer. The
channel was filled with dye from pump B (i). Pump A is then activated and water partially displaced
the dye (ii). The system reached equilibrium (iii); two distinct layers indicated poor mixing.

A variety of flow rates and mixers (Figure 63) were tested to see whether
mixing would improve. As a general rule, all mixers showed two distinct layers
(black = water, white = fluorescent dye) at low flow rate (0.5 mL/min), which then
turned into a grey layer at higher flow rate. This indicated that mixing was poor at
the start and gradually improved. At fast flow rate (3.0 mL/min) the grey shade
became rather chaotic and grey clouds were spotted, indicating better but not
thorough mixing, which could be caused by turbulence. The static mixer
produced a more uniform colour at high flow rate. This indicated that better
mixing properties were achieved; however, at low flow rate the situation was
largely unchanged in comparison to the other mixers.

132

!"#$%&'()*(+,-,./(0%123(

Figure 63: Fluorescent images of liquid stream inside PFA tubing recorded at the exit of commercial
mixers. Two streams (water/dye) were pumped into the indicated mixer at the given flow rates
(rows). The dye-only column (left) shows the width of the entire channel (1 mm). Water displaced the
dye and was responsible for the black layer. The formation of a thick black layer was therefore an
indicator for poor mixing.

7.2.2 Villermaux/Dushman Mixing Test
One important mixing test is the Villermaux/Dushman reaction, also known
as the ‘iodine test.’248-252, 259 This method is widely accepted to quantify mixing
using a UV-traceable tri-iodide complex that is formed in direct competition with
an

acid/base

neutralisation.

The

iodine

test

was

extensively

applied

to

characterise mixing in the last decade and has become a standard test reaction
for many mixing units.235,

238, 244, 254, 260-264

The test is based on two competing

reactions (Scheme 55). The acid catalysed formation of tri-iodide complex (I3-)
encouters neutralisation by a buffer (H2BO3-) (Figure 64). When mixing is poor, the
formation of tri-iodide complex prevails, which can be seen by its high
absorbance at 285 and 345 nm (dark yellow solution). When mixing is good, the

133

!"#$%&'()*(+,-,./(0%123(
buffer mops up all acid and prevents formation of the iodide complex so no
absorbance is seen.
H2BO3- + H+

H3BO3 (very fast)

5 I- + IO3- + 6 H+

3 I2 + 3 H2O (fast)

I2 + I-

I3-

Scheme 55: Villermaux/Dushman reaction involves three equilibria. Neutralisation by a borate
buffer competes with the acid catalysed formation of tri-iodide complex (I3-), which in turn can be
measured by UV-vis spectroscopy to measure mixing performance.

Figure 64: Formation of tri-iodide complex (I3-) is measured by UV-vis spectrometry and indicates
mixing performance. Syringe pump A: sulphuric acid. Syringe pump B: buffered aqueous iodide /
iodate system (H2BO3-/ H3BO3).

Optimised conditions for the Villermaux/Dushman procedure are described
by Panic and were used to complete the iodine test.254 A plot of absorbance vs.
wavelength was plotted for the T-mixer at various flow rates in Figure 65 (left).
The decrease in absorbance indicates improved mixing and is seen at higher flow
rates. The second graph features a breakdown of all tested mixers. The formation
of iodide complex was followed at !max= 285 nm and was plotted against various
flow rates (right).
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Figure 65: Villermaux/Dushman reaction. Absorbance of tri-iodide complex measured at the exit of
T-mixer by UV-vis spectroscopy at various flow rates (left). A comparison of selected mixers at
various flow rates was measured at 285 nm (right). Good mixing is indicated by a low absorbance at
285 nm. Results from T- and Y-mixer fall within a 7% error margin and those from the S-mixer are
slightly higher at 12%. Results were averaged from three consecutive tests.

The results from the Villermaux/Dushman reaction are in agreement with
our findings from the microscopy experiment. At low flow rate (0.5 mL/min)
inefficient mixing was found as seen by the strong absorbance of the tri-iodide
complex by UV-vis spectroscopy at 285 nm. Interestingly, the static mixer
improved rapidly with increasing flow rate as seen at the strong drop in
absorbance between 1.0 and 2.0 mL/min. Another interesting result is that the Ymixer showed better mixing characteristics than the T-mixer as seen at the
slightly lower absorbance throughout all measured flow rates. We expected that
the T- and Y-mixer perform far worse than the static mixer consistent with the
observations in the microscopy experiment. Overall the iodine method shows that
all mixing devices do not work well at low flow rate and are more efficient at a
higher flow rate. This is thought to result from turbulence that might be
generated at higher flow rate.

7.2.3 Acid Chloride and Amines Mixing Test
The outcome of a competitive chemical reaction is determined by the
relationship between mixing time and reaction time. When mixing time is much
shorter than reaction time, the outcome of a chemical reaction cannot be
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influenced through improvements of mixing. By contrast, when reaction time is
shorter than mixing time, mixing becomes the ‘bottleneck’ and it is then possible
to intercept a species in the reaction mixture to bias the outcome of the reaction.
Analysing the products of extremely fast competitive reactions can therefore
reveal mixing performance.
A reaction between an acid chloride (A) and a primary amine (B) in the
presence of a tertiary amine serving as a proton mop is proposed. Such a reaction
occurs extremely fast to afford the corresponding stable amide (C). If such a
reaction is done in the presence of another primary amine (D) then another amide
(E) can be formed by a reaction of (A) with (D). The relationship between (C) and
(E) can be determined by analysis of the crude reaction mixture, for example by
HPLC/LCMS/NMR/GC (Scheme 56).

(i) A

+

B

C (very fast)

(ii) A

+

D

E (very fast)

Scheme 56: Simplified kinetic model of a competitive reaction between acid chloride (A) and two
amines (B, D) affording stable amides (C,E).

Kinetics for reactions between acid chlorides and anilines were studied by
Borkent.265 For example, the rate for a reaction between aniline and benzoyl
chloride in HMPA was reported to be 128 L/(mol * s). By contrast diffusive mixing
is extremely slow. In normal flow tubing (1 mm diameter, cylindrical shape) it
takes a particle 42 s to travel from the margin to the centre of the tube by
diffusion (Equation 6).235, 253 At a flow rate of 1 mL/min this requires passing a
distance of 89 cm of tubing. Consequently, efficient mixing is highly desirable for
this extremely fast reaction.

tdiff = A

R2
D

A=

1
( p +1)( p + 3)

Equation 6: Diffusion time (tdiff) to half-length of the channel (R) depends on a shape factor (A) and a
diffusion constant D. Shape factor (A) is defined by shape parameter (p) (slab, p = 0; cylinder, p = 1;
sphere, p = 2). A good estimate for the diffusion constant (D) of liquids is water: (D = 10-9m2s-1).235, 253
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We found that alkyl amines such as benzylamine and p-fluorobenzylamine
are better suited than anilines due to separation of the corresponding amides by
LCMS (C, E in Scheme 57) and proposed a competitive reaction depicted in
Scheme 57.
O

Cl

H2N

H2N

A

B

N
H

Et3N

+

+

O

O

DCM
CF3
D

+

N
H
CF3

C

E

Scheme 57: A competitive reaction that fulfils the kinetic model (Scheme 59). (A+B!C and A+D!E).
Amides (C) and (E) can show up as separate peaks in LCMS.

The experiment utilises two mixing units in close vicinity to each other and
the insertion of the two amines (B) and (D) at two different stages. In the first
mixer, stoichiometric quantities of (A) and (B) are inserted and the combined flow
is directed into a second mixer where (D) is introduced. If there is sufficient
mixing in the first mixer, all of (A) reacts with (B) and only (C) should be
traceable. If there is poor mixing, leftover reagent (A) can leach into the second
mixer where it can react with (D) to afford (E) (Figure 66).

Figure 66: Setup of a consecutive competitive reaction (A+B!C vs. A+D!E). Three stock solutions
were prepared (0.1 M, DCM) containing the depicted reagents. Stock solution (B) and (D) were
premixed with stoichiometric amount of triethylamine to neutralise HCl formed during the reaction.
Three mixers were tested (T-, Y- and static-mixer (arrow head mixer)). The distance between each
mixing unit was kept as short as possible (6 cm). All reagents were injected by a three-channel
syringe pump at 0.44, 1.1, 2.2 and 3.3 mL/min. Once a steady flow rate was achieved, a few drops
were sampled for LCMS analysis to determine the ratio of (C)/(E).
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The results of the mixing study are presented in Figure 67 as a plot of
product ratio (C)/(E) vs. flow rate. A high ratio indicates good mixing, which is
observed in all cases for the static mixer and only at higher flow rate for the Tand Y-mixer. Control experiment 1 was carried out in a vial and does not involve
any mixers at all. Here reagents (A) and (B) were combined in equal amounts (1
mL) and stirred before (D) (1 mL) was added. By the time (D) was added, (A) was
depleted so that (C) was exclusively formed (>98%).
Control experiment 2 involves premixing of all amines followed by addition
of benzoyl chloride to the mixture. This experiment simulates a case for poor
mixing and is comparable to the results seen at slow flow rates (0.44 and 1.1
mL/min) for T- and Y-mixer. The slightly higher ratio measured in this control
experiment is within the general experimental error margin (<7%), which was
determined by repetition of the mixing study and comparison against the initial
results.
The general trend observed in previous studies is also noticeable in this
mixing experiment. The mixers with exception of the static mixer perform much
worse at low flow rate but improve with increasing flow rate. The static mixer
performed exceptionally well in this reaction throughout all tested flow rates,
which had not been observed in the other two mixing studies. One explanation
could be the reduction in viscosity by changing from an aqueous system to DCM
but a few other organic solvents should be tested to confirm this trend.

Figure 67: Ratio of amides (C)/(E) as an indicator of mixing performance plotted against flow rates
for various mixers. A high ratio indicates good mixing and was validated against control
experiments carried out in sample vials.
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7.3 Mixing Study - Conclusion
The mixing properties of three commercial mixers with simple-shaped
geometries were tested using two common literature methods and a procedure
based on competitive reactions. The experiment with fluorescent dye provides a
simple way to visualise poor mixing but might not be accessible to chemists in a
purely synthetic lab. The test is also not quantitative and the methodology
requires transparent tubing to distinguish the layers and cannot be used for
stainless steel tubing.
A chemical alternative is the Villermaux/Dushman method (iodine test),
which has become a useful experiment to characterise mixing in flow. The
protocol is rather sensitive to changes and the procedure is specifically laid down
for a given range of flow rates and size of tubing.254 Falk235 for example points out
some difficulties when it comes to choosing appropriate concentrations of
reagents. Kolbl262 recently suggested reconsidering the choice of acid.
The synthetic chemist might recognise that all of the above reactions are
performed in aqueous media. A truly organic reaction in organic solvent might be
more relevant to chemists. We have therefore investigated whether a consecutive
competitive reaction based on a reaction of acid chloride with amines could serve
as a test reaction in pipe flow. Because of the fast kinetics associated with such a
reaction we believe that it can be used as an alternative to the established iodine
or Bourne tests.
Our studies revealed that the commercial mixers might not provide
sufficient mixing when working with extremely reactive reagents at a low flow rate
(0.5-1.0 mL/min). A dramatic improvement of the mixing performance was
noticed at higher flow rate (2.0-3.0 mL/min), which might be the result of
turbulence at the junction inside the mixer. As a future experiment it would be
useful to test a micromixing device and compare its performance against the
three tested mixers.
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Chapter 8

Conclusions

Flow Chemistry, long the domain of chemical production, has recently
started to be used in small-scale chemical synthesis. The potential for automation
and sequencing of reactions makes it one of the most likely technologies to make
a significant impact within synthetic chemistry. Flow chemistry has the particular
advantage of tightly controlling reaction parameters. This feature was exploited
for generation and trapping of reactive ketenes from alkynyl ethers, whose
kinetics and activation energy were determined by means of in line IR
spectroscopy.
Photochemical reactions are traditionally carried out in inconvenient batch
reactors. Building and testing photochemical flow reactors were described, which
enabled better access to photochemistry and overcame many limitations
associated with conventional batch kits.
Intramolecular N-acyliminium formation and trapping under flow conditions
using 1,1,2,2-tetrachloroethane as solvent was explored. The reaction conditions
turned out to be remarkable effective. The success of the transformation was due
to very small amounts of HCl generated from the solvent. The rate of this
decomposition was quantified through pH measurements.
We investigated the application of flow conditions to organometallic
chemistry in three areas: the cobalt catalysed cyclotrimerisation reactions
between alkyne and nitrile for the generation of pyridines, the cobalt catalysed
Pauson-Khand reaction where air-stable and polymer-bound cobalt carbonyl
derivatives were tested, and the flow synthesis of selected cyclopentadienyl iron
piano stool complexes. Challenges and benefits of flow syntheses with
organometallic reagents were successfully established.
Finally mixing characteristics of commercial flow mixers were assessed by
means of optical and chemical tests. We used fluorescent dye and microscope
studies to observe mixing characteristics at various flow rates. The results were
then compared against known mixing test based on the generation of an triiodide complex. Another chemical mixing test was developed which exploits
consecutive competitive reactions of acid chloride with amines for the generation
of amides.
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Chapter 9

Experimental

9.1 General Experimental Information
NMR Analysis
NMR

spectra

were

recorded

on

Bruker

DPX-400,

AV-300

or

AVIII-600

spectrometers in the solvents indicated at 298 K or 303 K. Chemical shifts for
proton and carbon spectra are reported on the ! scale in ppm and were
referenced against residual protons in the deuterated solvent.
constants (J) are measured in Hertz (Hz). DEPT, COSY,

1

The coupling

H-13C- and ROESY

correlation experiments were used to aid assignment 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 (CI) were
recorded on a ThermoQuest TraceMS GCMS. Electrospray mass spectra (ES) were
recorded using a VG platform quadrupole spectrometer. Accurate mass spectra
were recorded on a VG analytical 70-250-SE double focussing mass spectrometer
using electron impact ionisation (EI) at 70eV or a Bruker Apex III using
electrospray ionisation or Orbitrap - Biomax 088259.
The UPLC analysis (LCMS) was conducted on an Acquity UPLC BEH C18 column (50
mm x 2.1 mm i.d. 1.7 µmm packing diameter) at 40 °C. The eluents for a low pH
setup employed a gradient (99% (A) ! 3% (A) over 1.5 min with a 0.5 min hold at
3% (A)). A = 0.1% v/v solution of formic acid in Water. B = 0.1% v/v solution of
formic acid in acetonitrile. Where necessary, a high pH eluent was used: A = 10
mM ammonium bicarbonate in water adjusted to pH 10 with ammonia solution. B
= acetonitrile. The UV detection was a summed signal from wavelength of 210 nm
to 350 nm.
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Infrared Analysis
In situ IR: All in situ IR measurements were recorded on Bruker ALPHA FT-IR
Universal Sampling Module at room temperature. Harrick’s DLC 2™ Demountable
Liquid Flow Cell with sodium chloride windows and 100 µm spacers was
connected to the flow system at the indicated positions.
Neat IR: Infrared spectra were run as neat films on a Thermo Nicolet 380 FT-IR
spectrometer with a Smart Orbit Goldengate attachment. Absorptions are given in
wavenumbers (cm-1). Peaks are recorded as s (strong), m (medium), w (weak), sh
(shoulder) and br (broad).
UV-vis Analysis
UV spectra were acquired on OceanOptics USB2000+UV-Vis spectrometer using a
Type 583-F fluorimeter flow cell (path length: 1 mm, volume: 0.011 mL) from
Starna Scientific. The extinction coefficient (!) was measured at the indicated
wavelength (nm) in the indicated solvent.
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 µm
and 0.32 mm internal diameter. The carrier gas was helium and the flow rate was
2.7 mL min"1.
TLC Analysis
TLC was performed using Merck silica gel 60 F254 plates with detection by UV
and/or polyphosphomolybdic acid / potassium permanganate dip or iodine.
HPLC analysis
All HPLC experiments were run on HP Agilent 1100 platform using a Zorbax SBC18 column (1.8 micron, 3.0 x 50 mm rapid resolution). The gradient was 0-95%
MeCN (0.05% TFA) in water (0.05% TFA) within 2.5 min and a 0.5 min hold. The
column was kept at 60 °C.
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Melting point analysis
Melting points were recorded on a Gallenkamp melting point apparatus.
Flow Experiments
All flow experiments were carried out on Vapourtec R-Series Integrated Flow
Chemistry System (R2+ and R4) set up for bottle-feed or sample loop (2 mL)
experiments using the standard 10 mL PFA and stainless steel reactors or the
prototype photoflow reactor. Where necessary, the instrument was connected to
Gilson Prep FC sample collector.
General Experimental Procedures
When needed, reactions were carried out under an argon or nitrogen atmosphere
using standard Schlenk and syringe techniques. All glassware was dried in a 160
°C oven before cooling in a sealed desiccator over silica gel.
n-BuLi was used as a 2.5 M solution in hexanes and was stored at 4 °C. LDA was
used as a 1.6 M solution in hexanes and was stored at 4 °C. DCM, DMSO and
MeCN were either freshly distilled from CaH2, or purchased at anhydrous grade
from

Aldrich.

Et2O,

THF

and

toluene

were

either

freshly

distilled

from

sodium/benzophenone or purchased at anhydrous grade from Aldrich. All other
solvents and commercially obtained reagents were used as received or purified
using standard procedures.
Basic alumina Brockman I deactivated with 6% of H2O was used for purification of
acid sensitive products. Columns were packed and run under light pressure.
Solvent compositions are described as ratios prior to mixing. Pre-packed silica
cartridges were bought from Biotage (Isolute Flash Si).
General Procedure for a Photochemical Reaction in Flow
The flow machine (Vapourtec R2+/R4) was set up either for bottle-feed or for
small-scale sample loop (2 mL) experiments. The indicated solution was degassed
by sonication whilst being saturated with nitrogen gas. Prior to starting the
reaction the indicated UV lamp (Philips 2-pin PL-S 9 W, UV-A/B/C) was switched on
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and left to warm up for ten minutes. The stock solution was then transferred to
the flow machine or injected into the sample loop and pumped through the
prototype reactor (17.5 mL capacity) at the indicated flow rate, which corresponds
to the indicated residence time. The reaction mixture was collected either by
sample collector or into a round bottom flask and then treated as described.
General Procedure for a Thermal Reaction in Flow
The flow machine (Vapourtec R2+/R4) was set up either for bottle-feed or for
small-scale sample loop (2 mL) experiments. The reaction was carried out in either
the stainless steel reactor (SS, 10 mL capacity) or the plastic reactor (PFA, 10 mL
capacity). The SS reactor was connected to a 100 cm cooling loop (1 mm
diameter). To prevent boiling of the solvent an appropriate back-pressure
regulator (BPR) was connected to the exit of the reactor (40, 100 or 250 PSI). The
stock solution was then transferred to the flow machine or injected into the
sample loop and pumped at the indicated flow rate, which corresponds to the
indicated residence time at the indicated temperature. The reaction mixture was
collected either by sample collector or into a round bottom flask and then treated
as described.

9.2 Chapter 2 – Experimental
1,2-Dichloro-2-isopropoxyethene (9)59
4
3

1

O

Cl
2

Cl

Chemical Formula: C5H8Cl2O
Molecular Weight: 155.02

The reaction was carried out in base-washed flasks. 1,1,2-Trichloroethene was
freshly distilled prior to usage to remove any stabilisers. Sodium (4.35 g, 189
mmol) was added to IPA (120 mL) and the solution was stirred under reflux until
all the sodium had dissolved (ca. 3 h). The solution was cooled just to the point
when a slushy mixture formed, then, 1,1,2-trichloroethene (11.3 mL, 126 mmol)
was added dropwise. The solution was refluxed for 1 h and cooled to room
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temperature. After cooling, the resulting mixture was quenched with water (200
mL), the organic phase separated and the aqueous phase extracted with pentane
(3x 30 mL). The combined organic layers were dried over MgSO4, filtered and the
solvent removed by rotatory evaporation to afforded a yellow oil. All residual IPA
was removed by heating the crude product under vacuum (120 mbar, 40 °C);
leaving behind the title compound (9) as a yellow oil (4.64 g, 24%).
!max (neat)/cm–1 = 1647 (w), 1653 (m), 669 (m).
1

H-NMR (300 MHz, CDCl3) ! = 5.55 (1H, s, H-2), 4.54 (1H, spt, J = 6.2 Hz, H-3),

1.34 (6H, d, J = 6.2 Hz, H-4).
13

C-NMR (75 MHz, CDCl3) ! = 142.70 (C, C-1), 98.65 (CH, C-2), 75.35 (CH, C-3),

21.54 (CH3, C-4).
LRMS (GC/EI+) m/z 157.8, 1% (M[37Cl, 37Cl])+!; 155.9, 6% (M[37Cl, 35Cl])+!; 153.9 (M[35Cl,
35

Cl])+!; 113.9, 17%; 111.8, 26%; 77.9, 9%; 75.9, 26% (M-C3H735Cl)+; 43.1, 100% (M-

C2HO35Cl2)+; 41.1, 47% (M-C2H3O35Cl37Cl)+.
Data are in accordance with the literature.59

1-Isopropoxydec-1-yne (11b)
12

11

O

1
4
2

3

6
5

8
7

10
9

Chemical Formula: C13H24O
Molecular Weight: 196.33

BuLi (10.25 mL, 1.6 M in hexanes, 16.14 mmol) was cooled to -30 °C and THF (20
mL) added. After further cooling to -70 °C a solution of 1,2-dichloro-2isopropoxyethene (1.25 g, 8.07 mmol) in THF (40 mL) was added dropwise. After
stirring for 15 min at -70 °C, DMPU (1.90 mL, 16.14 mmol) in THF (10 mL) was
added, the solution stirred for another 15 min and warmed to -10 °C and stirred
for 10 min before re-cooling to -78 °C. A solution of 1-iodooctane (1.50 mL, 8.07
mmol) in THF (20 mL) was added dropwise and the reaction mixture warmed to
room temperature. The solution was stirred for 3 days and a colour change to
light brown was observed. The mixture was quenched with brine (20 mL) and
extracted with ether (3 x 30 mL). The combined organic extracts were dried over
MgSO4, filtered and the solvent removed in vacuo to afford a brown oil (3.07 g).
The compound was split in two batches purified by chromatography (RediSep
Alumina, Basic, 240 g, 100% cyclohexane). The appropriate fractions, determined
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via TLC and KMnO4 stain were collected, combined and evaporation of the solvent
afforded the title compound (11b) (0.81 g, 51%) as a colourless oil.
!max (neat)/cm–1 = 2979 (s), 2268 (m), 1231 (s), 1143 (s), 1101 (m), 925 (m).
1

H-NMR (400 MHz, CDCl3) ! = 4.20 (1H, spt, J = 6.2 Hz, H-11), 2.13 (2H, t, J = 6.9

Hz, H-3), 1.52- 1.23 (18H, m, H-4,5,6,7,8,9,12), 0.89 (3H, t, J = 6.5 Hz, H-10).
13

C-NMR (100 MHz, CDCl3) ! = 87.93 (C, C-1), 80.51 (CH, C-11), 38.58 (C, C-2),

31.87 (CH2), 29.86 (CH2), 29.26 (CH2), 29.16 (CH2) 28.85 (CH2), 22.66 (CH2), 21.25
(CH3, C-12), 17.34 (CH2), 14.07 (CH3, C-10).
Mass spec analysis does not work for this molecule. The compound is heat
sensitive.
N-Benzyldecanamide (13)
14

15

13
12

11

H
N

1

4

2

O

3

6
5

8
7

10
9

Chemical Formula: C17H27NO
Molecular Weight: 261.40

Thermal flow experiment
-

sample loop configuration

-

SS reactor, 250 PSI BPR

-

160 °C, 1 mL/min, 10 min

Stock:

1-isopropoxydec-1-yne

(0.098

g,

0.5

mmol)

was

premixed

with

benzylamine (0.055 ml, 0.500
Evaporation of the solvent under reduced pressure afforded the product (13)
(0.131 g, 100%), as a white solid.
mp: 67-68 °C, lit.266 60-62 °C.
!max (neat)/cm–1 = 3291 (m), 2916 (m), 1631 (s), 1554 (m), 694 (s).
1

H-NMR (400 MHz, CDCl3) ! = 7.39-7.26 (5H, m, H-13,14,15), 5.77 (1H, br. s, NH),

4.44 (2H, d, J = 5.6 Hz, H-11), 2.21 (2H, t, J = 7.6 Hz, H-2), 1.66 (2H, quin, J = 7.4
Hz, H-3), 1.41-1.23 (12H, m, H-4,5,6,7,8,9), 0.89 (3H, t, J = 6.8 Hz, H-10).
13

C-NMR (100 MHz, CDCl3) ! = 172.95 (C, C-1), 138.42 (C, C-12), 128.67 (CH),

127.79 (CH), 127.45 (CH), 43.56 (CH2, C-11), 36.63 (CH2, C-2), 31.84 (CH2), 29.43
(CH2), 29.32 (CH2), 29.30 (CH2), 29.23 (CH2), 25.76 (CH2, C-3), 22.64 (CH2, C-9),
14.08 (CH3, C-10).
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LRMS (LC/ES+) m/z 262.1, 100% (M+H)+; 523.3, 20% (2M+H)+.
HRMS (ES+): found 262.2161 Da (M+H)+, calculated 262.2165 Da.
Data are in accordance with the literature.266

9.3 Chapter 3 – Experimental
6-Butyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione (16)
10
11

O

8
6 5

9

4

NH
7

1

2

Chemical Formula: C10H13NO2
Molecular Weight: 179.22

O

Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp

-

0.44 mL/min, 40 min

Stock: 95 mL, 0.05 M, MeCN containing maleimide (0.461 g, 4.75 mmol) and hex1-yne (2.73 mL, 23.75 mmol). Evaporation of the solvent afforded the crude
product (0.956 g) as a yellow oil. The material was loaded on silica (50 g, Isolute
Flash Si II) and purified on FlashMaster II purification platform using a gradient of
EtOAc (0-50%, 40 min) in cyclohexane. The appropriate fractions, determined by
UV, were combined and evaporation of the solvent afforded (16) (0.718 g, 84%) as
a colourless oil.
!max (neat)/cm–1 = 3217 (w), 1695 (s), 1335 (m), 1169 (m), 958 (m), 622 (m).
1

H-NMR (300 MHz, DMSO) ! = 10.81 (1H, br, s, NH), 6.10 (1H, s, H-7), 3.60 (1H, d,

J = 2.0 Hz, H-5), 3.49 (1H, br, s, H-1), 2.08 (2H, t, J = 7.3 Hz, H-8), 1.37 (2H, tt, J =
7.8, 7.3 Hz, H-9), 1.23 (2H, qt, J = 7.8, 7.3 Hz, H-10), 0.82 (3H, t, J = 7.3 Hz, H11).
13

C-NMR (75 MHz, DMSO) ! = 177.02 (C, C-2/4), 176.07 (C, C-2/4), 153.49 (C, C-6),

129.37 (CH, C-7), 49.91 (CH, C-5), 45.12 (CH, C-1), 29.03 (CH2, C-8), 27.61 (CH2,
C-9), 21.69 (CH2, C-10), 13.69 (CH3, C-11).
LRMS (GC/EI+) m/z 179.0, 42% (M+!); 137.1, 36% (M-C4H6)+; 107.8, 66% (M-C2HNO2)+;
79.1, 100%; 66.1, 42%; 41.1, 28% (M-C3H5)+.
UV (MeCN) !248 = 598 M-1cm-1.
NMR data are in accordance with literature values.65
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N-Octylmaleimide (18a)
O
5

3

N
1

2

4

7
6

Chemical Formula: C12H19NO2

9
8

10

Molecular Weight: 209.28

O

Under nitrogen, maleic anhydride (4.90 g, 50.0 mmol) and octan-1-amine (4.13
mL, 25.00 mmol) were refluxed under Dean-Stark conditions in toluene (150 mL)
for 6 h. The solvent was evaporated under reduced pressure. The crude material
was dry loaded on silica (100 g, Isolute Flash Si II) and purified on FlashMaster II
purification system using a gradient of EtOAc (0-25%, 60 min) in cyclohexane. The
appropriate fractions, determined by TLC and KMnO4 stain, were combined and
evaporation of the solvent afforded (18a) white solid 2.27 g, 43%.
mp: 36-38 °C, lit.267 37-38 °C.
!max (neat)/cm–1 = 3079 (w), 2917 (m), 1697 (s), 1404 (s), 843 (s), 691 (s).
1

H-NMR (400 MHz, CDCl3) ! = 6.62 (2H, s, H-1), 3.43 (2H, t, J = 7.2 Hz, H-3), 1.59

(2H, q, J = 7.2 Hz, H-4), 1.29-1.11 (10H, m, H-5,6,7,8,9), 0.80 (3H, t, J = 6.8 Hz, H10).
13

C-NMR (100 MHz, CDCl3) ! = 170.62 (C, C-2), 133.84 (CH, C-1), 37.70 (CH2, C-3),

31.56 (CH2), 28.94 (CH2), 28.89 (CH2), 28.34 (CH2, C-4), 26.55 (CH2), 22.42 (CH2),
13.84 (CH3, C-10).
LRMS (GC/EI+) m/z 209.5, 75% (M+!); 152.1, 38%; 110.4, 100%; 81.9, 46%; 41.1,
40%.
HRMS (EI+): found 209.14201 Da (M)+, calculated 209.14158 Da.
UV (MeCN) !300 = 663 M-1cm-1.
NMR data are consistent with the literature.268
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6-Butyl-3-octyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione (18)
10

O

8

11
9

6 5

4

1

2

N
7

Chemical Formula: C18H29NO2
14

12
13

16
15

18
17

Molecular Weight: 291.43
19

O

Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp

-

0.44 mL/min, 40 min

Stock: 20 mL, 0.05 M, MeCN containing N-octylmaleimide (0.209 g, 1.0 mmol) and
1-hexyne (0.574 mL, 5.0 mmol). The solution was collected in a flask and
evaporated on the rotavap to give a yellow oil (0.313 g). The crude sample was
loaded on a column (Isolute Flash Si II, 10 g) and purified using flashmaster
personal at 20% EtOAc in hexane. The appropriate fractions, determined via TLC
and PMA stain, were combined and evaporated under reduced pressure to afford
the product (18) as a pale yellow oil (0.253 g, 87%).
!max (neat)/cm–1 = 2927 (m), 1697 (s), 1391 (m), 1164 (m), 1134 (m).
1

H-NMR (400 MHz, CDCl3) ! = 6.08 (1H, m, H-7), 3.65 (1H, dt, J = 3.0, 1.0 Hz, H-5),

3.57 (1H, m, H-1), 3.43 (2H, t, J = 7.3 Hz, H-12), 2.09 (2H, tq, J = 6.9, 1.0 Hz, H-8),
1.58-1.41 (4H, m, H-9,13), 1.37-1.14 (12H, m, H-10,14,15,16,17,18), 0.90 (3H, t,
J = 7.3 Hz, H-11/19), 0.87 (3H, t, J = 6.8 Hz, H-11/19).
13

C-NMR (100 MHz, CDCl3) ! = 175.84 (C, C-2/4), 174.87 (C, C-2/4), 154.47 (C, C-

6), 129.38 (CH, C-7), 48.53 (CH, C-5), 43.77 (CH, C-1), 38.40 (CH2, C-12), 31.72
(CH2), 29.61 (CH2, C-8), 29.10 (CH2, m), 28.13 (CH2), 27.45 (CH2), 26.68 (CH2),
22.58 (CH2), 22.24 (CH2), 14.02 (CH3, C-11/19), 13.69 (CH3, C-11/19).
LRMS (LC/ES+) m/z 292.1, 100% (M+H)+.
HRMS (ES+): found 314.2096 Da (M+Na)+, calculated 314.2091 Da.
UV (MeCN) !248 = 680 M-1cm-1.
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6-(4-Hydroxybutyl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione (19)
O
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Chemical Formula: C10H13NO3
Molecular Weight: 195.22

8

Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp

-

0.44 mL/min, 40 min

Stock: 20 mL, 0.05 M, MeCN containing maleimide (0.097 g, 1.00 mmol) and hex5-yn-1-ol (0.551 mL, 5.00 mmol). Evaporation of the solvent afforded the crude
material (0.536 g) as a yellow oil. The sample was loaded on a column (Isolute
Flash Si II, 20 g) and purified using a gradient of 0-100% TBME in cyclohexane
over 5 CV followed by 100% TBME over 6 CV while monitoring at 220 nm. The
appropriate fractions, determined by TLC and KMnO4 stain, were combined and
evaporation of the solvent afforded the product (19) (0.159 g, 81%) as a
colourless oil.
!max (neat)/cm–1 = 3510 (sh), 3215 (br), 1695 (s), 1171 (m).
1

H-NMR (400 MHz, DMSO-d6) ! = 10.84 (1H, br. s, N-H), 6.14 (1H, q, J = 1.0 Hz, H-

7), 4.35 (1H, t, J = 5.2 Hz, OH), 3.65 (1H, dt, J = 3.0, 1.0 Hz, H-5), 3.54 (1H, dq, J
= 3.0, 1.0 Hz, H-1), 3.37 (2H, td, J = 6.0, 5.2 Hz, H-11), 2.09 (2H, br. t, J = 6.9 Hz,
H-8), 1.50-1.36 (4H, m, H-9,10).
13

C-NMR (100 MHz, DMSO-d6) ! = 177.06 (C, C-2/4), 176.07 (C, C-2/4), 153.06 (C,

C-6), 129.37 (CH, C-7), 60.29 (CH2, C-11), 49.91 (CH, C-5), 45.14 (CH, C-1), 31.94
(CH2, C-9/10), 29.20 (CH2, C-8), 22.09 (CH2, C-9/10).
LRMS (LC/ES+) m/z 196.3, 100% (M+H)+.
HRMS (ES+): found 218.0786 Da (M+Na)+, calculated 218.0788 Da.
UV (MeCN) !247 = 521 M-1cm-1.
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6-(4-Hydroxybutyl)-3-octyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione (20)
HO
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Chemical Formula: C18H29NO3
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Molecular Weight: 307.43

18

O

Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp

-

0.44 mL/min, 40 min

Stock: 20 mL, 0.05 M, MeCN containing N-octylmaleimide (0.209 g, 1.00 mmol)
and hex-5- yn-1-ol (0.551 ml, 5.00 mmol). Evaporation of the solvent afforded the
crude product 0.6630 g, as a yellow gum. The sample was loaded on silica (Isolute
Flash Si II, 20 g) and purified using a gradient of 0-100% TBME in cyclohexane
over 10 column volumes (CV) followed by 5 CV at 100% TBME. The appropriate
fractions, determined by TLC and KMnO4 stain, were combined and evaporation of
the solvent afforded the product (20) (0.247 g, 80%) as a colourless oil.
!max (neat)/cm–1 = 3451 (br), 2926 (m), 1690 (s), 1393 (m).
1

H-NMR (400 MHz, CDCl3) ! = 6.10 (1H, q, J = 1.2 Hz, H-7), 3.67-3.62 (3H, m, H-

5,11), 3.58 (1H, dtd, J = 3.0, 2.0, 1.2 Hz, H-1), 3.43 (2H, t, J = 7.2 Hz, H-12), 2.252.16 (2H, m, H-8), 1.75 (1H, br. s, OH), 1.60-1.55 (4H, m, H-9,10), 1.55-1.47 (2H,
m, H-13), 1.34-1.17 (10H, m, H-14,15,16,17,18), 0.87 (3H, t, J = 6.8 Hz, H-19).
13

C-NMR (100 MHz, CDCl3) ! = 175.70 (C, C-2/4), 174.90 (C, C-2/4), 153.94 (C, C-

6), 129.75 (CH, C-7), 62.31 (CH2, C-11), 48.47 (CH, C-5), 43.78 (CH, C-1), 38.45
(CH2, C-12), 32.08 (CH2, C-9/10), 31.70 (CH2), 29.62 (CH2, C-8), 29.10 (CH2), 29.07
(CH2), 27.45 (CH2, C-13), 26.68 (CH2), 22.57 (CH2), 22.35 (CH2, C-9/10), 14.02 (CH3,
C-19).
LRMS (LC/ES+) m/z 308.2, 100% (M+H)+.
HRMS (ES+): found 308.2218 Da (M+H)+, calculated 308.2220 Da.
UV (MeCN) !249 = 916 M-1cm-1.
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6-(4-Hydroxybutyl)-3-octyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione (21, 22)
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Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp

-

0.44 mL/min, 40 min

3:1
trans:cis
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Chemical Formula: C18H31NO2
Molecular Weight: 293.44

Stock: 20 mL, 0.05 M, MeCN containing N-octylmaleimide (0.209 g, 1.00 mmol)
and 1-hexene (0.621 mL, 5.00 mmol). Evaporation of the reaction mixture on the
rotavap afforded a yellow oil (0.316 g). The crude product was loaded on a
column (Isolute Flash Si II, 10 g) and purified using Flashmaster personal at 20%
EtOAc in hexane. The appropriate fractions, determined via TLC and PMA stain,
were combined and afforded the product as a colourless oil (0.281 g, 98%). The
material indicated pre-dominantly trans geometry.
!max (neat)/cm–1 = 2925 (m), 1698 (s), 1393 (m), 1164 (m).
LRMS (GC/EI+) m/z 293.3, 40% (M+!); 236.2, 40% (M-C4H9)+; 209.2, 80% (M-C6H13)+;
182.2, 90% (M-C8H14)+; 152.2, 50% (C10H22)+; 138.2, 60% (M-C11H24)+; 111.1, 100% (MC13H26)+.
HRMS (ES+): found 316.2242 Da (M+Na)+, calculated 316.2247 Da.
UV (MeCN) !218 = 420 M-1cm-1, !250 = 198 M-1cm-1.
Separation of isomers
The purified material was loaded on a column (Isolute Flash Si II, 50 g) and
purified on flashmaster purification platform using 0-50% TBME in cyclohexane
over 60 min. Evaporation of the appropriate fractions afforded (21) (0.136 g, trans)
and (22) (0.045 g, cis) (3:1 trans:cis) as colourless oils.
trans
1

H-NMR (400 MHz, CDCl3) ! = 3.51 (2H, t, J = 7.1 Hz, H-12), 3.16 (1H, ddd, J =

10.3, 6.4, 4.0 Hz, H-1), 2.88 (1H, dd, J = 6.4, 4.3 Hz, H-5), 2.40-2.12 (3H, m, H-

154

!"#$%&'()*(+,$&'-.&/%#0(
5,7), 1.72-1.53 (4H, m, H-8,13), 1.39-1.15 (14H, m, H-9,10,14,15,16,17,18), 0.91
(3H, t, J = 6.8 Hz, H-11/19), 0.87 (3H, t, J = 6.8 Hz, H-11/19).
13

C-NMR (100 MHz, CDCl3) ! = 180.10 (C, C-2/4), 179.16 (C, C-2/4), 44.49 (CH, C-

5), 38.74 (CH2, C-12), 38.10 (CH, C-6), 36.08 (CH2, C-8/13), 35.66 (CH, C-1), 31.69
(CH2), 29.11 (CH2, C-7/CH2), 29.08 (CH2, m, C-7/CH2), 28.57 (CH2), 27.63 (CH2, C8/13), 26.74 (CH2), 22.56 (CH2), 22.32 (CH2), 14.01 (CH3, C-11/19), 13.92 (CH3, C11/19).

cis
1

H-NMR (400 MHz, CDCl3) ! = 3.51 (2H, t, J = 7.1 Hz, H-12), 3.31 (1H, m, H-5),

3.14 (1H, m, H-1), 2.83-2.69 (2H, m, H-6,7a), 1.71 (1H, m, H-7b), 1.62-1.53 (4H, m,
H-8,13), 1.31-1.18 (14H, m, H-9,10,14,15,16,17,18), 0.87 (3H, t, J = 6.9 Hz, H11/19), 0.85 (3H, t, J = 6.9 Hz, H-11/19).
13

C-NMR (100 MHz, CDCl3) ! = 180.45 (C, C-2/4), 177.79 (C, C-2/4), 42.16 (CH, C-

5), 38.78 (CH2, C-12), 35.29 (CH, C-1), 34.27 (CH, C-6), 32.62 (CH2), 31.74 (CH2),
29.65 (CH2, C-7), 29.14 (CH2, m), 28.61 (CH2), 27.77 (CH2), 26.94 (CH2), 22.60
(CH2), 22.42 (CH2), 14.05 (CH3, C-11/19), 13.93 (CH3, C-11/19).
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2-Octylhexahydrocyclopenta[3,4]cyclobuta[1,2-c]pyrrole-1,3(2H,3aH)-dione (23)
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Chemical Formula: C17H27NO2
Molecular Weight: 277.40

1

O

Numbering amended from IUPAC system for clarification of NMR data.
Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp

-

0.44 mL/min, 40 min

Stock: 20 mL, 0.05 M, MeCN containing N-octylmaleimide (0.209 g, 1.00 mmol)
and cyclopentene (0.442 mL, 5.00 mmol). Evaporation of the solvent afforded the
crude product (0.517 g) as a yellow oil. The sample was loaded on silica (Isolute
Flash Si II, 20 g) and purified on using a gradient of 0-100% TBME in cyclohexane
over 12 CV in cyclohexane. The appropriate fractions, determined by UV (220 nm),
were combined and evaporation of the solvent afforded the product (23) (0.204 g,
73%) as a colourless oil.
!max (neat)/cm–1 = 2928 (m), 1695 (s), 1394 (m), 1167 (m), 740 (m).
1

H-NMR (400 MHz, CDCl3) ! = 3.49 (2H, t, J = 7.4 Hz, H-1), 2.78 (2H, dd, J = 6.8,

2.4 Hz, H-11), 2.59 (2H, m, H-12), 1.93 (1H, dt, J = 12.3, 6.3, Hz, H-9a), 1.83 (2H,
dt, J = 12.2, 6.3 Hz, H-10a), 1.73 (1H, dquin, J = 12.3, 6.3 Hz, H-9b), 1.60-1.50 (4H,
m, H-2, 10b), 1.33-1.14 (10H, m, H-3,4,5,6,7), 0.87 (3H, t, J = 7.0 Hz, H-8).
13

C-NMR (100 MHz, CDCl3) ! = 179.58 (C, C-13), 42.42 (CH, C-12), 42.05 (CH, C-

11), 38.72 (CH2, C-1), 32.72 (CH2, C-10), 31.64 (CH2), 29.02 (CH2, m), 27.58 (CH2,
C-2), 26.66 (CH2), 24.13 (CH2, C-9), 22.50 (CH2), 13.95 (CH3, C-8).
The trans geometry was confirmed by NOE:
NOE is present between 10b and 12 indicating that these protons are on the same
face.
LRMS (LC/ES+) m/z 278.2, 100% (M+H)+.
HRMS (ES+): found 278.2119 Da (M+H)+, calculated 278.2115 Da.
UV (MeCN) !249 = 276 M-1cm-1.
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2,6-Dipropyl-4,4a,7a,8,8a,8b-hexahydro-4,8ethenopyrrolo[3',4':3,4]cyclobuta[1,2-f]isoindole-1,3,5,7(2H,3aH,3bH,6H)tetraone (24)
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Chemical Formula: C20H24N2O4
Molecular Weight: 356.42

O

Numbering amended from IUPAC system for clarification of NMR data.
Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-A lamp, 30 mL reactor

-

0.2 mL/min, 150 min

Stock: 20 mL, 0.05 M, benzene containing N-propylmaleimide (0.125 mL, 1.00
mmol). Evaporation of the solvent afforded the crude sample as a yellow solid
(0.268 g). Recrystallisation from methanol afforded the title compound (24)
(0.057 g, 32%) as a white solid.
mp: 220-225 °C.
!max (neat)/cm–1 = 2964 (w), 1689 (s), 1400 (m), 1204 (m), 1132 (m).
1

H-NMR (400 MHz, CDCl3) ! = 6.36 (2H, dd, J = 4.5, 3.3 Hz, H-7), 3.51-3.44 (4H, m,

H-3/11,6), 3.37 (2H, t, J = 7.2 Hz, H-3/11), 2.74-2.68 (4H, m, H-5,9), 2.63 (2H, q,
J = 2.5 Hz, H-8), 1.59 (2H, sxt, J = 7.2 Hz, H-2/12), 1.51 (2H, sxt, J = 7.2 Hz, H2/12), 0.90 (3H, t, J = 7.2 Hz, H-1/13), 0.85 (3H, t, J = 7.2 Hz, H-1/13).
13

C-NMR (100 MHz, CDCl3) ! = 178.22 (C, C-4/10), 177.38 (C, C-4/10), 132.10 (CH,

C-7) 41.90 (CH, C-5/9), 41.09 (CH, C-5/9), 40.55 (CH2, C-3/11), 40.37 (CH2, C3/11), 40.19 (CH, C-8), 34.95 (CH, C-6), 20.96 (CH2, C-2/12), 20.94 (CH2, C-2/12),
11.23 (CH3, C-1/13), 11.18 (CH3, C-1/13).
The geometry is believed to be ‘trans’269 (bond 6-8 vs. 9-10) but cannot be
determined by NOE due to overlapping signals (5,9) in 1H-NMR.
LRMS (LC/ES+) m/z 357.2, 100% (M+H)+.
HRMS (ES+): Found 379.1634 Da (M+Na)+, calculated 379.1628 Da.
UV (MeCN) !217 = 753 M-1cm-1, !250 = 312 M-1cm-1.
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3-But-3-enyloxy-cyclopent-2-enone (25)92
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Chemical Formula: C9H12O2

3'

Molecular Weight: 152.19

4

5

But-3-en-1-ol (2.62 mL, 30.6 mmol) was added to a stirring solution of 1,3cyclopentanedione (1.00 g, 10.20 mmol) in toluene (10 mL). p-toluenesulfonic
acid (0.10 g, 0.53 mmol) was added and the resulting yellow solution was
refluxed under Dean-Stark conditions. After 12 h, the solution was concentrated
in vacuo, dry-loaded on a column (Isolute Flash Si II, 50 g) and columned on
Flashmaster

personal

(50%

EtOAc

in

hexane).

The

appropriate

fractions,

determined via TLC, were combined and evaporation of the solvent under reduced
pressure gave the product (25) (1.20 g, 78%) as a brown oil.
!max (neat)/cm–1 = 3080 (w), 2972 (w), 1701 (s), 1583 (s).
1

H-NMR (300 MHz, CDCl3) ! = 5.81 (1H, ddt, J = 17.1, 10.3, 6.7 Hz, H-3’), 5.29 (1H,

t, J = 1.1 Hz, H-2), 5.18-5.12 (2H, m, H-4’), 4.01 (2H, t, J = 6.6 Hz, H-1’), 2.64-2.57
(2H, m, H-4/5), 2.52 (2H, app. qt, J = 6.7, 1.3 Hz, H-2’), 2.43 (2H, m, H-4/5).
13

C-NMR (75 MHz, CDCl3) ! = 205.96 (C, C-1), 190.08 (C, C-3), 133.20 (CH, C-2),

117.87 (CH2, C-4’), 104.82 (CH, C-3’), 70.94 (CH2, C-1’), 34.00 (CH2), 32.86 (CH2),
28.47 (CH2).
LRMS (GC/EI+) m/z 152.1, 10% (M+!); 124.1, 13% (M-C2CH)+; 96.9, 100% (M-C4H7)+;
69.0, 79% (M-C5H7O)+; 55.1, 94% (M-C5H5O)+; 41.1, 11% (M-C8H7O2)+.
UV (MeCN) !238 = 231 M-1cm-1.
NMR data are consistent with the literature.92
(3aR,4aS,7aS)-Hexahydrocyclopenta[1,4]cyclobuta[1,2-b]furan-5(2H)-one (26)92
O
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Chemical Formula: C9H12O2
Molecular Weight: 152.19

2

Numbering amended from IUPAC system for clarification of NMR data.
Photochemical Flow Reaction
-

bottle-feed configuration
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-

UV-B lamp, 20 mL reactor

-

0.5 mL/min, 40 min

Stock: 8 mL, 0.04 M, MeCN containing 3-(but-3-en-1-yloxy)cyclopent-2-enone
(0.049 g, 0.32 mmol). Evaporation of the solvent under reduced pressure afforded
a colourless oil (0.049 g). The sample was dry-loaded on silica (Isolute Flash Si II,
10 g) and purified on FlashMaster II purification system using a gradient of EtOAc
(0-50%, 40 min) in cyclohexane. The appropriate fractions, determined by TLC and
KMnO4 stain, were combined and evaporation of the solvent afforded the product
(0.027 g, 55%) as a colourless oil.
!max (neat)/cm–1 = 2940 (m), 2859 (sh), 1730 (s), 1064 (s), 983 (m).
1

H-NMR (400 MHz, CDCl3) ! = 4.23 (1H, dd, J = 8.8, 8.5 Hz, H-1a), 3.94 (1H, ddd, J

= 11.5, 8.8, 5.3 Hz, H-1b), 2.82 (1H, ddd, J = 8.8, 8.2, 5.3 Hz, H-3), 2.67 (1H, m,
H-7a), 2.59 (1H, m, H-5), 2.49 (1H, m, H-7b), 2.21-2.09 (2H, m, H-8), 2.04-1.84 (3H,
m, H-2a,4), 1.73 (1H, dd, J = 12.6, 5.3, H-2b).
13

C-NMR (100 MHz, CDCl3) ! = 218.21 (C, C-6), 89.20 (C, C-9), 68.40 (CH2, C-1),

47.82 (CH, C-5), 41.25 (CH, C-3), 37.77 (CH2, C-7), 32.26 (CH2, C-2), 30.95 (CH2, C8), 23.85 (CH2, C-4).
LRMS (GC/EI+) m/z 97.1, 100%; 81.1, 30%; 55.1, 90%.
UV (MeCN) !253 = 806 M-1cm-1, !304 = 331 M-1cm-1.
endo-7-Phenyl-2,6-dioxabicyclo[3.2.0]heptane (27a)
exo-7-Phenyl-2,6-dioxabicyclo[3.2.0]heptane (27b)96
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Chemical Formula: C11H12O2
Molecular Weight: 176.21

27b
exo

Numbering amended from IUPAC system for clarification of NMR data.
Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp, 20 mL reactor

-

0.3 mL/min, 65 min

Stock: 40 mL, 0.05 M, benzene containing benzaldehyde (0.212 g, 2.00 mmol)
and 2,3-dihydrofuran (0.701 g, 10.00 mmol). Evaporation of the solvent under

159

!"#$%&'()*(+,$&'-.&/%#0(
reduced pressure afforded a colourless oil (0.449 g). The crude sample was
purified via column chromatography over silica (hexane:ether = 5:1) to yield three
fractions (i-iii) as a colourless oil:
i)

27b, mostly exo, 0.032 g; ii) 27a+b = 91:9%, 0.028 g; iii) 27a, mostly endo,
0.133 g.

Combined Yield 55%
Purification of isomers was completed on another sample by chromatography
(Isolute Flash Si II, 20 g) using a gradient 0-50% TBME in cyclohexane over 60 min
and UV detection at 220 nm. Only leading and trailing edges were collected to
obtain the pure endo and exo compounds for analysis.
Endo
!max (neat)/cm–1 2976 (w), 2247 (w), 1721 (w), 1104 (m), 911 (m), 730 (s), 698 (s).
1

H-NMR (400 MHz, CDCl3) ! = 7.40-7.33 (2H, m, Ar-H), 7.32-7.23 (3H, m, Ar-H),

5.83 (1H, d, J = 4.6 Hz, H-7), 5.55 (1H, t, J = 4.1 Hz, H-5), 5.08 (1H, t, J = 4.1 Hz,
H-1), 4.01 (1H, br. t, J = 8.7 Hz, H-3), 3.76 (1H, ddd, J = 11.2, 8.6, 5.5 Hz, H-3’),
2.15 (1H, dd, J = 13.7, 5.5 Hz, H-4’), 1.69 (1H, dddd, J = 13.7, 11.2, 8.3, 4.3 Hz,
H-4). Referenced against TMS.
13

C-NMR (100 MHz, CDCl3) ! = 137.52 (C, C-Ar), 128.06 (2xCH, C-Ar), 127.00 (CH,

C-Ar), 124.58 (2xCH, C-Ar), 85.27 (CH, C-7), 85.17 (CH, C-5), 79.67 (CH, C-1),
69.02 (CH2, C-3), 32.91 (CH2, C-4). Referenced against CDCl3.
LRMS (LC/ES+) m/z 177.2, 80% (M+H)+.
HRMS (ES+): found 177.0910 Da (M+H)+, calculated 177.0910 Da.
UV (MeCN) !272 = 633 M-1cm-1.
Exo
!max (neat)/cm–1 2922 (w), 1721 (w), 1453 (w), 1085 (s), 969 (s), 933 (s), 749 (s),
697 (s).
1

H-NMR (400 MHz, CDCl3) ! = 7.46-7.39 (4H, m), 7.32 (1H, m, Ar), 5.52 (1H, t, J =

4.1 Hz, H-5), 5.42 (1H, d, J = 2.4 Hz, H-7), 4.65 (1H, dd, J = 3.8, 2.6 Hz, H-1),
4.43-4.33 (2H, m, H-3,3’), 2.25 (1H, br. dd, J = 13.7, 5.5 Hz, H-4’), 1.79 (1H, dddd,
J = 13.7, 11.2, 8.3, 4.3 Hz, H-4).
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13

C-NMR (100 MHz, CDCl3) ! = 140.46 (C, C-Ar), 128.64 (2x CH, C-Ar), 127.84 (CH,

C-Ar), 125.01 (2x CH, C-Ar), 88.25 (CH, C-7), 85.44 (CH, C-5), 83.94 (CH, C-1),
67.58 (CH2, C-3), 33.51 (CH2, C-4).
LRMS (LC/ES+) m/z 177.3, 90% (M+H)+.
HRMS (ES+): found 177.0908 Da (M+H)+, calculated 177.0910 Da.
UV (MeCN) !260 = 439 M-1cm-1.
NMR data are consistent with the literature.96
3-(2-Hydroxypropan-2-yl)-1-octylpyrrolidine-2,5-dione (28)
4

1'

HO

2'

3

5

O
7

N
O

2

6

11

9
8

10

13
12

Chemical Formula: C15H27NO3
Molecular Weight: 269.38

Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp, 20 mL reactor

-

0.5 mL/min, 40 min

Stock: 40 mL, 0.05 M, IPA containing N-octylmaleimide (0.419 g, 2.00 mmol) and
DMBP (0.097 g, 0.40 mmol). Evaporation of the solvent afforded the crude
product (0.619 g) as a yellow oil. The sample was loaded on silica (Isolute Flash Si
II, 20 g) and purified on FlashMaster II purification platform using a gradient of
EtOAc (0-50%, 20 min) in cyclohexane. The appropriate fractions, determined by
TLC and KMnO4 stain, were combined and evaporation of the solvent afforded the
product (28) as a yellow oil (0.237 g, 44%), 50% purity by HPLC.
!max (neat)/cm–1 = 3458 (br), 2926 (w), 1688 (s), 1402 (m), 1165 (m), 1131 (m).
1

H-NMR (400 MHz, CDCl3) ! = 3.44 (2H, t, J = 7.5 Hz, H-6), 3.37 (1H, br. s, OH),

2.85 (1H, dd, J = 9.3, 5.2 Hz, H-3), 2.73 (1H, dd, J = 18.3, 9.3 Hz, H-4a), 2.47 (1H,
dd, J = 18.3, 5.2 Hz, H-4b), 1.51 (2H, quin, J = 7.5 Hz, H-7), 1.25 (3H, br. s, H-1a’)
1.24-1.21 (10H, m, H-8,9,10,11,12), 1.20 (3H, br. s, H-1b’), 0.83 (3H, t, J = 6.9 Hz,
H-13).
13

C-NMR (100 MHz, CDCl3) ! = 179.10 (C, C-2/5), 176.09 (C, C-2/5), 71.40 (C, C-2’),

49.23 (CH, C-3), 38.72 (CH2, C-6), 31.58 (CH2, C-4), 28.96 (CH2), 28.91 (CH2),
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27.50 (CH2, C-7), 27.38 (CH2), 27.16 (CH3, C-1a’), 26.65 (CH2) 25.75 (CH3, C-1b’),
22.45 (CH2), 13.91 (CH3, C-13).
LRMS (GC/EI+) m/z 236.2, 40% (M-COH5)+; 153.1, 40% (M-C7OH15)+; 126.1, 60% (MC9OH18)+; 113.1, 50% (M-C10OH20)+; 100.1, 100% (M-C11OH23)+.
HRMS (ES+): found 292.1888 Da (M+Na)+, calculated 292.1883 Da.
UV (MeCN) !232 = 702 M-1cm-1, !275 = 256 M-1cm-1.
3-(2-Hydroxypropan-2-yl)-1-propylpyrrolidine-2,5-dione (29)
4

1'
2'

HO

3

5

O

O

2

Chemical Formula: C10H17NO3

7

N
6

8

Molecular Weight: 199.25

Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp, 20 mL reactor

-

0.5 mL/min, 40 min

Stock: 40 mL, 0.05 M, IPA containing N-propylmaleimide (0.278 g, 2.00 mmol)
and DMBP (0.097 g, 0.40 mmol). Evaporation of the solvent afforded the crude
product (0.629 g) as a yellow oil. The material was loaded on Biotage SNAP
Cartridge (KP-C18-HS, 120 g) and purified via reverse phase chromatography on
CombiFlashCompanion XL using a gradient of 5% Water (0.1% TFA) to 95% MeCN
(0.1% TFA) over 15 column volumes. The appropriate fractions, determined by UV
detection, were combined, condensed on the rotavap, neutralised with sat.
bicarbonate solution (5 mL) and extracted with ether (5x 20 mL). The combined
organic phases were dried over MgSO4 filtered and evaporation of the solvent
afforded the product (29) (0.115 g, 29%) as a colourless oil.
!max (neat)/cm–1 = 3455 (br), 2970 (w), 1683 (s), 1401 (m), 1204 (m), 1129 (s).
1

H-NMR (400 MHz, CDCl3) ! = 3.44 (2H, t, J = 7.3 Hz, H-6), 3.05 (1H, br. s, OH),

2.87 (1H, dd, J = 9.4, 4.9 Hz, H-3), 2.75 (1H, dd, J = 18.2, 9.4 Hz, H-4a), 2.49 (1H,
dd, J = 18.2, 4.9 Hz, H-4b), 1.56 (2H, sxt, J = 7.3 Hz, H-7), 1.27 (3H, s, H-1a’), 1.21
(3H, s, H-1b’), 0.86 (3H, t, J = 7.3 Hz, H-8).
13

C-NMR (100 MHz, CDCl3) ! = 179.19 (C, C-2/5), 176.12 (C, C-2/5), 71.43 (C, C-2’),

49.95 (CH, C-3), 40.29 (CH2, C-6), 31.62 (CH2, C-4), 27.25 (CH3, C-1a’), 25.77 (CH3,
C-1b’), 20.88 (CH2, C-7), 11.12 (CH3, C-8).
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LRMS (GC/EI+) m/z 166.0, 40% (M-CH5O)+; 141.1, 100% (M-C3H5O)+; 99.1, 78% (MC6H12O)+.
HRMS (ES+): found 222.1098 Da (M+Na)+, calculated 222.1101 Da.
UV (MeCN) !224 = 454 M-1cm-1, !248 = 192 M-1cm-1.
4-(2-Hydroxypropan-2-yl)dihydrofuran-2(3H)-one (30)72
O

2

3
4

O
5

2'

OH

Chemical Formula: C7H12O3
Molecular Weight: 144.17

1'

Photochemical Flow Reaction
-

bottle-feed configuration

-

UV-B lamp, 20 mL reactor

-

0.5 mL/min, 40 min

Stock: 20 mL, 0.05 M, IPA containing furan-2(5H)-one (0.071 mL, 1.00 mmol) and
DMBP (0.048 g, 0.20 mmol). Evaporation of the solvent afforded a crude product
as a yellow oil (0.198 g). The crude was loaded on silica (Isolute Flash Si II, 10 g)
and purified on FlashMaster II purification platform using a gradient of EtOAc (050%, 40 min) in cyclohexane. The appropriate fractions, determined by TLC and
KMnO4 stain, were combined and evaporation of the solvent afforded the product
(30) as a colourless liquid (0.130 g, 90%).
!max (neat)/cm–1 = 3442 (br), 3992 (m), 1755 (s), 1371 (m), 1175 (s), 1019 (s).
1

H-NMR (400 MHz, CDCl3) ! = 4.36 (1H, dd, J = 9.0, 7.0 Hz, H-3a), 4.30 (1H, dd, J =

9.0, 7.0 Hz, H-3b), 2.67-2.47 (3H, m, H-4,5), 2.06 (1H, br s, OH), 1.22 (3H, s, H-1’),
1.21 (3H, s, H-1’).
13

C-NMR (100 MHz, CDCl3) ! = 177.56 (C, C-2), 69.70 (C, C-2’), 69.27 (CH2, C-5),

45.68 (CH, C-4), 29.69 (CH2, C-3), 27.94 (CH3, C-1a’), 27.60 (CH3, C-1b’).
LRMS (LC/ES+) m/z 145.0, 100% (M+H)+; 167.0, 60% (M+Na)+; 289.0, 20% (2M+H)+;
311.0, 40% (2M+Na)+.
UV (MeCN) !230 = 779 M-1cm-1, !249 = 353 M-1cm-1, !273 = 300 M-1cm-1.
NMR data are consistent with the literature.72
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9.4 Chapter 4 – Experimental
9.4.1 Representative Procedures
Table 11 shows conditions and yields for the synthesis of photochemical
precursors. Representative procedures are as follows.
Amide from Acid Chloride and Aniline – Representative Procedure
To a solution of 2-bromoaniline (1.00 g, 5.81 mmol) and triethylamine (1.62 mL,
11.62 mmol) in dry THF (20 mL) was added acetyl chloride (0.99 mL, 13.96 mmol)
at room temperature under N2. The reaction mixture was stirred for 18 h and then
quenched with HCl (10 mL, 2 M) and concentrated in vacuo. The mixture was then
diluted with EtOAc (50 mL). The organic layer was washed with HCl (2x 10 mL, 2
M) followed by sat. bicarbonate solution (2x 10 mL) and sat. brine solution (5 mL).
The layers were separated, the organic layer was dried over MgSO4, filtered and
evaporation of the solvent under reduced pressure afforded the target compound
(33) (1.24 g, 100%) as a slightly yellow solid.
Amide from Carboxylic Acid – Representative Procedure using SOCl2
To 1H-pyrrole-2-carboxylic acid (2.00 g, 18.00 mmol) under N2 was added thionyl
chloride (6.57 mL, 90 mmol) (exothermic, fuming!) and the mixture was stirred
and then heated to reflux. After 1.5 h, the reaction mixture was cooled to room
temperature and excess thionyl chloride was removed under reduced pressure.
The residue was dissolved in anhydrous ether (20 mL) and the mixture was cooled
to 0 °C. In a different flask, DIPEA (9.4 mL, 54.0 mmol) and 2-iodoaniline (4.73 g,
21.60 mmol) were pre-mixed in anhydrous ether (20 mL) and then added to the
reaction mixture by syringe over 5 min (exothermic, fuming!) whilst stirring. The
mixture was then warmed to room temperature and stirred over night. After 18 h,
the reaction mixture was evaporated onto Florisil and dry-loaded on a column (KP
Sil, 330 g). The mixture was purified using a gradient 0-40% (3:1 EtOAc:EtOH) in
cyclohexane over 15 column volumes (CV).
The appropriate fractions were collected and slowly concentrated in vacuo until a
white solid crystallised from the solution. Filtration and exposure to high vacuum
afforded a white solid (36) (2.20 g, 39%).
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Amide from Carboxylic Acid – Representative Procedure using TBTU
Picolinic acid (1.5 g, 12.2 mmol) was dissolved in THF (50 mL) under N2 and
stirred at room temperature. DIPEA (2.55 mL, 14.62 mmol) was added and the
mixture was stirred for ten minutes. TBTU (4.69 g, 14.62 mmol) was then added
and the mixture was stirred for 30 min, followed by addition of 2-iodoaniline
(3.20 g, 14.62 mmol). The mixture was then left to stir over night. After 20 h, the
reaction was stopped and a white solid was removed by filtration. The filtrate was
dried under reduced pressure to afford the crude product (2.41 g) as a white solid.
The crude material was loaded on a column (RediSep Rf Flash Column, Silica, 330
g) and purified on Flash Companion XL platform using a gradient 0-25% EtOAc in
cyclohexane over 12 CV. The appropriate fractions, determined by UV detection at
254 nm, were combined and evaporation of the solvent under reduced pressure
afforded the product (37) (3.39 g, 86%) as a white solid.
Thioamide from Amide – Representative Procedure using Lawesson's Reagent
To N-(2-iodophenyl)benzamide (2.18 g, 6.75 mmol) in dry THF (70 mL) was added
Lawesson's reagent (3.55 g, 8.77 mmol) and the mixture was heated to reflux
while stirring. After 24 h, the reaction mixture was cooled to room temperature
and the solvent evaporated under reduced pressure to afford a yellow gum (8.61
g). The crude product was loaded on a column (Redi Sep Rf, Silica, 120 g) and
purified on Flash Companion XL using a gradient 0-50% TBME in cyclohexane over
20 CV. The appropriate fractions, determined by UV detection at 226 nm and TLC
were combined and evaporation of the solvent under reduced pressure afforded
the product (41) (2.03 g, 89%) as a yellow solid (foul stench!).
Thiourea from Amine and Thioisocyanate – Representative Procedure
To a solution of 1-bromo-2-isothiocyanatobenzene (0.63 mL, 4.67 mmol) in THF
(50 mL) was added benzylamine (1.53 mL, 14.00 mmol) at room temperature
under N2. The reaction mixture was heated to reflux. After 1 h, the mixture was
cooled to room temperature and HCl (2 M, 20 mL) was added. The mixture was
concentrated in vacuo and the white solid was transferred into a funnel and
filtered. The residue was crushed and washed with HCl (5x 10 mL, 2 M) followed
by water (2x 10 mL). The residue was then transferred into a flask and
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concentrated under reduced pressure to afford a white solid (3.20 g), which was
recrystallised from ethanol (30 mL). The compound was dried in a vacuum oven
(55 °C, 200 mbar) over night to afford the product (45) (1.14 g, 76%) as a white
solid.
Photoflow Synthesis of Benzothiazole – Representative Procedure
-

Sample loop configuration

-

UV-B lamp, 20 mL reactor

-

0.5 mL/min, 40 min

Stock: 2 mL, 0.2 M, anhydrous and nitrogen saturated DMSO containing N-(2iodophenyl)-1H-pyrrole-2-carbothioamide (0.05 g, 0.20 mmol) and potassium tertbutoxide (0.068 g, 0.60 mmol). Collection of the entire plug of material afforded
a burgundy solution. Ice cubes were added to the mixture and the solution was
neutralised with sat. NH4Cl solution (100 mL) followed by water (100 mL) and
brine (50 mL). The mixture was extracted with EtOAc (3x 20 mL). The combined
organic layers were then dried over MgSO4, filtered and evaporation of the solvent
under reduced pressure afforded a yellow gum (0.149 g).
The material was loaded on a column (Isolute Flash Si II, 20 g) and purified using a
gradient 0-50% TBME in cyclohexane over 40 min. The appropriate fractions,
determined via UV detection at 254 nm, were combined and evaporation of the
solvent under reduced pressure afforded the title compound (51) (0.030 g, 97%),
as a white solid.

9.4.2 Compound Data
N-(2-Bromophenyl)acetamide (33)
O

Br

2'

3'

1'
2

1

N
H

6'

4'

Chemical Formula: C8H8BrNO

5'

Molecular Weight: 214.06

yellow solid.
mp: 100-102 °C, lit:270 97-99 °C.
!max (neat)/cm–1 = 3277 (m), 1658 (s), 1529 (s), 1296 (m), 1027 (m), 761 (s), 674 (s).
1

H-NMR (400 MHz, CDCl3) ! = 8.34 (1H, br. d, J = 7.8 Hz, H-6’), 7.61 (1H, br. s, NH),

7.54 (1 H, dd, J = 8.1, 1.2 Hz, H-3’), 7.32 (1H, br. t, J = 7.8 Hz, H-5’), 6.98 (1H, td,
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J = 7.5, 1.5 Hz, H-4’), 2.24 (3H, s, H-2).
13

C-NMR (100 MHz, CDCl3) ! = 168.15 (C, C-1), 135.69 (C, C-1’), 132.16 (CH, C-3’),

128.34 (CH, C-5’), 125.12 (CH, C-4’), 121.91 (CH, C-6’), 113.17 (C, C-2’), 24.84 (C,
C-2).
LRMS (LC/ES+) m/z 256.8, 50% (M[81Br]+CH3CN)+; 254, 50% (M[79Br]+CH3CN)+; 215.8,
100% (M[81Br]+H)+; 214, 100% (M[79Br]+H)+.
HRMS (ES+): found 213.9864 Da (M+H)+, calculated 213.9862 Da.
UV (MeCN) !243 = 59764 M-1cm-1.
1

H-NMR data are consistent with the literature.270

N-(2-Bromophenyl)benzamide (34)
4''

5''
4'

6''

3'
2'

1'

3''
2''

1''
1

Br
NH

Chemical Formula: C13H10BrNO
Molecular Weight: 276.13

O

white solid.
mp: 105-107 °C, lit:110 107-108 °C.
!max (neat)/cm–1 = 3273 (m), 3057 (w), 1650 (s), 1530 (s), 1307 (s), 1027 (s), 749 (s).
1

H-NMR (400 MHz, CDCl3) ! = 8.57 (1H, dd, J = 8.3, 1.5 Hz, H-3’’), 8.48 (1H, br. s,

NH), 7.98-7.94 (2H, m, H-3’), 7.62-7.57 (2H, m, H-4’,6’’), 7.56-7.51 (2H, m, H-2’),
7.39 (1H, br. t, J = 7.8 Hz, H-4’’), 7.05 (1H, td, J = 7.8, 1.5 Hz, H-5’’).
13

C-NMR (100 MHz, CDCl3) ! = 165.21 (C, C-1), 135.81 (C, C-1’’), 134.58 (C, C-1’),

132.23 (CH, C-4’/6’’), 132.17 (CH, C-4’/6’’), 128.93 (CH, C-2’), 128.53 (CH, C-4’’),
127.08 (CH, C-3’), 125.24 (CH, C-5’’), 121.72 (CH, C-3’’), 113.71 (C, C-2’’).
LRMS (LC/ES+) m/z 319.2, 10% (M[81Br]+CH3CN)+, 317, 10% (M[79Br]+CH3CN)+; 278.2,
100% (M[81Br]+H)+; 276, 100% (M[79Br]+H)+.
HRMS (ES+): found 276.0025 Da (M+H)+, calculated 276.0019 Da.
UV (MeCN) !226 = 16015 M-1cm-1, !264 = 13197 M-1cm-1.
NMR data are consistent with the literature.110
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N-(2-Iodophenyl)benzamide (35)
4''

3''

5''
6''

2''

I

1''

N
H

O
1'

1

2'

3'

Chemical Formula: C13H10INO
Molecular Weight: 323.13

4'

white solid.
mp: 135-137 °C, lit:271 132-133 °C.
!max (neat)/cm–1 = 3212 (m), 1648 (m), 1515 (m), 1465 (m), 1298 (m), 747 (s), 709
(s).
1

H-NMR (400 MHz, CDCl3) ! = 8.48 (1H, dd, J = 8.4, 1.5 Hz, H-6’’), 8.30 (1H, br. s,

NH), 8.01-7.97 (2H, m, H-2’), 7.83 (1H, dd, J = 7.6, 1.5 Hz, H-3’’), 7.60 (1H, tt, J =
7.2, 2.0 Hz, H-4’), 7.54 (2H, tt, J = 7.2, 2.0 Hz, H-3’), 7.42 (1H, ddd, J = 8.4, 7.6,
1.5 Hz, H-5’’), 6.90 (1H, td, J = 7.6, 1.5 Hz, H-4’’).
13

C-NMR (100 MHz, CDCl3) ! = 165.27 (C, C-1), 138.80 (CH, C-3’’), 138.28 (C, C-

1’’), 134.55 (C, C-1’), 132.17 (CH, C-4’), 129.41 (CH, C-5’’), 128.94 (CH, C-3’),
127.16 (CH, C-2’), 126.01 (CH, C-4’’), 121.75 (CH, C-6’’), 90.17 (C, C-2’’).
LRMS (LC/ES+) m/z 324.1, 100% (M+H)+.
HRMS (ES+): found 323.9879 Da (M+H)+, calculated 323.9880 Da.
UV (MeCN) !227 = 21509 M-1cm-1, !262 = 9646 M-1cm-1.
1

H-NMR and mass spec data are consistent with the literature.271

N-(2-Iodophenyl)-1H-pyrrole-2-carboxamide (36)
5'
4'

H
N

2' 1

3'

O

HN

6''

Chemical Formula: C11H9IN2O

5''

1''
4''

I

Molecular Weight: 312.11

2'' 3''

white solid.
mp: 163-165 °C, lit:133 166-168 °C.
!max (neat)/cm–1 = 3391 (w), 3284 (w), 1659 (m), 1516 (m), 1317 (m), 1124 (m),
736 (s).
1

H-NMR (400 MHz, DMSO-d6) = 11.67 (1H, s, NH), 9.40 (1H, s, NH), 7.91 (1H, dd, J

= 7.8, 1.5 Hz, H-3’’), 7.48 (1H, dd, J = 7.8, 1.7 Hz, H-6’’), 7.42 (1H, td, J = 7.8, 1.5
Hz, H-5’’), 7.05-7.00 (2H, m, H-3’,4’’), 6.96 (1H, td, J = 2.7, 1.5 Hz, H-5’), 6.17
(1H, dt, J = 3.7, 2.4 Hz, H-4’).
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13

C-NMR (100 MHz, DMSO-d6) = 159.01 (C, C-1), 139.59 (C, C-1’’), 138.77 (CH, C-

3’’), 128.66 (CH, C-5’’), 127.83 (CH, C-6’’), 127.61 (CH, C-4’’), 125.68 (C, C-2’),
122.46 (CH, C-5’), 111.34 (CH, C-3’), 108.89 (CH, C-4’), 97.94 (C, C-2’’).
LRMS (LC/ES+) m/z 313.2, 100% (M+H)+.
HRMS (ES+): found 312.9832 Da (M+H)+, calculated 312.9832 Da.
UV (MeCN) !279 = 18569 M-1cm-1, !227 = 15258 M-1cm-1.
Literature NMR data are available for CDCl3.133
N-(2-Iodophenyl)picolinamide (37)
4'

3'

5'
6'

2'
1'

I
N
H

O
1

2

3

N

Chemical Formula: C12H9IN2O
4

Molecular Weight: 324.12

5
6

white solid.
mp: 133 °C.
!max (neat)/cm–1 = 3267 (w), 1683 (m), 1570 (m), 1528 (m), 1427 (m), 1298 (m),
748 (s), 682 (s).
1

H-NMR (400 MHz, DMSO-d6) ! = 10.49 (1H, s, NH), 8.76 (1H, dq, J = 4.7 Hz, H-6),

8.25 (1H, dd, J = 7.8, 1.6 Hz, H-3’), 8.20 (1H, dt, J = 7.7, 1.1 Hz, H-3), 8.11 (1H, td,
J = 7.5, 1.7 Hz, H-4), 7.93 (1H, dd, J = 7.8, 1.4 Hz, H-6’), 7.72 (1H, ddd, J = 7.7,
4.7, 1.1 Hz, H-5), 7.46 (1H, td, J = 7.8, 1.4 Hz, H-4’), 6.97 (1H, td, J = 7.8, 1.6 Hz,
H-5’).
13

C-NMR (100 MHz, DMSO-d6) ! = 161.84 (C, C-1), 148.85 (C, C-2), 148.65 (CH, C-

6), 138.99 (CH, C-6’), 138.46 (CH, C-4), 138.35 (C, C-1’), 128.99 (CH, C-4’),
127.42 (CH, C-5), 126.49 (CH, C-5’), 122.24 (CH, C-3), 122.01 (CH, C-3’), 91.91 (C,
C-2’).
LRMS (LC/ES+) m/z 325.1, 100% (M+H)+.
HRMS (ES+): found 324.9833 Da (M+H)+, calculated 324.9832 Da.
UV (MeCN) !228 = 15650 M-1cm-1, !280 = 9816 M-1cm-1.
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N-(2-Iodophenyl)isonicotinamide (38)
3'
6''

5''

1''

H
N

2''

4''
3''

I

1

4'

O

2'

N

Chemical Formula: C12H9IN2O
Molecular Weight: 324.12

orange solid.
mp: 122-124 °C.
!max (neat)/cm–1 = 3312 (br, w), 3035 (w), 2923 (w), 1657 (s), 1530 (s), 1431 (s),
1014 (m) ,1305 (s), 742 (s).
1

H-NMR (400 MHz, DMSO-d6) ! = 10.38 (1H, s, NH), 8.81 (2H, dd, J = 4.4, 1.7 Hz,

H-2’), 7.96 (1H, app. dt, J = 7.8, 0.9 Hz, H-3’’), 7.90 (2H, dd, J = 4.4, 1.7 Hz, H-3’),
7.47 (1H, br. s, H-5’’/6’’), 7.46 (1H, br. s, H-5’’/6’’), 7.10 (1H, app. dquin, J = 8.6,
3.9 Hz, H-4’’).
13

C-NMR (100 MHz, DMSO-d6) ! = 163.78 (C, C-1), 150.39 (CH, C-2’), 141.14 (C, C-

4’), 139.19 (C, C-1’’), 138.91 (CH, C-3’’), 128.88 (CH, C-4’’/5’’/6’’), 128.71 (CH, C4’’/5’’/6’’), 128.55 (CH, C-4’’/5’’/6’’), 121.47 (CH, C-3’), 98.79 (C, C-2’’).
LRMS (LC/ES+) m/z 325.1, 100% (M+H)+.
HRMS (ES+): found 324.9831 Da (M+H)+, calculated 324.9832 Da.
UV (MeCN) !227 = 12357 M-1cm-1, !280 = 7536 M-1cm-1.
N-(2-Bromophenyl)ethanethioamide (39)
2

Br

2'

3'

1

S

N
H

1'

4'
5'

6'

Chemical Formula: C8H8BrNS
Molecular Weight: 230.12

yellow gum.
!max (neat)/cm–1 = 3302 (m), 2987 (w), 1504 (m), 1353 (s), 1155 (m), 726 (s).
1

H-NMR (600 MHz, CDCl3) ! = 8.76 (1H, br. s, NH), 8.44 (1H, dd J = 8.1, 0.9 Hz, H-

6’), 7.64 (1H, dd, J = 8.1, 0.9 Hz, H-3’), 7.38 (1H, dd, J = 8.1, 7.6 Hz, H-5’), 7.16
(1H, dd, J = 8.1, 7.6 Hz, H-4’), 2.80 (3H, s, H-2).
13

C-NMR (151 MHz, CDCl3) ! = 200.79 (C, C-1), 136.61 (C, C-1’), 132.70 (CH, C-3’),

128.07 (CH, C-4’), 127.76 (CH, C-5’), 126.08 (CH, C-6’), 117.62 (C, C-2’), 36.30
(CH3, C-2).
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Spectra show 2 sets of signals at a 5:2 ratio, in accord with a mixture of rotamers
of the structure depicted. Transfer of magnetisation is observed in the ROESY.
Only the major rotamer is assigned.
LRMS (LC/ES+) m/z 231.8, 100% (M[81Br]+H)+; 230, 100% (M[79Br]+H)+.
HRMS (ES+): found: 229.9634 Da (M+H)+, calculated: 229.9634 Da
UV (MeCN) !275 = 12487 M-1cm-1, !224 = 11336 M-1cm-1.
N-(2-Bromophenyl)benzothioamide (40)
4''
5''

3''
2''

4'

6''

3'
2'

1'

Br

1''
1

NH

Chemical Formula: C13H10BrNS
Molecular Weight: 292.19

S

yellow solid.
mp: 88-90 °C, lit:110 83-85 °C.
!max (neat)/cm–1 = 3189 (br), 1574 (w), 1499 (s), 1358 (m), 1213 (m), 988 (s), 726
(s).
1

H-NMR (400 MHz, CDCl3) ! = 9.28 (1H, br. s, NH), 8.67 (1H, br. s, H-6’’), 7.93 (2H,

d, J = 6.4 Hz, H-2’), 7.68 (1H, dd, J = 7.9, 1.3 Hz, H-3’’), 7.54 (1H, tt, J = 7.5, 1.6
Hz, H-4’), 7.49-7.44 (2H, m, H-3’), 7.42 (1H, m, H-5’’), 7.19 (1H, td, J = 7.9, 1.5 Hz,
H-4’’).
13

C-NMR (100 MHz, CDCl3) ! = 198.41 (C, C-1)*, 142.92 (C, C-1’)*, 136.93 (C, C-1’’),

132.79 (CH, C-3’’), 131.47 (CH, C-4’), 128.72 (CH, C-3’), 127.97 (CH, C-5’’),
127.85 (CH, C-4’’), 126.86 (CH, C-2’), 125.54 (CH, C-6’’), 117.68 (C, C-2’’).
* visible through cross-peaks in HMBC, barely visible in 13C-NMR.
LRMS (LC/ES+) m/z 294.1, 100% (M[81Br]+H)+; 292, 100% (M[79Br]+H)+.
HRMS (ES+): found 291.9802 Da (M+H)+, calculated 291.9790 Da.
UV (MeCN) !244 = 16778 M-1cm-1, !302 = 8376 M-1cm-1.
NMR data are consistent with the literature.110
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N-(2-Iodophenyl)benzothioamide (41)
4''

5''

3''
2''

6''

I

1''

N
H

S
1'

1

2'

Chemical Formula: C13H10INS

3'

Molecular Weight: 339.19

4'

yellow solid.
mp: 83-87 °C, lit:112 92-96 °C
!max (neat)/cm–1 = 3060 (br), 2927 (br), 1480 (m), 1348 (m), 1236 (m), 991 (m), 724
(s), 688 (s).
1

H-NMR (400 MHz, CDCl3) ! = 9.07 (1H, br. s, NH),* 8.34 (1H, br. s, H-2’’),** 8.03-

7.95 (2H, m, H-2’), 7.93 (1H, dd, J = 7.8, 1.2 Hz, H-5’’), 7.53 (1H, app. q, J = 7.1
Hz, H-4’), 7.50-7.41 (3H, m, H-3’,3’’), 7.05 (1H, td, J = 7.8, 1.2 Hz, H-4’’).
13

C-NMR (100 MHz, CDCl3) ! = 198.67 (C, C-1), 142.54 (C, C-1’), 139.86 (C, C-1’’),

139.33 (CH, C-5’’), 131.47 (CH, C-4’), 128.78 (CH, C-3’’/4’’), 128.69 (CH, C3’’/4’’), 128.66 (CH, C-3’) 126.96 (CH, C-2’), 126.39 (CH, C-2’’), 94.74 (C, C-6’’).
*determined via D2O shake. **no cross peaks in COSY, HSQC or HMBC.
LRMS (LC/ES+) m/z 340.2, 100% (M+H)+.
HRMS (ES+): found 339.9660 Da (M+H)+, calculated 339.9652 Da.
UV (MeCN) !227 = 19135 M-1cm-1, !296 = 8496 M-1cm-1.
N-(2-Iodophenyl)-1H-pyrrole-2-carbothiomide (42)
4'
5'

3'

N
H

I

S

2'' 3''

2' 1

HN

Chemical Formula: C11H9IN2S
4''

1''
6''

Molecular Weight: 328.17

5''

yellow solid.
mp: 152-155 °C
!max (neat)/cm–1 = 3335 (w), 3208 (w), 2923 (w), 2852 (w), 1493 (m), 1116 (m),
1014 (m), 912 (m), 748 (s).
1

H-NMR (400 MHz, (CD3)2CO)) ! = 10.69 (1H, br. s, N-H), 10.08 (1H, br. s, N-H),

7.96 (1H, dd, J = 8.0, 1.2 Hz, H-6’’), 7.62 (1H, m, H-3’’), 7.47 (1H, td, J = 7.6, 1.2
Hz, H-4’’), 7.17 (1H, m, H-5’), 7.14 - 7.08 (2H, m, H-3’,5’’), 6.31 (1H, dt, J = 3.8,
2.5 Hz, H-4’).
13

C-NMR (100 MHz, (CD3)2CO)) ! = 187.16 (C, C-1), 142.75 (C, C-1’’), 140.13 (CH,
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C-6’’), 133.41 (C, C-2’), 130.61 (CH, C-3’’), 129.82 (CH, C-3’), 129.56 (CH, C-4’’),
125.80 (CH, C-5’), 110.99 (CH, C-4’), 108.65 (CH, C-5’’), 98.71 (C, C-2’’).
LRMS (LC/ES+) m/z 329.1, 100% (M+H)+.
HRMS (ES+): found 328.9606 Da (M+H)+, calculated 328.9604 Da.
UV (MeCN) !325 = 19837 M-1cm-1, !294 = 16604 M-1cm-1.
N-(2-Iodophenyl)pyridine-2-carbothioamide (43)
4

5'

H
N

6'
1'

4'
3'

I

2'

3
1

2

N

5
6

Chemical Formula: C12H9IN2S
Molecular Weight: 340.18

S

yellow solid.
mp: 129-132 °C.
!max (neat)/cm–1 = 3273 (w), 1581 (w), 1484 (s), 1353 (m), 992 (m), 731 (s).
1

H-NMR (400 MHz, DMSO-d6) ! = 12.20 (1H, s, NH), 8.71 (1H, br. d, J = 4.9 Hz, H-

6), 8.59 (1H, dt, J = 7.7, 1.0 Hz, H-3), 8.06 (1H, td, J = 7.7, 1.7 Hz, H-4), 7.97 (1H,
dd, J = 7.8, 1.4 Hz, H-6’), 7.69 (2H, br. t, J = 6.8 Hz, H-3’,5), 7.49 (1H, td, J = 7.8,
1.4 Hz, H-4’), 7.13 (1H, td, J = 7.8, 1.5 Hz, H-5’).
13

C-NMR (100 MHz, DMSO-d6) ! = 191.19 (C, C-1), 151.46 (C, C-2), 147.46 (CH, C-

6), 141.48 (C, C-1’), 138.98 (CH, C-6’), 137.79 (CH, C-4), 128.96 (CH, C-5’),
128.72 (CH, C-4’), 127.97 (CH, C-3’/5), 126.72 (CH, C-3’/5), 124.73 (CH, C-3),
97.32 (C, C-2’).
LRMS (LC/ES+) m/z 341.1, 100% (M+H)+.
HRMS (ES+): found 340.9606 Da (M+H)+, calculated 340.9604 Da.
UV (MeCN) !228 = 15683 M-1cm-1, !281 = 10436 M-1cm-1.
N-(2-Iodophenyl)pyridine-4-carbothioamide (44)

5'

H
N

6'
1'

4'
3'

2'

I

3
1

4

2

N

Chemical Formula: C12H9IN2S
Molecular Weight: 340.18

S

yellow solid.
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mp: 173-174 °C.
!max (neat)/cm–1 = 2764 (br), 1373 (m), 1247 (m), 1008 (m), 731 (s).
1

H-NMR (600 MHz, DMSO-d6) ! = 11.99 (1H, s, NH), 8.74 (2H, dd, J = 4.4, 1.1, H-2),

7.99 (1H, dd, J = 8.1, 1.2 Hz, H-6’), 7.80 (2H, dd, J = 4.4, 1.1 Hz, H-3), 7.52 (1H,
td, J = 7.8, 1.2 Hz, H-4’), 7.43 (1H, dd, J = 7.8, 1.5 Hz, H-3’), 7.16 (1H, td, J = 7.8,
1.5 Hz, H-5’).
13

C-NMR (151 MHz, DMSO-d6) ! = 196.04 (C, C-1), 149.67 (CH, C-2), 147.37 (C, C-

4), 141.57 (C, C-1’), 139.11 (CH, C-6’), 129.58 (CH, C-5’), 129.15 (2xCH, C-3’,4’),
121.08 (CH, C-3), 98.15 (C, C-2’).
LRMS (LC/ES+) m/z 341.1, 100% (M+H)+.
HRMS (ES+): found 340.9596 Da (M+H)+, calculated 340.9604 Da
UV (MeCN) !228 = 17909 M-1cm-1, !295 = 5553 M-1cm-1.
1-Benzyl-3-(2-bromophenyl)thiourea (45)

4'

3'

2'

S

1'

N
H

Br

2

3''

2''
1''

N
H

4''

Chemical Formula: C14H13BrN2S

5''

Molecular Weight: 321.24

6''

5'

white solid.
mp: 152-153 °C
!max (neat)/cm–1 = 3216 (m), 3053 (m), 1546 (m), 1335 (m), 1312 (m), 1044 (m),
969 (m), 740 (s), 690 (s).
1

H-NMR (400 MHz, DMSO-d6) ! = 9.20 (1H, s, NH), 8.32 (1H, br. s, NH), 7.66 (1H,

dd, J = 8.1, 1.3 Hz, H-3’’), 7.62 (1H, br. d, J = 7.7 Hz, H-6’’), 7.39-7.32 (5H, m, H3’,4’,5’’), 7.27 (1H, app. sxt, J = 4.2 Hz, H-5’), 7.17 (1H, td, J = 7.7, 1.6 Hz, H-4’’),
4.73 (2H, d, J = 4.0 Hz, H-1’).
13

C-NMR (100 MHz, DMSO-d6) ! = 181.71 (C, C-2), 138.79 (C, C-2’), 137.44 (C, C-

1’’), 132.53 (CH, C-3’’), 129.79 (CH, C-6’’), 128.21 (CH, C-3’/4’), 127.75 (CH, C4’’/5’/5’’), 127.65 (CH, C-4’’/5’/5’’), 127.38 (CH, C-3’/4’), 126.85 (CH, C-4’’,
5’/5’’), 120.47 (C, C-2’’), 47.44 (CH2, C-2).
LRMS (LC/ES+) m/z 323.2, 100% (M[81Br]+H)+; 321, 100% (M[79Br]+H)+.
HRMS (ES+): found 321.0059 Da (M+H)+, calculated 321.0056 Da.
UV (MeCN) !224 = 15591 M-1cm-1, !255 = 13663 M-1cm-1.
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1-(2-Bromophenyl)-3-octylthiourea (46)
4'

3'

Br
2'
1'

5'
6'

N
H

S

1''

N
H

2

3''
2''

5''
4''

Chemical Formula: C15H23BrN2S

7''
6''

8''

Molecular Weight: 343.33

white solid.
mp: 68 °C.
!max (neat)/cm–1 = 3243 (br), 2042 (w), 2920 (m), 2851 (m), 1936 (w), 1536 (s),
1467 (m), 1291 (m), 1029 (m), 721.
1

H-NMR (400 MHz, DMSO-d6) ! = 9.01 (1H, s, NH), 7.93 (1H, br. s, NH), 7.64 (1H,

dd, J = 7.9, 1.3 Hz, H-3’), 7.60 (1H, br. s, H-6’), 7.35 (1H, td, J = 7.7, 1.2 Hz, H-5’),
7.14 (1H, td, J = 7.7, 1.2 Hz, H-4’), 3.44 (2H, br. s, H-1’’), 1.53 (2H, t, J = 6.6 Hz,
H-2’’), 1.34-1.22 (10H, m, H-3’’,4’’,5’’,6’’,7’’), 0.86 (3H, t, J = 7.0 Hz, H-8’’).
13

C-NMR (100 MHz, DMSO-d6) ! = 181.12 (C, C-2), 137.50 (C, C-1’), 132.46 (CH, C-

3’), 129.47 (CH, C-6’), 127.60 (CH, C-5’), 127.26 (CH, C-4’), 119.96 (C, C-2’),
44.01 (CH2, C-1’’), 31.21 (CH2), 28.71 (CH2), 28.64 (CH2), 28.44 (CH2), 26.38 (CH2),
22.07 (CH2), 13.93 (CH3, C-8’’).
LRMS (LC/ES+) m/z 345.2, 100% (M[81Br]+H)+; 343, 100% (M[79Br]+H)+.
HRMS (ES+): found 343.0844 Da (M+H)+, calculated 343.0838 Da.
UV (MeCN) !257 = 11791 M-1cm-1, !223 = 11429 M-1cm-1.
1-(2-Bromophenyl)-3-phenylthiourea (47)
4'

5'

2'

6'
3''
4''

2''

H
N
1''

3'

1'
1

Br
NH

Chemical Formula: C13H11BrN2S
Molecular Weight: 307.21

S

white solid.
mp: 160-162 °C, lit:272 157-158 °C.
!max (neat)/cm–1 = 3294 (m), 3169 (m), 2999 (m), 1590 (m), 1540 (s), 1501 (s),
1226 (s), 1047 (m), 1026 (m), 762 (s), 743 (s), 714 (s), 691 (s).
1

H-NMR (400 MHz, DMSO-d6) ! = 9.98 (1H, s, NH), 9.36 (1H, s, NH), 7.67 (1H, dd, J

= 7.9, 1.3 Hz, H-3’), 7.59-7.52 (3H, m, H-2’’,6’), 7.41-7.32 (3H, m, H-3’’,5’), 7.217.12 (2H, m, H-4’,4’’).
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13

C-NMR (100 MHz, DMSO-d6) ! = 180.21 (C, C-1), 139.09 (C, C-1’’), 137.80 (C, C-

1’), 132.49 (CH, C-3’), 130.14 (CH, C-6’), 128.50 (CH, C-3’’), 127.84 (CH, C-4’/5’),
127.69 (CH, C-4’/5’), 124.66 (CH, C-4’’), 123.72 (CH, C-2’’), 121.10 (C, C-2’).
LRMS (LC/ES+) m/z 309.1, 100% (M[81Br]+H)+; 307, 100% (M[79Br]+H)+.
HRMS (ES+): found 306.9904 Da (M+H)+, calculated 306.9899 Da
UV (MeCN) !274 = 16677 M-1cm-1, !224 = 16238 M-1cm-1.
1-(2-Iodophenyl)-3-phenylthiourea (48)
4''

S

3''
2''

1''

N
H

2

I

2'

N
H

1'

3'

4'

Chemical Formula: C13H11IN2S

5'

Molecular Weight: 354.21

6'

yellow solid.
mp: 166-167 °C.
!max (neat)/cm–1 = 3293 (m), 3171 (br), 2999 (m), 1539 (s), 1494 (s), 1310 (m),
1246 (m), 1223 (m), 1200 (m), 1017 (m), 762 (s), 737 (s), 712 (s), 692 (s).
1

H-NMR (600 MHz, DMSO-d6) ! = 9.99 (1H, br. s, NH), 8.98 (1H, br. s, NH), 7.88

(1H, d, J = 7.7 Hz, H-3’), 7.58 (2H, d, J = 7.9 Hz, H-2’’), 7.43 (1H, d, J = 7.2 Hz, H6’), 7.39 (1H, t, J = 7.2 Hz, H-5’), 7.35 (2H, t, J = 7.8 Hz, H-3’’), 7.14 (1H, t, J = 7.2
Hz, H-4’’), 7.02 (1H, td, J = 7.5, 1.2 Hz, H-4’).
All signals appear as broad.
13

C-NMR (151 MHz, DMSO-d6) ! = 180.18 (C, C-2), 141.13 (C, C-1’), 139.16 (C, C-

1’’), 138.65 (CH, C-3’), 129.80 (CH, C-6’), 128.42 (CH, C-3’’), 128.39 (CH, C-5’),
128.13 (CH, C-4’), 124.54 (CH, C-4’’), 123.66 (CH, C-2’’), 99.49 (C, C-2’).
LRMS (LC/ES+) m/z 355.0, 100% (M+H)+.
HRMS (ES+): found 354.9760 Da (M+H)+, calculated 354.9761 Da.
UV (MeCN) !228 = 17127 M-1cm-1, !279 = 10899 M-1cm-1.
1-(2-Bromophenyl)-3-(4-nitrophenyl)thiourea (49)
O2N

S

4''
3''
2''

1''

N
H

Br

2'

N
H

1'

2

yellow solid.
mp: 162-163 °C.
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4'

Chemical Formula: C13H10BrN3O2S

5'

Molecular Weight: 352.21
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!max (neat)/cm–1 = 3272 (w), 2193 (w), 3007 (w), 1529 (s), 1340 (s), 1200 (m), 759
(m), 713 (m).
1

H-NMR (400 MHz, DMSO-d) ! = 10.52 (1H, br. s, NH), 9.86 (1H, br. s, NH), 8.22

(2H, dt, J = 9.3, 2.5 Hz, H-3’’), 7.94 (2H, dt, J = 9.3, 2.5 Hz, H-2’’), 7.70 (1H, dd, J
= 7.8, 1.5 Hz, H-3’), 7.52 (1H, dd, J = 7.7, 1.6 Hz, H-6’), 7.42 (1H, td, J = 7.7, 1.6
Hz, H-5’), 7.23 (1H, td, J = 7.7, 1.5 Hz, H-4’).
13

C-NMR (100 MHz, DMSO-d) ! = 180.20 (C, C-2), 146.01 (C, C-1’’/4’’), 142.45 (C,

C-1’’/4’’), 137.47 (C, C-1’), 132.70 (CH, C-3’), 130.18 (CH, C-6’) 128.39 (C, C-4’),
127.97 (CH, C-5’), 124.34 (CH, C-2’’/3’’), 121.69 (CH, C-2’’/3’’), 121.38 (C, C-2’).
LRMS (LC/ES+) m/z 354.2, 100% (M[81Br]+H)+; 352, 100% (M[79Br]+H)+.
HRMS (ES+): found 351.9753 Da (M+H)+, calculated 351.9750 Da.
UV (MeCN) !226 = 15591 M-1cm-1, !255 = 13663 M-1cm-1.
1-(2-Iodophenyl)-3-(4-nitrophenyl)thiourea (50)
O2N

S

4''
3''
2''

1''

N
H

2

I

2'

N
H

1'

3'

4'

Chemical Formula: C13H10IN3O2S

5'

Molecular Weight: 399.21

6'

yellow solid.
mp: 172-173 °C.
!max (neat)/cm–1 = 3296 (w), 3181 (w), 3007 (w), 1506 (s), 1339 (s), 1201 (m), 713
(m), 685 (m).
1

H-NMR (600 MHz, DMSO-d6) ! = 10.47 (1H, br. s, NH), 9.79 (1H, br. s, NH), 8.22

(2H, dd, J = 9.2 Hz, H-3’’), 7.96 (2H, d, J = 9.2 Hz, H-2’’), 7.92 (1H, d, J = 7.5 Hz,
H-3’), 7.52-7.34 (2H, m, H-5’,6’), 7.07 (1H, td, J = 7.5, 2.0 Hz, H-4’).
13

C-NMR (151 MHz, DMSO-d6) ! = 180.16 (C, C-2), 145.98 (C, C-1’’), 142.44 (C, C-

4’’), 140.71 (C, C-1’), 138.86 (CH, C-3’), 129.77 (CH, C-6’), 128.66 (CH, C-4’/5’),
128.63 (CH, C-4’/5’), 124.27 (CH, C-3’’), 121.71 (CH, C-2’’), 99.50 (C, C-2’).
LRMS (LC/ES+) m/z 400.1, 100% (M+H)+.
HRMS (ES+): calculated 399.9611 Da (M+H)+, found 399.9613 Da.
UV (MeCN) !227 = 20241 M-1cm-1, !340 = 11120 M-1cm-1.
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2-(1H-Pyrrole-2-yl)benzo[d]thiazole (51)
2
1

3
5

N
H

4

S

7

N

6

8
9

Chemical Formula: C11H8N2S

10

Molecular Weight: 200.26

11

Numbering amended from IUPAC system for clarification of NMR data.
white solid.
mp: 153 °C.
!max (neat)/cm–1 = 3122 (w), 2921 (m), 2852 (m), 1570 (w), 1486 (m), 1438 (m),
1396 (m), 1101 (m), 1009 (m), 910 (s), 739 (s).
1

H-NMR (400 MHz, CDCl3) ! = 10.49 (1H, br. s, NH), 7.91 (1H, dt, J = 8.1, 1.0 Hz,

H-8), 7.85 (1H, br. d, J = 8.1 Hz, H-11), 7.44 (1H, ddd, J = 8.1, 7.1, 1.3 Hz, H-9),
7.33 (1H, ddd, J = 8.1, 7.1, 1.3 Hz, H-10), 6.97 (1H, td, J = 2.5, 1.5 Hz, H-1), 6.89
(1H, ddd, J = 3.7, 2.5, 1.5 Hz, H-3), 6.34 (1H, dt, J = 3.7, 2.5 Hz, H-2).
13

C-NMR (100 MHz, CDCl3) ! = 160.48 (C, C-5), 153.40 (C, C-6), 133.88 (C, C-7),

126.27 (C, C-4), 126.24 (CH, C-9), 124.50 (CH, C-10), 122.15 (CH, C-1), 121.76
(CH, C-8), 121.52 (CH, C-11), 112.55 (CH, C-3), 110.66 (CH, C-2).
LRMS (LC/ES+) m/z 201.3, 100% (M+H)+.
HRMS (ES+): found 201.0479 Da (M+H)+, calculated 201.0481 Da.
UV (MeCN) !326 = 18195 M-1cm-1, !234 = 6294 M-1cm-1.
2-(Pyridin-4-yl)benzo[d]thiazole (52)
9
8
7
6

10
5

S

3
1 2

N

4

N

Chemical Formula: C12H8N2S
Molecular Weight: 212.27

Numbering amended from IUPAC system for clarification of NMR data.
orange solid.
mp: 130-132 °C, lit:273 133-135 °C.
!max (neat)/cm–1 = 3035 (w), 2923 (w), 1591 (m), 1475 (m), 1409 (m), 1312 (m),
1214 (m), 977 (m), 822 (s), 756 (s).
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1

H-NMR (400 MHz, DMSO-d6) ! = 8.79 (2H, dd, J = 4.4, 2.0 Hz, H-4), 8.22 (1H, br. d,

J = 7.3 Hz, H-9), 8.14 (1H, br. d, J = 7.3 Hz, H-6), 8.02 (2H, dd, J = 4.4, 2.0 Hz, H3), 7.60 (1H, td, J = 7.5, 1.5 Hz, H-8), 7.54 (1H, td, J = 7.5, 1.5 Hz, H-7).
13

C-NMR (100 MHz, DMSO-d6) ! = 164.96 (C, C-1), 153.31 (C, C-5), 150.88 (CH, C-

4), 139.48 (C, C-2), 134.77 (C, C-10), 127.03 (CH, C-8), 126.38 (CH, C-7), 123.45
(CH, C-6), 122.66 (CH, C-9), 120.91 (CH, C-3).
LRMS (LC/ES+) m/z 213.0, 100% (M+H)+.
HRMS (ES+): found 213.0478 Da (M+H)+, calculated 213.0481 Da.
UV (MeCN) !226 = 17093 M-1cm-1, !252 = 7466 M-1cm-1.
NMR data are consistent with the literature.273
N-Phenylbenzo[d]thiazol-2-amine (53)
7
6

S

5

N

4

NH

Chemical Formula: C13H10N2S

1
2

Molecular Weight: 226.30

3

Numbering amended from IUPAC system for clarification of NMR data.
white solid.
1

H-NMR (400 MHz, DMSO-d6) ! = 10.47 (1H, br. s, NH), 7.82-7.77 (3H, m), 7.60 (1H,

br. d, J = 7.6 Hz), 7.39-7.30 (3H, m), 7.15 (1H, td, J = 7.4, 1.1 Hz, H-2), 7.02 (1H,
tt, J = 7.4, 1.1 Hz, H-3).
LRMS (LC/ES+) m/z 227.2, 100% (M+H)+.
1

H-NMR data are consistent with the literature.274

5H-Dibenzo[d,f][1,3]diazepine-6(7H)-thione (54)
S
HN

6

1

7
2

NH

Chemical Formula: C13H10N2S
Molecular Weight: 226.30

5
4

3

Numbering amended from IUPAC system for clarification of NMR data.
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white solid.
mp: N/A, lit:275 241-243 °C.
1

H-NMR (600 MHz, DMSO-d6) ! = 10.04 (2H, br. s, NH), 7.42 (2H, dd, J = 7.7, 1.4

Hz, H-3), 7.33-7.28 (2H, m, H-5), 7.21 (2H, td, J = 7.7, 1.0 Hz, H-4), 7.09 (2H, dd, J
= 7.9, 1.0 Hz, H-6).
13

C-NMR (100 MHz, DMSO-d6) ! = 193.76 (C, C-7), 140.91 (C, C-1), 130.08 (C, C-2),

129.14 (CH, C-3), 128.74 (CH, C-5), 125.56 (CH, C-4), 121.53 (CH, C-6).
15

N-NMR (61 MHz, DMSO-d6) ! = 134.41.

HMBC (15N and 1H) confirmed correlation between NH and H-6.
LRMS (LC/ES+) m/z 227.3, 100% (M+H)+.
2-Phenylbenzo[d]thiazole (55)
4

3
1

5

2

S

11

N

6

10

7

9

Chemical Formula: C13H9NS

8

Molecular Weight: 211.28

Numbering amended from IUPAC system for clarification of NMR data.
white solid.
mp: 113-114 °C, lit:273 112-114 °C.
!max (neat)/cm–1 = 3064 (w), 1477 (m), 1432 (m), 963 (m), 761 (s), 686 (s).
1

H-NMR (400 MHz, CDCl3) ! = 8.14-8.08 (3H, m, H-3,7), 7.92 (1H, br. d, J = 8.1 Hz,

H-10), 7.54-7.48 (4H, m, H-4,5,8), 7.40 (1H, ddd, J = 8.1, 7.1, 1.2 Hz, H-9).
13

C-NMR (100 MHz, CDCl3) ! = 168.04 (C, C-1), 154.14 (C, C-6), 135.06 (C, C-11),

133.62 (C, C-2), 130.95 (CH, C-5), 129.01 (CH, C-4), 127.56 (CH, C-3), 126.30 (CH,
C-8), 125.18 (CH, C-9), 123.24 (CH, C-7), 121.61 (CH, C-10).
LRMS (LC/ES+) m/z 212.2, 100% (M+H)+.
HRMS (ES+): found 212.0523 Da (M+H)+, calculated 212.0529 Da
UV (MeCN) !229 = 8716 M-1cm-1, !296 = 8590 M-1cm-1.
NMR data are consistent with the literature.273
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9.5 Chapter 5 – Experimental
General procedure for thermal cyclisation under flow conditions
1,1,2,2-Tetrachloroethane (TCE), was stored over base (K2CO3) and filtered prior to
the reaction. A solution of 2-(3,4-dimethoxyphenethyl)-3-hydroxyisoindolin-1-one
(57) (0.007 g, 0.022 mmol) in TCE (2 mL) was inserted using an injection loop into
a flow of TCE (0.5 mL/min) and passed through a 10 mL capacity PFA column (1
mm i.d., 20 min reaction time) heated to the required temperature, then through
a backpressure regulator (40 psi) and the appropriate fraction collected.
Evaporation of the solvent (14 mbar, 60 °C) afforded the crude product, which was
submitted for 1H-NMR analysis.
With preheating of solvent
A flow of TCE (0.25 mL/min) was passed through a 10 mL PFA reactor heated to
170 °C, then combined using a mixing T with a flow of TCE (0.25 mL/min) into
which the substrate was inserted as above. The combined flow was passed
through a 10 mL PFA column heated to the required temperature before being
collected and analysed as above.
Preparative scale reactions
For preparative scale reactions a solution of (57) (0.011 M) in TCE was pumped
directly from a bottle through the pump then the heated column allowing
potentially

continuous

production.

The

crude

product

was

purified

by

chromatography on silica using 2% MeOH in DCM to elute. For example, a 30 mL
aliquot (0.33 mmol of (57)) was pumped at 0.5 mL/min through a 10 mL PFA
column

held

at

160

°C

to

give

0.092

g

of

pure

2,3-dimethoxy-5,6-

dihydroisoindolo[1,2-a]isoquinolin-8(12bH)-one (58) (94%).
Procedure for monitoring HCl formation from TCE under flow conditions
Using the Vapourtec platform a plug of TCE (5 mL, stored over K2CO3) was
inserted into a flow of toluene (1 mL/min) and pumped through a stainless steel
reactor (10 mL, 1 mm i.d.) at various temperatures. The reactor was connected to
a cooling loop (100 cm, 1 mm i.d.) followed by backpressure regulator (250 PSI).
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A sufficient plug of the output to ensure that all the TCE was included was
collected into screw capped polythene bottles (60 mL) containing aqueous KCl (30
mL of a 6.6 g/L soln. in HPLC grade water). The bottles were capped, shaken,
allowed to settle then the pH of the aqueous layer measured. Re-measuring the
pHs after around 30 min was used to confirm stability of the readings. We
confirmed that a TCE/water mixture at room temperature did not form significant
acid. The pH meter (Jenway 3071) with glass electrode (Hanna HI-1131) was
freshly calibrated with pH 7.0 and pH 4.0 buffer solutions and kept in the KCl
solution. Before and after each measurement the electrode was thoroughly rinsed
(3x) with the KCl solution and the pH meter was occasionally validated against
buffer.

2-(3,4-Dimethoxyphenethyl)-3-hydroxyisoindolin-1-one (57)
13
14

O
12

11

N
15
16

17
18

OH

1

5

4

6

3
2
8

7

10

O

Chemical Formula: C18H19NO4
Molecular Weight: 313.35

O

9

Numbering amended from IUPAC system for clarification of NMR data.
white solid.
mp: 134-135 °C.
!max (neat)/cm–1 = 3169 (br), 2910 (w), 1658 (s), 1516 (s), 1425 (s), 1142 (m), 1022
(m), 745 (m).
1

H-NMR (400 MHz, CDCl3) ! = 7.60 (1H, dt, J = 7.8, 0.9 Hz, H-13/14/15/16), 7.54

(1H, d, J = 0.9 Hz, H-13/14/15/16), 7.53 (1H, t, J = 0.9 Hz, H-13/14/15/16), 7.42
(1H, ttd, J = 7.8, 3.5, 0.9 Hz, H-13/14/15/16), 6.78-6.66 (3H, m, H-4,5,8), 5.46
(1H, d, J = 11.4 Hz, H-18), 3.87-3.68 (7H, m, H-1a,9,10) 3.54 (1H, dt, J = 14.2, 7.4
Hz, H-1b), 3.25 (1H, d, J = 11.4 Hz, OH), 2.89 (2H, m, H-2).
13

C-NMR (100 MHz, CDCl3) ! = 167.38 (C, C-11), 148.89 (C, C-6/7), 147.61 (C, C-

6/7), 143.84 (C, C-17), 132.15 (CH, C-13/14/15/16), 131.47 (C, C-3), 131.28 (C,
C-12), 129.73 (CH, C-13/14/15/16), 123.26 (CH, C-13/14/15/16), 123.09 (CH,
13/14/15/16), 120.64 (CH, C-4), 111.91 (CH, C-8), 111.34 (CH, C-5), 82.21 (CH,
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C-18), 55.85 (CH3, C-9/10), 55.77 (CH3, C-9/10), 40.86 (CH2, C-1), 33.96 (CH2, C-2).
Compound cyclised to (58) during LC- and GC-MS analysis.
HRMS (ES+): found 336.1208 Da (M+Na)+, calculated 336.1206 Da.
2,3-Dimethoxy-5,6-dihydroisoindolo[1,2-a]isoquinolin-8(12bH)-one (58)
18

O

O

6

5

7
12

4

11

13
14 15

17

10 9 8
3

N
16

2

Chemical Formula: C18H17NO3
Molecular Weight: 295.33

1

O

Numbering amended from IUPAC system for clarification of NMR data.
white solid.
mp: 168 °C.
!max (neat)/cm–1 = 2922 (w), 1676 (s), 1517 (m), 1226 (m), 732 (s).
1

H-NMR (400 MHz, CDCl3) ! = 7.88 (1H, d, J = 7.6 Hz, H-11/14), 7.83 (1H, d, J =

7.6 Hz, H-11/14), 7.62 (1H, td, J = 7.6, 1.3 Hz, H-12/13), 7.50 (1H, t, J = 7.6 Hz,
H-12/13), 7.13 (1H, s, H-4), 6.67 (1H, s, H-7), 5.63 (1H, s, H-9), 4.50 (1H, ddd, J =
12.9, 5.8, 3.5 Hz, H-1a), 3.94 (3H, s, H-17/18), 3.85 (3H, s, H-17/18), 3.42 (1H,
ddd, J = 12.9, 10.3, 4.5 Hz, H-1b), 3.01 (1H, ddd, J = 15.9, 10.3, 5.8 Hz, H-2a),
2.78 (1H, ddd, J = 15.9, 4.5, 3.5 Hz, H-2b).
13

C-NMR (100 MHz, CDCl3) ! = 167.90 (C, C-16), 148.31 (C), 147.82 (C), 144.59 (C),

132.70 (C), 131.53 (CH, C-12/13), 128.43 (CH, C-12/13), 126.89 (C), 125.95 (C),
123.94 (CH, C-11/14), 123.01 (CH, C-11/14), 111.96 (CH, C-7), 108.67 (CH, C-4),
58.97 (CH, C-9), 56.20 (CH3, C-17/18), 55.93 (CH3, C-17/18), 38.21 (CH2, C-1),
29.05 (CH2, C-2).
LRMS (LC/EI+) m/z 295.1, 70% (M+.); 264.0, 100% (M-COH3)+; 219.8, 36% (M-C2O3H6)+;
179.9 18%; 152.0, 14%.
HRMS (ES+): found 318.1101 (M+Na)+, calculated 318.1101 Da.
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9.6 Chapter 6 - Experimental
9.6.1 Pauson-Khand Reaction
Heptacarbonyl(triphenylphophine)dicobalt(0) (59)185
OC OC CO
Ph3P Co Co CO
OC CO CO

Chemical Formula: C25H22Co2O7P
Molecular Weight: 583.28

Cobalt carbonyl (0.599 g, 1.75 mmol) was placed in a 100 mL round-bottom flask
and dissolved in anhydrous and degassed THF (10 mL) under nitrogen
atmosphere. Triphenylphosphine (0.383 g, 1.46 mmol) was dissolved in THF (15
mL) and added to the reaction mixture over 30 min by dropping funnel. The
mixture was stirred in the dark at room temperature for 2 h. To the mixture was
added neutral alumina (grade II) and the mixture was concentrated under reduced
pressure. The mixture was dry-loaded on a column (Isolute Flash Si II, 20 g). The
column was then flushed with cyclohexane (200 mL) and the first light-brown
material discarded. Collection of the remaining dark fractions and evaporation of
the solvent under reduced pressure afforded a brown solid (59) (0.402 g, 47%).
mp: 125 °C (decomp.), lit:185 120-125 °C (decomp.).
!max (neat)/cm–1 = 2926 (w), 2076 (m), 2029 (m, sh), 1992 (m, sh), 1950 (s), 1435
(m), 1095 (m), 689 (s).
1

H-NMR (400 MHz, CDCl3) ! = broad signals, inconclusive.

13

C-NMR (100 MHz, CDCl3) ! = 201.10 (C, CO), 133.10 (C, CO), 133.00 (C, CO),

131.20 (C, C-Ar), 128.90 (CH, C-Ar).
31

P-NMR (162 MHz, CDCl3) ! = 65.5 (CoPPh3).

Data are consistent with the literature.185
N-Allyl-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide (60)199
3

1

2
3'

The

2'

O
N S
O
1'

reaction

2''

3''
4''

1''

was

Chemical Formula: C13H15NO2S
5''

carried

Molecular Weight: 249.33
out

under

nitrogen

atmosphere.

To

N-allyl-4-

methylbenzenesulfonamide (20.0 g, 85 mmol) in DMF (65 mL) was slowly added
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NaH (4.1 g, 102 mmol) and the mixture was stirred for 30 min at room
temperature (foaming!). Additional DMF (60 mL) was added. The mixture was
cooled to 0 °C and 3-bromoprop-1-yne (14.23 mL, 128 mmol) was added slowly by
syringe. The mixture was warmed to room temperature and stirred for 1 h. The
mixture was cooled to 0 °C, quenched with brine (350 mL) and extracted with
ether (5 x 50 mL). The combined organic layers were dried over MgSO4, filtered
and evaporation of the solvent under reduced pressure afforded a yellow solid,
which was recrystallised from hexane to afford the product (15.29 g, 72%) as a
white solid.
mp: 57-58 °C, lit:199 62-63 °C.
!max (neat)/cm–1 = 3269 (w), 3928 (w), 2118 (w), 1325 (m), 1157 (s), 661 (s).
1

H-NMR (400 MHz, CDCl3) ! = 7.74 (2H, dt, J = 8.2, 1.9 Hz, H-2’’), 7.35-7.27 (2H,

m, H-3’’), 5.74 (1H, ddt, J = 17.1, 10.0, 6.5 Hz, H-2), 5.30 (1H, dq, J = 17.1, 1.3
Hz, H-3a), 5.25 (1H, dq, J = 10.0, 1.3 Hz, H-3b), 4.10 (2H, d, J = 2.4 Hz, H-1’), 3.84
(2H, d, J = 6.5 Hz, H-1), 2.43 (3H, s, H-5’’), 2.01 (1H, t, J = 2.4 Hz, H-3’).
13

C-NMR (100 MHz, CDCl3) ! = 143.54 (C, C-4’’), 136.00 (C, C-1’’), 131.84 (CH, C-

2), 129.45 (CH, C-3’’), 127.72 (CH, C-2’’), 119.95 (CH2, C-3), 76.48 (C, C-2’), 73.67
(CH, C-3’), 48.95 (CH2, C-1) 35.73 (CH2, C-1’), 21.51 (CH3, C-5’’).
LRMS (LC/ES+) m/z 250.0, 100% (M+H)+.
HRMS (ES+): found 250.0891 Da, calculated 250.0896 Da (M+H)+.
Data are consistent with the literature.199
Representative Procedure for Pauson-Khand Reaction in Flow
Heptacarbonyl(triphenylphophine)dicobalt(0) (0.012 g, 0.020 mmol) and N-allyl-4methyl-N-(prop-2-yn-1-yl)benzenesulfonamide (0.050 g, 0.2 mmol) were combined
in degassed DME (2 mL) and transferred to Vapourtec platform, which was
equipped with a Vapourtec gas exchange reactor (15 mL). The reactor was purged
with CO and the exit sealed. Pressure was adjusted to 5 bar. Then the reaction
mixture was passed over the reactor in DME at 120 °C over 30 min, using a 40 PSI
back-pressure regulator. Collection of the entire plug and evaporation of the
solvent in vacuo afforded a yellow gum (0.059 g). The crude material was loaded
on a column (Isolute Flash Si II, 10 g) and purified on Flashmaster purification
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companion, using a gradient 0-50% EtOAc in cyclohexane over 20 min. The
appropriate fractions, determined via TLC and KMnO4 stain, were combined and
evaporation of the solvent under reduced pressure afforded the product (61)
(0.017 g, 30%) as a white solid.

2-Tosyl-2,3,3a,4-tetrahydrocyclopenta[c]pyrrol-5(1H)-one (61)
3

O

12
11

5

1

2
10

O
N S
O
9

6
7

4

Chemical Formula: C14H15NO3S
8

Molecular Weight: 277.34

Numbering amended from IUPAC system for clarification of NMR data.
white solid.
mp: 143-146 °C, lit:185 147-149 °C.
!max (neat)/cm–1 = 2923 (w), 2246 (w), 2118 (w), 1708 (m), 1340 (m), 1157 (s), 669
(s).
1

H-NMR (400 MHz, CDCl3) ! = 7.74 (2H, dt, J = 8.2, 1.9 Hz, H-5), 7.36 (2H, d, J =

8.2 Hz, H-6), 5.99 (1H, br. s, H-11), 4.34 (1H, dt, J = 16.4, 2.1 Hz, H-1a), 4.06-3.99
(2H, m, H-1b, 9a), 3.17 (1H, m, H-2), 2.67-2.54 (2H, m, H-3a, 9b), 2.45 (3H, s, H-8),
2.07 (1H, dd, J = 17.9, 3.7 Hz, H-3b).
13

C-NMR (400 MHz, CDCl3) ! = 207.39 (C, C-12), 178.73 (CH, C-10), 144.15 (C, C-7),

133.47 (C, C-4), 130.00 (CH, C-6), 127.43 (CH, C-5), 126.20 (CH, C-11), 52.41
(CH2, C-9), 47.60 (CH2, C-1), 43.95 (CH, C-2), 39.80 (CH2, C-3), 21.55 (CH3, C-3).
LRMS (LC/ES+) m/z 278.0, 50% (M+H)+.
HRMS (ES+): found 278.0846 Da (M+H)+, calculated 278.0845 Da.
1

H-NMR data are consistent with the literature.185

Diethyl 2-allyl-2-(prop-2-yn-1-yl)malonate (62)
O

1'

O

2'
3''

1

O
2

2'' 1''

Chemical Formula: C13H18O4

O
1'''
2'''

3'''

Molecular Weight: 238.28

The reaction was carried out under N2 atmosphere. To a suspension of sodium
hydride (0.096 g, 2.37 mmol) in THF (10 mL) was added diethyl 2-allylmalonate
(0.369 g, 1.84 mmol) in THF (10 mL) dropwise. The reaction mixture was warmed
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to room temperature and stirred for 20 min. The mixture was cooled to 0 °C and
3-bromoprop-1-yne (0.308 mL, 2.76 mmol) was added slowly by syringe. The
reaction was warmed to room temperature and stirred for 30 min. Then, the
reaction was quenched with brine (10 mL), concentrated in vacuo and extracted
with ether (3 x 30 mL). The combined organic layers were dried over MgSO4,
filtered and evaporation of the solvent under reduced pressure afforded a yellow
oil (0.293 g). The crude mixture was then dry-loaded on a column (Isolute Flash Si
II, 20 g) and purified on flashmaster purification platform using 0-25% TBME in
cyclohexane over 60 min. The appropriate fractions, determined by UV detector
(220 nm) and TLC/KMnO4 were combined and evaporated under reduced pressure
afforded the product (62) (0.231 g, 53%) as a colourless oil.
!max (neat)/cm–1 = 3082 (w), 2984 (w), 1731 (s), 1643 (w), 1152 (s), 1032 (m), 920
(m), 846 (m).
1

H-NMR (400 MHz, CDCl3) ! = 5.64 (1H, ddt, J = 17.1, 10.0, 6.8 Hz, H-2’’), 5.20

(1H, dq, J = 17.1, 1.3 Hz, H-3a’’), 5.14 (1H, dq, J = 10.0, 1.3 Hz, H-3b’’), 4.21 (4H,
q, J = 7.1 Hz, H-1’), 2.79-2.83 (4H, m, H-1’’,1’’’), 2.02 (1H, t, J = 2.7 Hz, H-3’’’),
1.26 (6H, t, J = 7.1 Hz, H-2’).
13

C-NMR (100 MHz, CDCl3) ! = 169.69 (C, C-1), 131.73 (CH, C-2’’), 119.79 (CH2, C-

3’’), 78.89 (C*, C-2’’’), 71.35 (CH, C-3’’’), 61.64 (CH2, C-1’), 56.60 (C, C-2), 36.34
(CH2, C-1’’), 22.54 (CH2, C-1’’’), 14.07 (CH3, C-2’).
*visible in Dept-135 spectrum, no cross-peak in HSQC.
LRMS (LC/ES+) m/z 261.0, 40% (M+Na)+; 239.0, 100% (M+H)+.
NMR data are consistent with the literature.276
Diethyl 5-oxo-3,3a,4,5-tetrahydropentalene-2,2(1H)-dicarboxylate (63)
7

O
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10

6

5
4

9

8

O
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O
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O
O

14
13

Chemical Formula: C14H18O5
Molecular Weight: 266.29

Numbering amended from IUPAC system for clarification of NMR data.
colourless oil.
!max (neat)/cm–1 = 2982 (w), 2930 (w), 1708 (s), 1636 (m), 1248 (s), 1176 (m), 1157
(m), 1062 (m), 860 (m), 730 (m).
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1

H-NMR (400 MHz, CDCl3) ! = 5.94 (1H, q, J = 1.5 Hz, H-10), 4.23 (4H, dq, J = 16.3,

7.1 Hz, H-2,13), 3.36 (1H, br. d, J = 19.1 Hz, H-5a), 3.26 (1H, dq, J = 19.1, 1.2 Hz,
H-5b), 3.11 (1H, m, H-6), 2.80 (1H, dd, J = 13.0, 8.0 Hz, H-8a), 2.64 (1H, ddd, J =
18.0, 6.4, 0.7 Hz, H-7a), 2.13 (1H, dd, J = 18.0, 3.0 Hz, H-7b), 1.74 (1H, t, J = 13.0
Hz, H-8b), 1.27 (6H, m, H-1,14).
13

C-NMR (100 MHz, CDCl3) ! = 209.52 (C, C-11), 185.56 (C, C-9), 171.44 (C, C-

3/12), 170.73 (C, C-3/12), 125.56 (CH, C-10), 62.13 (CH2, C-2/13), 61.99 (CH2, C2/13), 60.83 (C, C-4), 45.02 (CH, C-6), 42.11 (CH2, C-7), 38.89 (CH2, C-8), 35.13
(CH2, C-5), 14.00 (CH3, m, C-1,14).
LRMS (LC/ES+) m/z 267.0, 100% (M+H)+.
NMR data are consistent with the literature.276
Polymer-bound Cobalt Carbonyl (64)185
Ph2
P Co(CO)

3

P Co(CO)3
Ph2

Polymer-bound triphenylphosphine (5.00 g, ~8.37 mmol 'P', polystyrene crosslinked with divinylbenzene, 100-200 mesh, 1.6 mmol ‘P’ / g) was suspended in
degassed anhydrous THF (80 mL) and allowed to swell for 30 min under N2
agitation on a sintered column. Co2(CO)8 complex (5.72, 16.73 mmol) was
dissolved in THF (40 mL) and added to the mixture slowly by syringe over 15 min.
The mixture was left under N2 agitation for 5 h in the dark. The solvent was
drained and the mixture washed with alternate aliquots of degassed anhydrous
THF and ether until the filtrate became colourless (8 cycles, 20 mL each).
!max (neat)/cm–1 = 2924 (w), 1994 (w), 1870 (w), 1435 (w), 695 (m).
IR data match literature values for the depicted structure.185
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9.6.2 Cobalt Catalysed [2+2+2] Cycloaddition
µ1-Carbonyl-!5-cyclopentadienyl-!2-dimethylfumaratecobalt (65)
OC

O
Co

O

Chemical Formula: C12H14CoO5
Molecular Weight: 297.17

O

O

Degassed toluene (100 mL) was added to dimethyl fumarate (4.78 g, 33.16 mmol)
under argon followed by addition of CpCo(CO)2 (5.00 g, 27.8 mmol) by syringe.
The mixture was stirred and refluxed over night under visible light irradiation
(500 W xenon lamp). The mixture was cooled to room temperature and silica (15
g) was added. The mixture was concentrated under reduced pressure and purified
in four batches on a silica column (Biotage SNAP cartridge, KP-Sil, 100 g) using a
gradient of EtOAc-cyclohexane 0-50% over 40 min. The appropriate fractions
determined by UV detection were evaporated and afforded the title complex (65)
as a brown solid (4.93 g, 60%).
mp: 157-162 °C, lit:212 154 °C.
!max (neat)/cm–1 = 2951 (w), 1010 (m), 1690 (m), 1307 (m), 1158 (s), 1021 (m), 824
(m).
1

H-NMR (400 MHz, CDCl3) ! = broad signals, inconclusive.

13

C-NMR (100 MHz, CDCl3) ! = 199.21 (C, CO),* 176.30 (C, C=O), 175.63 (C, C=O),

87.24 (CH, Cp), 51.62 (CH3), 51.58 (CH3), 38.32 (CH), 37.25 (CH). *weak signal.
LRMS (LC/ES+) m/z 296.9, 100% (M+).
3-Phenyl-5,6,7,8-tetrahydroisoquinoline (66)
4'
8
7

9

1

1'
2

6
5

10

N

3'
2'

Chemical Formula: C15H15N
Molecular Weight: 209.29

4

A degassed solution (8 mL, toluene) containing benzonitrile (0.206 mL, 2.00
mmol), octa-1,7-diyne (0.265 mL, 2.000 mmol) and catalyst (65) (0.030 g, 0.100
mmol) was transferred to the flow machine, which was setup for bottled reagents
with a heated stainless steel reactor (10 mL) connected to a 250 PSI back-pressure
regulator. The mixture was pumped over the flow machine at 1 mL/min (10 min
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residence time) at 200 °C and the entire reagent stream was collected and
concentrated under reduced pressure affording a brown oil (0.569 g). The crude
sample was diluted in MeOH to 0.9 mL and purified by MDAP on Sunfire C18
column (150mm x 30mm i.d. 5µm packing diameter) at ambient temperature. The
detector was set to collect at 209 Da. The resulting fractions were combined,
concentrated in vacuo, neutralised with sat. bicarbonate solution (10 mL) and
extracted with DCM (3x 15 mL). The combined organic layers were dried over
MgSO4, filtered and evaporation of the solvent under reduced pressure afforded
the product (66) as a yellow oil (0.129 g, 31%).
!max (neat)/cm–1 = 2928 (m), 2361 (m), 1598 (s), 1445 (s), 776 (m), 731 (m), 694 (s).
1

H-NMR (400 MHz, CDCl3) ! = 8.39 (1H, s, H-4), 7.98-7.93 (2H, m, H-2’), 7.50-7.35

(4H, m, H-1,3’,4’), 2.85-2.76 (4H, m, H-5,8), 1.91-1.81 (4H, m, H-6,7).
13

C-NMR (400 MHz, CDCl3) ! = 154.37 (C, C-2), 150.24 (CH, C-4), 146.65 (C, C-9),

139.72 (C, C-1’), 131.63 (C, C-10), 128.58 (CH, C-3’), 128.31 (CH, C-4’), 126.64
(CH, C-2’), 120.64 (CH, C-1), 28.94 (CH2, C-8), 26.04 (CH2, C-5), 22.69 (CH2, C-6/7),
22.47 (CH2, C-6/7).
LRMS (LC/ES+) m/z 210.1, 100% (M+H)+.
HRMS (ES+): found 210.1284 Da (M+H)+, calculated 210.1277 Da.
Data are consistent with the literature.212
3-(Naphthalen-2-yl)-5,6,7,8- tetrahydroisoquinoline (68)
3'
7

8

9

1

5

10

10'

5'

2'
2

6

4'

N

1'

9'

6'
7'

8'

Chemical Formula: C19H17N
Molecular Weight: 259.34

4

2-naphthonitrile (77.0 mg, 0.500 mmol), octa-1,7-diyne (66.4 µL, 0.500 mmol)
and catalyst (65) (7.4 mg, 0.025 mmol) were dissolved in toluene (2 mL). The
mixture was pumped over the flow machine at 1 mL/min (10 min residence time)
using degassed toluene at 200 °C. The sample was then dried down under
reduced pressure to afford the crude material (0.120 g) as a brown gum, (stench).
The crude material was dry-loaded on a column (Isolute Flash Si II, 20 g) and
purified using a gradient 0-50% EtOAc in cyclohexane over 60 min. The
appropriate
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evaporation of the solvent afforded the product (47.8 mg, 37%) as an orange oily
solid.
!max (neat)/cm–1 = 2930 (w), 2206 (w), 1731 (w), 1597 (m), 1480 (m), 728 (s).
1

H-NMR (400 MHz, CDCl3) ! = 8.48-8.43 (2H, m, H-1’,4), 8.12 (1H, dd, J = 8.6, 1.7

Hz, H-3’), 7.99-7.91 (2H, m, H-4’,5’/8’), 7.87 (1H, m, H-5’/8’), 7.57 (1H, br. s, H-1),
7.54-7.47 (2H, m, H-6’,7’), 2.88-2.78 (4H, m, H-5,8), 1.92-1.80 (4H, m, H-6,7).
13

C-NMR (100 MHz, CDCl3) ! = 154.13 (C, C-2), 150.33 (CH, C-4), 146.73 (C, C-9),

136.96 (C, C-9’/10’), 133.54 (C, C-9’/10’), 133.35 (C, C-2’), 131.74 (C, C-10),
128.55 (CH, C-4’), 128.21 (CH, C-5’/8’), 127.58 (CH, C-5’/8’), 126.12 (CH, C-6’/7’),
126.09 (CH, C-6’/7’), 125.70 (CH, C-1’/3’), 124.57 (CH, C-1’/3’), 120.86 (CH, C-1),
28.96 (CH2, C-8), 26.05 (CH2, C-5), 22.67 (CH2, C-6), 22.46 (CH2, C-7).
LRMS (LC/ES+) m/z 260.0, 100% (M+H)+.
HRMS (ES+): found 260.1431 Da (M+H)+, calculated 260.1434 Da.
Representative Procedure for the Synthesis of compounds (69), (73), (74), (75)
Acetonitrile (0.131 mL, 2.500 mmol), octa-1,7-diyne (0.066 mL, 0.500 mmol) and
catalyst (65) (7.4 mg, 0.025 mmol) were combined and filled with toluene to the 2
mL mark. The material was then injected into a the flow system, which was set up
for sample loop reactions with heated stainless steel reactor (10 mL) connected to
a 250 PSI back-pressure regulator. The mixture was pumped over the flow
machine at 1.0 mL/min (10 min) using degassed toluene at the indicated
temperature and collected into a sample vials via auto sampler. The samples were
then concentrated under reduced pressure to afford the crude material (54.4 mg)
as a turquoise gum. The mixture was dry-loaded on a column (Isolute Flash NH2,
20 g) and purified using a gradient 0-25% EtOAc in cyclohexane over 60 min. The
appropriate fractions, determined via UV detection at 267 nm, were combined
and evaporation of the solvent under reduced pressure afforded the product (69)
as a colourless oil (33.9 mg, 46%).
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3-Methyl-5,6,7,8-tetrahydroisoquinoline (69)
7

8

1

9

11

Chemical Formula: C10H13N

2

6
5

10

N

Molecular Weight: 147.22

4

colourless oil.
!max (neat)/cm–1 = 2924 (s), 1603 (s), 1439 (m), 856 (m).
1

H-NMR (400 MHz, CDCl3) ! = 8.18 (1H, s, H-4), 6.83 (1H, s, H-1), 2.70 (4H, dt, J =

6.6, 3.3 Hz, H-5,8), 2.46 (3H, s, H-11), 1.84-1.75 (4H, m, H-6,7).
13

C-NMR (100 MHz, CDCl3) ! = 154.63 (C, C-2), 149.62 (CH, C-4), 146.24 (C, C-9),

129.79 (C, C-10), 123.11 (CH, C-1), 28.61 (CH2, C-8), 25.86 (CH2, C-5), 23.79 (CH2,
C-6), 22.76 (CH2, C-7), 22.46 (CH3, C-11).
LRMS (LC/ES+) m/z 148.3, 100% (M+H)+.
HRMS (ES+): found 148.1117 Da (M+H)+, calculated 148.1121 Da.
Compound data are available in the literature.277
4-Methyl-N,N-di(prop-2-yn-1yl)benzenesulfonamide (70)199

3

2

O
N S
O
1

2'
1'

3'

4'

5'

Chemical Formula: C13H13NO2S
Molecular Weight: 247.31

To NaH (2.92 g, 73.0 mmol) under nitrogen atmosphere was added THF (70 mL)
and

the

mixture

was

cooled

to

0

°C

and

stirred.

Then

4-

methylbenzenesulfonamide (5.0 g, 29.2 mmol) in THF (20 mL) was added by
dropping funnel and the mixture was left to stir for 10 min before warming to
room temperature. After 30 min, the mixture was cooled to 0 °C and 3bromoprop-1-yne (8.1 mL, 73.0 mmol) in THF (20 mL) was added slowly by
dropping funnel. The mixture was then warmed to room temperature and stirred
for 3 days. After 72 h, the reaction was cooled to 0 °C, quenched with water (50
mL) and diluted with sat. LiCl solution (20 mL, 10%) and brine (50 mL). The
mixture was then concentrated in vacuo and extracted with Et2O (3x 50 mL). The
combined organic layers were dried over MgSO4, filtered and evaporation of the
solvent afforded a brown gum (11.15 g). The sample was diluted in DMSO and
loaded on a column (Redi Sep, C-18 Reverse Phase, 360 g) and purified using a
gradient 5-95% MeCN in H2O (formic acid modifier) over 30 column volumes. The
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appropriate fractions, determined via UV detection at 230 nm, were combined,
concentrated in vacuo, neutralised with sat. bicarbonate solution and extracted
with EtOAc (3 x 20 mL). The combined organic phases dried over MgSO4, filtered,
and evaporation of the solvent under reduced pressure afforded the title
compound (70) (1.34 g, 19%) as a yellow solid.
mp: 57-60 °C, lit:278 58-60 °C.
!max (neat)/cm–1 = 3275 (m), 3258 (m), 2923 (w), 2118 (w), 1597 (w), 1428 (w),
1324 (s), 1158 (s), 1095 (s), 898 (m), 655 (s).
1

H-NMR (400 MHz, CDCl3) ! = 7.72 (2H, dt, J = 8.6, 1.7 Hz, H-2’), 7.32-7.29 (2H, m,

H-3’), 4.16 (4H, d, J = 2.3 Hz, H-1), 2.43 (3H, s, H-5’), 2.16 (2H, t, J = 2.3 Hz, H-3).
13

C-NMR (100 MHz, CDCl3) ! = 143.95 (C, C-4’), 135.12 (C, C-1’), 129.52 (CH, C-3’),

127.82 (CH, C-2’), 76.12 (C, C-2), 74.00 (C, C-3), 36.12 (CH2, C-1), 21.51 (CH3, C5’).
LRMS (LC/ES+) m/z 248.3, 100% (M+H)+.
HRMS (ES+): found: 248.0745 Da (M+H)+, calculated: 248.0740 Da.
NMR data are consistent with the literature.199
Diethyl 2,2-di(prop-2-yn-1-yl)malonate (71)
O

1'
2'

O

1
1''

O
2

2''

O

Chemical Formula: C13H16O4
Molecular Weight: 236.26

3''

Diethyl malonate (0.474 mL, 3.12 mmol) was dissolved in ethanol (5 mL) in a
microwave vial (20 mL) and LHMDS 1M in THF (7.80 mL, 7.80 mmol) was added by
syringe under nitrogen atmosphere. Then 3-bromoprop-1-yne 80% in toluene
(0.841 mL, 7.80 mmol) was added and the flask sealed. The mixture was heated
to 60 °C and stirred over night. After removal of the solvent on the rotavap, the
residue was diluted with water (10 mL) and brine (5 mL) and extracted with ether
(3x 10 mL). The organic layer was dried over MgSO4, filtered and the solvent
removed in vacuo to afford the crude sample (0.6305 g) as a yellow oil. The
material was loaded on a column (Isolute Flash Si II, 20 g) and purified using a
gradient 0-25% TBME in cyclohexane over 60 min. The appropriate fractions,
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determined by UV detection at 228 nm were combined and evaporation of the
solvent under reduced pressure afforded the compound (71) (0.5817 g, 79%), as a
yellow oil.
!max (neat)/cm–1 = 3289 (m), 2984 (w), 2132 (w), 1734 (s), 1288 (m), 1189 (s), 1055
(m), 856 (w).
1

H-NMR (400 MHz, CDCl3) ! = 4.24 (4H, q, J = 7.0 Hz, H-1’), 3.06 (4H, d, J = 2.7 Hz,

H-1’’), 2.07 (2H, t, J = 2.7 Hz, H-3’’), 1.27 (6H, t, J = 7.0, H-2’).
13

C-NMR (100 MHz, CDCl3) ! = 168.57 (C, C-1), 78.44 (C, C-2’’), 71.62 (CH, C-3’’),

62.04 (CH2, C-1’), 56.25 (C, C-2), 22.50 (CH2, C-1’’), 13.98 (CH3, C-2’).
LRMS (LC/ES+) m/z 237.3, 80% (M+H)+.
1

H-NMR data are consistent with the literature.279

2,2-Dimethyl-5,5- di(prop-2-yn-1-yl)-1,3-dioxane-4,6-dione (72)278
1'

O
2

O

O

4

1''
5

2''
3''

Chemical Formula: C12H12O4
Molecular Weight: 220.22

O

2,2-dimethyl-1,3-dioxane-4,6-dione (1.5 g, 10.4 mmol) was dissolved in acetone
(50 mL). Then cesium carbonate (10.2 g, 31.2 mmol) and 3-bromoprop-1-yne 80%
in toluene (3.4 mL, 31.2 mmol) were added and the mixture stirred for 16 h under
nitrogen atmosphere. The solvent was then evaporated under reduced pressure,
the sample diluted with water (20 mL) and brine (10 mL) and extracted with DCM
(4x 20 mL). The combined organic phases were dried over MgSO4, filtered and
evaporation of the solvent under reduced pressure afforded the product (2.24 g,
98%) as a yellow solid.
mp: 123-125 °C, lit: N/A.
!max (neat)/cm–1 = 3268 (m), 2925 (w), 1733 (s), 1275 (s), 956 (m), 678 (s).
1

H-NMR (400 MHz, CDCl3) ! = 2.89 (4H, d, J = 2.6 Hz, H-1’’), 2.19 (2H, t, J = 2.6 Hz,

H-3’’), 1.85 (6H, s, H-1’).
13

C-NMR (100 MHz, CDCl3) ! = 166.94 (C, C-4), 106.95 (C, C-2), 77.38 (C, C-2’’),

73.53 (CH, C-3’’), 53.42 (C, C-5), 29.93 (CH3, C-1), 27.80 (CH2, C-1’’).
LRMS (GC/EI+) m/z 220.2, 40% (M+!); 205.2, 100% (M-CH3)+; 177.2, 45% (M-C3H7)+.
1

H-NMR data are consistent with the literature.278
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6-Methyl-2-tosyl-2,3-dihydro-1H-pyrrolo[3,4-c]pyridine (73)
3

4

1

O 6
S N
O
7

5

2

8
9

10

12

13

Chemical Formula: C15H16N2O2S

N

Molecular Weight: 288.36

11

Numbering amended from IUPAC system for clarification of NMR data.
white solid.
mp: 138-140 °C, lit:280 176-177 °C.
!max (neat)/cm–1 = 2925 (w), 2867 (w), 1615 (w), 1337 (s), 1155 (s), 1101 (s), 1074
(m), 668 (s).
1

H-NMR (400 MHz, CDCl3) ! = 8.33 (1H, br. s, H-11), 7.76 (2H, dt, J = 8.2, 1.9 Hz,

H-4), 7.32 (2H, d, J = 8.2 Hz, H-3), 6.99 (1H, s, H-10), 4.60 (2H, br. s, H-7), 4.57
(2H, br. s, H-6), 2.51 (3H, s, H-13), 2.40 (3H, s, H-1).
13

C-NMR (100 MHz, CDCl3) ! = 157.56 (C, C-12), 146.02 (C, C-8), 143.98 (C, C-2),

143.54 (CH, C-11), 133.49 (C, C-5), 129.89 (CH, C-3), 129.53 (C, C-9), 127.48 (CH,
C-4), 117.16 (CH, C-10), 53.12 (CH2, C-6), 51.01 (CH2, C-7), 22.05 (CH3, C-13),
21.46 (CH3, C-1).
LRMS (LC/ES+) m/z 289.4, 100% (M+H)+.
HRMS (ES+): found 289.0997 Da (M+H)+, calculated 289.1005 Da.
NMR data are consistent with the literature.280
Diethyl 3-methyl-5H-cyclopenta[c]pyridine-6,6(7H)-dicarboxylate (74)
O

2
1

O
O

5

3

4

O

6

7

8

9

11

12

N

Chemical Formula: C15H19NO4
Molecular Weight: 277.32

10

Numbering amended from IUPAC system for clarification of NMR data.
yellow gum.
!max (neat)/cm–1 = 2982 (w), 1730 (s), 1267 (s), 1185 (s), 1053 (s), 861 (m).
1

H-NMR (400 MHz, CDCl3) ! = 8.32 (1H, s, H-10), 7.01 (1H, s, H-9), 4.20 (4H, qd, J

= 7.1, 0.7 Hz, H-2), 3.56 (2H, s, H-6), 3.53 (2H, s, H-5), 2.50 (3H, s, H-12), 1.25
(6H, td, J = 7.1, 0.7 Hz, H-1).
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13

C-NMR (100 MHz, CDCl3) ! = 171.07 (C, C-3), 156.61 (C, C-11), 150.11 (C, C-7),

144.58 (CH, C-10), 133.14 (C, C-8), 119.02 (CH, C-9), 61.89 (CH2, C-2), 60.21 (C,
C-4), 40.08 (CH2, C-5), 37.82 (CH2, C-6), 24.16 (CH, C-12), 13.95 (CH3, C-1).
LRMS (LC/ES+) m/z 278.4, 100% (M+H)+.
HRMS (ES+): found: 278.1383 Da (M+H)+, calculated 278.1387.
NMR data are consistent with the literature.281
2',2',3-Trimethyl-5,7-dihydrospiro[cyclopenta[c]pyridine-6,5'-[1,3]dioxane]-4',6'dione (75)
3

6

O

4

8

2

10

O

14

Chemical Formula: C14H15NO4

O12

13

Molecular Weight: 261.27

9

N
1

5

7

O

11

Numbering amended from IUPAC system for clarification of NMR data.
white solid.
1

H-NMR (400 MHz, CDCl3) ! = 8.37 (1H, s, H-1), 7.06 (1H, s, H-3), 3.69 (2H, s, H-7),

3.68 (2H, s, H-8), 2.55 (3H, s, H-6), 1.83 (3H, s, H-13), 1.81 (3H, s, H-14).
13

C-NMR (100 MHz, CDCl3) ! = 170.01 (C, C-10,11), 157.54 (C, C-2), 149.58 (C, C-

4), 144.62 (CH, C-1), 131.97 (C, C-5), 118.85 (CH, C-3), 105.46 (C, C-12), 54.46 (C,
C-9), 44.61 (CH2, C-8), 43.67 (CH2, C-7), 29.04 (CH3, C-13/14), 28.96 (CH3, C13/14), 24.22 (CH3, C-6).
LRMS (LC/ES+) m/z 262.4, 100% (M+H)+.

9.6.3 Flow Synthesis of Piano Stool Iron Complexes
Representative Procedure
A

solution

of

[CpFe(naphthalene)][PF6]

(0.148

g,

0.375

mmol)

and

1,2-

bis(diphenylphosphino)ethane (0.164 g, 0.413 mmol) was prepared in THF/MeCN
2:1 (6 mL) and transferred to Vapourtec platform, which was set up for sample
loop reactions (2 mL or 10 mL sample loop). The sample loop was directly
connected to a stainless steel reactor (capacity: 10 mL), followed by alumina
column (omnifit, x= 6 mm, 5 cm, grade II, neutral alumina) and back-pressure
regulator. The reactor was set to the indicated temperature and flow rate. The
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collected sample was concentrated under reduced pressure, re-dissolved in MeCN
(10 mL) and naphthalene was removed by hot hexane extraction (5x 10 mL, 60 °C).
The MeCN layer was then concentrated in vacuo, dry loaded on a column (neutral
alumina, grade II, 80 g) and the column flushed with ether (3 column volumes).
The title complex was then flushed off the column with MeCN and solvent
removed in vacuo. The resulting red gum crystallised after prolonged exposure
to high vacuum.
[CpFe(dppm)(CH3CN)][PF6] (78a)
PF6
Fe NCCH3
Ph2P PPh
2

Chemical Formula: C33H30F6FeNP3
Molecular Weight: 691.34

red solid.
!max (neat)/cm–1 = 1435 (w), 1099 (w), 837 (s), 694 (m).
1

H-NMR (300 MHz, CD3CN) ! = 7.80-7.67 (4H, m, Ar-H), 7.59-7.41 (16H, m, Ar-H),

4.95 (1H, dtd, J = 15.7, 11.0, 1.0 Hz, CH2a), 4.51 (5H, s, Cp-H), 3.91 (1H, dtd, J =
15.7, 11.0, 1.0 Hz, CH2b). CH3 not observed.
13

C-NMR (75 MHz, CD3CN) ! = 133.14 (CH, t, J = 5.3 Hz, 4xAr-C), 132.47 (CH, t, J =

5.3 Hz, 4xAr-C), 131.81 (CH, 2xAr-C), 131.75 (CH, 2xAr-C), 130.13 (CH, t, J = 5.3
Hz, 4xAr-C), 129.90 (CH, t, J = 5.3 Hz, 4xAr-CH), 78.03 (CH, 5xCp-C), 43.39 (CH2,
t, J = 20.5 Hz, PCH2P). CH3CN and 4xAr-Cq are not observed.
31

P-NMR (121 MHz, CD3CN) ! = 37.31 (s), -143.21 (spt, J = 707.8 Hz).

LRMS (ES+) m/z 546.1, 100% (M)+.

[CpFe(dppe)(CH3CN)][PF6] (78b)
PF6
Ph2P

Fe NCCH3
PPh2

Chemical Formula: C33H32FeNP2
Molecular Weight: 705.10

red solid.
mp: 85 °C, decomp.
!max (neat)/cm–1 = 1434 (w), 1098 (w), 827 (s), 694 (s), 526 (s).
1

H-NMR (300 MHz, CD3CN) ! = 7.88-7.74 (4H, m, Ar-H), 7.59-7.48 (6H, m, Ar-H),

7.56-7.49 (6H, m, Ar-H), 7.38-7.25 (4H, m, Ar-H), 4.31 (5H, m, Cp-H), 2.59-2.27
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(4H, m, CH2). CH3 is underneath NMR solvent signal at 1.93 ppm.
13

C-NMR (75 MHz, CD3CN) ! = 137.99 (C, t, J = 19.9 Hz, 2xAr-C), 135.26 (C, br. s,

CN), 133.81 (CH, t, J = 4.7 Hz, 4xAr-C), 133.13 (C, t, J = 19.9 Hz, 2xAr-C), 132.59
(CH, t, J = 4.7 Hz, 4xAr-C), 131.62 (CH, 2xAr-C), 131.38 (CH, 2xAr-C), 129.96 (CH,
t, J = 5.0 Hz, 4xAr-C), 129.90 (CH, t, J = 5.0 Hz, 4xAr-C) 79.79 (CH, Cp-C), 28.48
(CH2, t, J = 21.6 Hz, P-CH2), 1.84 (CH3, CH3-CN).
31

P-NMR (121 MHz, CD3CN) ! = 99.20 (s), -142.50 (spt, J = 706.0 Hz).

LRMS (ES+) m/z 560.0, 100% (M)+.
HRMS (ES+): found 561.1433 Da (M+H)+, calculated 561.1438 Da.
1

H and 13C-NMR data are consistent with the literature.282

[CpFe(dppp)(CH3CN)][PF6] (78c)
PF6
Fe NCCH3
Ph2P PPh
2

Chemical Formula: C34H34F6FeNP3
Molecular Weight: 719.12

red solid.
mp: 100 °C (decomp.).
!max (neat)/cm–1 = 2370 (w), 1434 (m), 1095 (w), 827 (s), 695 (s), 505 (s).
1

H-NMR (300 MHz, CD3CN) ! = 7.68-7.57 (4H, m, Ar-H), 7.55-7.42 (8H, m, Ar-H),

7.34-7.17 (8H, m, Ar-H), 4.21 (5H, s, Cp-H), 2.66-2.44 (2H, m, PCH2a), 2.21 (1H, m,
CH2a), 1.94 (3H, m, CH3)*, 1.77 (2H, br. t, J = 14.1 Hz, PCH2b), 1.51 (1H, m, CH2b).
*CH3 not well resolved.
13

C-NMR (75 MHz, CD3CN) ! = 139.66 (C, t, J = 20.5 Hz, 2xAr-C), 136.90 (C, t, J =

20.5 Hz, 2xAr-C), 133.96 (CH, t, J = 4.7 Hz, Ar-C), 132.68 (CH, t, J = 4.7 Hz, 4xArC), 131.49 (CH, 2xAr-C), 131.10 (CH, 2xAr-C), 129.82 (CH, t, J = 4.7 Hz, 4xAr-C),
129.51 (CH, t, J = 4.7 Hz, 4xAr-C), 80.79 (CH, 5xCp-C), 27.23 (CH2, t, J = 13.3 Hz,
PCH2), 20.92 (CH2). CH3CN is not observed
31

P-NMR (121 MHz, CD3CN) ! = 57.40 (s), -143.21 (spt, J = 707.8 Hz).

LRMS (ES+) m/z 574.1, 100% (M)+.
HRMS (ES+): found 575.1589 Da (M+H)+, calculated 575.1594 Da.
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[CpFe(dppf)MeCN]PF6 (78d)
PF6
Ph2P

Fe NCCH3
PPh2

Chemical Formula: C41H36F6Fe2NP3
Molecular Weight: 861.33

Fe

red solid.
1

H-NMR (400 MHz, CD3CN) ! = 7.74-7.67(4H, m, Ar-H), 7.65-7.56 (2H, m, Ar-H),

7.54-7.45(14H, m, Ar-H), 4.41 (2H, br. s, Cp-H), 4.31 (2H, br. s, Cp-H), 4.20 (4H,
br. d, J = 9.0 Hz, Cp-H), 3.90 (5H, br. s, Cp-H). CH3 is underneath NMR solvent
signal at 1.93 ppm.
13

C-NMR (100 MHz, CD3CN) ! = 139.82 (C, t, J = 19.7 Hz, 2xAr-C), 137.15 (C, t, J =

21.7 Hz, 2xAr-C), 135.26 (CH, t, J = 5.1 Hz, 4xAr-C), 133.96 (CH, t, J = 4.4 Hz,
4xAr-C), 131.76 (CH, 2xAr-C), 131.04 (CH, 2xAr-C), 129.46 (CH, t, J = 4.4 Hz,
4xAr-C), 129.32 (CH, t, J = 4.4 Hz, 4xAr-C), 86.31 (C, t, J = 20.5 Hz, 2xCp-C),
80.97 (CH, 5xCp-C), 75.21 (CH, t, J = 5.2 Hz, 2xCp-C), 75.00 (CH, t, J = 1.6 Hz,
2xCp-C), 73.54 (CH, t, J = 2.8 Hz, 2xCp-C), 71.00 (CH, t, J = 1.6 Hz, 2xCp-C).
CH3CN is not observed.
31

P-NMR (162 MHz, CD3CN) ! = 62.96, PF6 out of range (<-40 ppm).

9.7 Chapter 7 – Experimental
9.7.1 Fluorescence Microscopy Mixing Test
Three commercially available mixing units from Upchurch/IDEX (T-mixer, Y-mixer,
static mixer) were mounted to a microscope (Olympus IX71) with a camera from Q
IMAGING (QICAM Fast 1394) using a PRIOR-Lumen-200 lamp and a lens from Plan
N (4x/0.10).
Images were recorded at the exit of the mixing device, which was positioned at
3.5 cm from the internal mixing point. Two syringe pumps (KD scientific) with 20
mL syringes from BD were used to pump water from one channel and a filtered
solution of saturated aqueous fluorescein (from Fisher) from the other channel at
the indicated flow rate.
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9.7.2 Iodine Mixing Test
The procedure described by Panic254 was followed and two stock solutions were
prepared.
STOCK A:
A stock solution of H2SO4 was prepared (100 mL, 0.015 M).
STOCK B:
Boric acid (0.555 g, 8.98 mmol) was added to a volumetric flask and dissolved in
water (10 mL). Then an aqeous sodium hydroxide solution (89.8 mL, 0.898 mmol,
0.1 M) was added slowly, followed by addition of potassium iodide (0.530 g, 3.19
mmol) and potassium periodate (0.146 g, 0.635 mmol). The flask was filled up
with water to make up 100 mL.
Two syringes (BD plastic, 20 mL) were filled with these stock solutions and placed
on syringe pumps (KD scientific). The solutions were then pumped into the mixer,
which was linked to a flow cuvette for UV-vis analysis.

9.7.3 Acid Chloride and Amines Mixing Test
Three stock solutions were prepared.
Stock A
Benzoyl chloride (0.290 ml, 2.5 mmol) was dissolved in DCM (25 mL) to afford a
0.1 M solution
Stock B
Benzylamine (0.273 mL, 2.5 mmol) and triethylamine (0.348 mL, 2.5 mmol) were
dissolved in DCM (25 mL) to afford a 0.1 M solution.
Stock C
(4-(trifluoromethyl)phenyl)methanamine

(0.356

mL,

2.500

mmol)

and

triethylamine (0.348 ml, 2.500 mmol) were dissolved in DCM (25 mL) to afford a
0.1 M solution.
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Two mixers were connected in series by a small tube (1 mm diameter, 6 cm,
Figure 66). Stock A and stock B were inserted into the first mixer, stock C was
inserted into the second mixer using a three-channel syringe pump from Sage
(ATI Orion). After flow rates stabilised, a few drops of the solution were collected
at the exit of the second mixer. The ratio of the corresponding amides was then
determined by LCMS analysis.
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