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ABSTRACT

soToricaLLy modified compounds are of great importance to the scientific
I community owing to the large number of specific uses that exist for them;
however, due to their low abundance associated costs are high. Once a small
discrete isotopic precursor has been obtained, it must then be incorporated into
a more complex molecule at the desired position which creates a major synthetic
challenge owing to their limited availability. The difficulties encountered when
obtaining isotopically enriched compounds result in phenomenal costs that mean
even small quantities of simple molecules are extremely expensive to prepare; thus
there is a need for expedient, cost effective and transferable syntheses involving

isotopes.

In contrast to traditional synthetic techniques, continuous flow systems provide
a superior route to the preparation of such molecules viz allowing the use of
small, highly contained systems, stoichiometric quantities of reagents and generic
methodology to deliver products in high yields and purities. The work contained
herein exemplifies that by applying small scale, continuous flow technology to
the traditional problems of synthesis involving isotopes, either stable or unstable,
new developments can be realised which allow the rapid, efficient, controlled and

contained preparation of labelled molecules.

General procedures have been developed which allow for the synthesis of iso-
topically substituted phenyl acetate, methoxybenzene, /V-phenylacetamide and
biphenyl derivatives in a timely manner using continuous flow systems. As proof
of concept, small libraries comprising of compounds containing deuterium iso-
tope labels were successfully prepared, generally in yields greater than 90% at a

scale of 10’smg.
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CHAPTER 1]

INTRODUCTION

1.1 Isotopes

THE International Union of Pure and Applied Chemistry (IUPAC)' define

isotopes as:

“Nuclides having the same atomic number but different mass num-

bers.”

From an atomic perspective the isotopes of an element, which occur in both stable
and unstable forms, are one of two or more atoms that have the same number of
protons, but a different number of neutrons. A stable isotope may be defined as
a naturally occurring isotope of an element that exhibits no tendency to decay.
Conversely unstable isotopes undergo spontaneous radio-degradation to more
stable elemental forms, through the emission of & or 3 particles, or 7y rays, which
leads to a subsequent decrease in the atomic mass. The relative abundance of
an element’s isotopes is not constant, for example on earth the ratio of '*C to
12C atoms is approximately 1.1 : 98.9, but this is an average value and localised

concentrations vary.

Hydrogen is the only element whose isotopes are given specific names and as
an example their atomic structure is shown in Figure 1. The heaviest is tritium

which contains one proton and two neutrons and is an unstable isotope whereas

1



1.1 IsoTOoPES

Figure 1. The isotopes of hydrogen; protium (left), deuterium (middle) and tritium (right).

deuterium and protium™ are stable. It is possible to separate deuterium from
protium as it has a natural abundance of 0.015 % and although tritium also has
a natural abundance, from sources such as nuclear reactions, it is commonly

formed using techniques such as the neutron bombardment of protium.*

1.1.1 Isotope Effects

As defined by IUPAC,”

“The effect on the rate or equilibrium constant of two reactions that
differ only in the isotopic composition of one or more of their otherwise
chemically identical components is referred to as a kinetic isotope effect

or a thermodynamic (or equilibrium) isotope effect, respectively.”

In order to explain this effect consider the cleavage of a C—H bond

C—H *.C +H* @ - K[C—H] )

with respect to transition state theory.* When viewed as proceeding through an
activated complex the process may be broken down into a two step concerted

process as follows:

C—H - c—Hf 2. c 4+ H" )

ky
As Figure 2 illustrates the activated complex, C—H?¥, represents the potential
energy maximum of the reaction coordinate and is considered to be in equilibrium

with the reactant which allows an equilibrium constant, K i for the first step of

*It should be noted that protium is itself normally referred to as hydrogen.

2



1.1 IsoToPES

the reaction to be expressed as:

k [C—HY]
T M Eialalie}
K =~ o )

In a similar way the rate of the second step of the reaction is expressed by:

d[CH]

1 = bIC-H = KK [C—H] (4)

The transition state rate constant, 43,“ may also be expressed from a statistical

viewpoint as follows:

Kyl
h

where k, is the Boltzmann constant (= 1.381 x 107 JK™1), 7 is the temperature

(K) and 4 is Planks constant (= 6.63 x 10734]s). Substitution of (5) into (4)

®)

by =

gives the modified rate expression

d[CHY] &,T ,
= 5 K'C-H] (©6)

C +H*t
>
o
S
@ C +D*
LU
I
T
Q
o
o
C + H+

AHg(C-D) > AHg(C-H)

Reaction Coordinate

Figure 2. Differences in the reaction coordinate according to isotope discrimination. The potential
energy of the activated complex, C—H? is not altered to any appreciable degree because the force
constant for such a species is so low.

*The transition state constant, 3, is considered to be equal to the product of the vibrational frequency, v and the
transmission constant, K 7gans, which is assumed to be equal to 1. For the purposes of this explanation however it is
sufficient to represent it without further expansion.
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which will also be equal to the overall rate of reaction,

d[CH]
dz

= #[C—H] (7)

Therefore by combining (6) and (7) an expression for the overall rate constant, 4,

is derived as:
kel

k==K 8)
Thermodynamically the equilibrium constant, K*, is related to the Gibbs free
energy by:

Kt = oot ©)

where the Gibbs free energy, AG*, is composed of the standard free energy of

activation, AH*, and entropy, AS*, equal to:
AGH = AHY — TASH (10)
Combining (9) and (10) gives:

ant

ast
Kt = elher) g (11)

which, when substituted into (8) yields the Eyring equation:

agty ast
o (ot (ash)

k= (12)

As can be seen from Figure 2 the value of AH is greater for a heavier isotopologue
and thus the rate of reaction, given by (12) is reduced accordingly. The reason
for this lies within quantum mechanical theory.” The vibrational frequency of a

diatomic molecule, approximated for a simple harmonic oscillator is given by;

|
=—,/— 1
v 2n\l p (13)

where v is the vibrational frequency (s™), x; is the spring constant (Nm™") and
# is the reduced mass (kg). The value of x is an approximation which allows

a diatomic system to be treated as a whole of its constituent parts and may be
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subsequently broken down as;

mymy,

h=—-" (14)

m, + my

where m, and m;, are the masses (kg) of atoms a and b respectively. The kinetic
isotope effect becomes apparent when one considers the quantum mechanical

equation for the energy of an 7™ level harmonic oscillator,

E, = hv <n + %) (15)

o where E|, is equal to the individual bond energy (J), / is Planck’s constant
(= 6.63 x 10734]s), v is the vibrational frequency (s~')and 7 is the harmonic
oscillation level ((1)121 072) Classically it then follows that a heavier atom with greater
reduced mass, #, will have a lower vibrational frequency, v, and hence the zero
point energy (i.e. where 7 = 0) will be lower, as shown in Figure 2, leading to

a greater value for AH and a slower rate of reaction, according to the derived

Equation 12.

Whilst the described effect is true of all isotopes, it is not usually noticeable and
is most pronounced in cases where the relative mass difference (RMD) of the
isotopes is at its greatest. As a result, where '?C is replaced with '3C only an
8.0 % mass increase occurs and since the relative mass change is small, labelling a
molecule with '3C atoms is intrinsically safe with respect to mammalian studies
since the isotopic substitution does not alter the molecules reactivity in-vivo;
it may be expected to act in an analogous way to its isotopically unmodified
counterpart.® In contrast the RMD for protium/deuterium substitution is 100 %,
although in reality the effect of deuterium substitution in a labelled biomolecule
will only lead to toxic side effects when the levels of deuteration are in excess of
15.0 % of body water, possible only after consuming purely deuterated water for
a number of days and thus extremely unlikely to ever occur with administered

drugs.’

In conclusion, it should be noted that the work carried out for this project involved

the substitution of C—H moieties for C—D moieties. In this case, the isotopic
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substitution does not give rise to any observable difference in the rate of reaction,
since the hydrogen isotopologues were located at unreactive positions which
played no part in bond breaking or formation during a reaction. Thus it was
possible to optimise reactions using the cheaper, protonated precursors, prior to

isotope labelling by substitution of protium for deuterium.

1.1.2 Sources of Isotopes

It is common for radioisotopes to be manufactured directly, for example by the
neutron bombardment of a suitably purified target material, whereas stable iso-
topes are most often obtained by the concentration or ‘fractionation’” of naturally
occurring compounds which contain a mixture of isotopes. Generally speaking it
is possible to separate isotopes using any physical or chemical process and there
exists a number of methods to obtain enriched isotopes, depending upon the
particular properties of the element in question. The separation process can be
somewhat difficult to achieve since any two isotopes of an element exhibit very
similar chemical properties. However using techniques exploiting differences in
electromagnetic, centrifugal or diffusion coeflicients, separation based on atomic
weight may be achieved.® Similarly, many common chemical separation methods
take advantage of differences in reaction rates or nuclear resonances (e.g. by way
of laser excitation). Industrially the large scale separation of isotopes is carried
out via a series of cascading steps whereby sequential increases in purity occur
and un-enriched partitions are recycled to ensure maximum process efficiency.’
Due to these factors, obtaining purified isotopes is a time and energy intensive
process, contributing greatly to their high cost. This then adds to the need for
synthesis with isotopes to be highly efficient, thus offsetting some of the cost

associated with work of this nature.

Distillation Although conventional distillation allows the separation of compo-
nents with boiling points differing by about £10°C, it is necessary for the process
to be much more selective in the case of isotopic enrichment since the isotopo-
logues differ in boiling point by only tenth’s of a degree. Consider the phase

diagram illustrating the concept of distillation that is shown in Figure 3. As the

6



1.1 IsoToPES

temperature composition of the liquid and pressure phases of two isotopologues is
so similar, the difference between them is small meaning that the number of steps,
or theoretical plates required to enrich an isotopic mixture is extremely large. As
such, a distillation column, up to 213 m in length,* containing a wettable packing
compound is required. Heating the top and cooling the bottom of the tower
establishes a constant equilibrium between vapour and liquid phases which, over
time, become steadily enriched in the lighter and heavier isotopes respectively and
partitioning of the isotopologues is achieved. It is possible to take advantage of
the differing boiling points of D,O and H,O (101.4°C and 100.0 °C respectively),
however the low natural abundance of deuterium in water (< 200 ppm) makes
deuterium enrichment by this method alone impractical as a huge amount of
energy is required in return for the enrichment obtained. "’ Isotopic distillation
works well for compounds which are relatively light and gaseous, for example
separation of isotopes such as 1>C and !3C from carbon monoxide and ¥N and
5N from nitric oxide or nitrogen dioxide is possible using cryogenic methods,

where low temperatures cause condensation of these gases."!

Vapour phase

Temperature

Liquid phase

Mole Fraction

Figure 3. A phase diagram illustrating the concept of distillation over a number of boiling and
condensation steps (theoretical plates) which sequentially leads to a greater mole fraction of the
more volatile component being obtained. 4

*Required when separating isotopes of carbon from CO.
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Plasma Separation Plasma separation is another technique which may be used to
enrich stable isotopes in potentially large quantities.'* The modern process works
by bombarding a metallic feed target with microwaves causing the formation of a
plasma. Heated electrons result in the generation of ions which are accelerated
by an applied magnetic and electric field causing them to travel down a vacuum
chamber with helical momentum. Collector plates are placed specifically at the
other end of the chamber and selectively catch the ions such that isotopic separa-
tion is achieved. Although first reported in 1971 by Bonnevier," the widespread
use of plasma separation is still in its infancy, although the possibility for specific
large scale production will ensure its continued development and uptake by both

the industrial and scientific community.

Cyclotron Production Cyclotrons, conceived by Ernest O. Lawrence in 1939,
for which he was awarded the Nobel prize in physics,' permit the formation of
short lived radioisotopes, in particular for use within medicinal, diagnostic and
research applications. They are a type of particle accelerator and as opposed to
linear units, nucleons are forced to travel with a spiralling trajectory by a magnetic
field so an applied accelerating voltage is encountered many times. In this way
high speeds are achieved in return for a relatively small instrument size. When
the high energy particles formed within the cyclotron unit reach the edge of
the carousel they are directed into a chamber which contains a stable isotope.
Bombardment of the target by the high energy beam initiates nuclear reactions

and it is thereby converted into a corresponding radioactive isotope.

Electromagnetic Separation Calutrons are capable of extremely specific isotopic
separation for literally any element and are, in essence, extremely large mass
spectrometers.” Representing the contentious side of isotope research the name
derives from the early evolution of the California University cyclotron which was
used to enrich uranium for weapons development as part of the famed Manhattan
Project during the 1940’s. Taking advantage of the differing mass to charge ratios
of one or more isotopes within the confines of an electric field, electromagnetic
separation is achieved through the varying deflection paths of such ions, as

illustrated in Figure 4. Although capable of exceptionally high purity enrichment,

8
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Figure 4. A schematic of the calutron conceived by E. O. Lawrence to separate mixtures of
uranium isotopes, adapted from the original patent application.'®

in modern times calutrons are rather inefficient and larger commercial units are
being phased out due to the inflated costs associated with running them—ions
must be neutralised by electrons which requires large energy expenses in return

for a relatively low throughput.®

Laser Isotope Separation Laser based separation may be achieved using either
atomic or molecular methods which allow the direct manufacture of isotopes
by the irradiation of a suitable species at a specifically tuned frequency."” The
technique is not currently in widespread use and has only emerged recently, being
complemented by advances in laser technology since the 1970’s and Americas
uranium atomic vapour laser isotope separation program; established in 1973
to find a way of enriching the ore at lower cost than either gaseous diffusion or
gas centrifugation. Generally a unenriched mixture is introduced to the system
as a vapour or gas where a finely tuned laser is set to excite and ionise a specific
isotope, which is then separated by the application of an electric field. In addition
to uranium enrichment one other example is the separation of °Li and 7Li,

which has been achieved to a high degree of selectivity.'® In practice laser isotope
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separation requires careful development since multiple isotopes of an element
may be produced, reintroducing the need for separation and compromising the
selectivity of the process. This aside, the low energy consumption and waste
generation of the process coupled with single stage high separation factors make

it a desirable method by which to attain isotopes in modern times.

Chemical Exchange As discussed earlier in Section 1.1.1, due to the mass dif-
ference between two isotopes the rate of a chemical reaction or its equilibrium
is altered to a small degree. Such kinetic isotope effects may be exploited in the
technique of equilibrium separation which is most useful for lighter elements
with an atomic number less than 10 Da, where the RMD between the isotopes
is at its greatest. Heavy water (D,0) is produced commercially using chemical

9

exchange in the so called Girdler—Sulfide process,” according to the following

equation:
K = 2.31(32°C)
H,Oy, + HDS, == HDOy, + H,S,, (16)
K = 1.80 (138°C)
As illustrated in Figure 5 two distillation towers are used to take advantage of the
variation in equilibrium constant at different temperatures (Equation 16) and
enrich the concentration of deuterium in water. The lower tower favours equilib-
rium such that deuterium present within the natural feed water is concentrated
in the form of HDS gas. In the upper, cooler tower, water cascades down and is
met by this gas, where conditions favour exchange between HDS and H,O such
that the concentration of deuterium within the water is increased. In a cascading
sequence of five such units water becomes steadily enriched in the form of D,O,

to a value of around 15 %, in the following way:
HDO(D + HDS(g) — DZO(I) + H2S(g) (17)

It is then further concentrated by vacuum distillation to around 99.9% D,O
however, as normal water only contains 155 ppm of deuterium, the process suffers
similar problems to calutron enrichment as a large energy consumption and

feedstock is necessary.'”

10
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Figure 5. Commercial production of D,O by the Girdler—Sulfide process.’

Electrolysis Research into electrolytic methods of isotope separation began in
1932 when Washburn and Urey'” reported that water obtained from commercial
electrolytic cells contained increased concentrations of deuterium. The process
is possible by way of the kinetic isotope effect and is not thermodynamically
controlled as many other separation processes are. If a solution is electrolysed to
produce a gas from one of the elements of that mixture the rate of dissociation
from the bulk solution will differ according to the mass of the particular isotope.
In this way when water undergoes electrolysis it is possible to produce D,O
since the dissociation of H,O proceeds at a faster rate, so becoming steadily
enriched in the heavier isotope. After reducing feed water by about 25 000 times,
99.9% D,O may be obtained however in practice a cascade system is difficult to
implement since liberated gases must be re-combined which becomes an energy
intensive process. For this reason industrial isotope enrichment by electrolysis
is not very efficient and its main use is in the final stage purification of heavy

water. 20

Diffusion Either gaseous or thermal methods may be exploited for the enrich-
ment of isotopes by the mode of diffusion.® The process relies on the fact that,

according to their masses, two discrete isotopes exhibit slightly different diffusion

11
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coeflicients. Although the magnitude of the difference is small process refinements
such as the application of pressure allow the speed of separation to be greatly
enhanced. Principally, forcing a fluid (typically a gas) through a membrane with
a small pore size (10 nm to 100 nm), achieves isotopic separation since statistically
the lighter isotope is more likely to find its way past the resistive barrier. As
the mass difference is small, so too is the degree of separation but applying a
cascade of steps negates this problem and allows high levels of isotopic purity to
be attained. For these very reasons however, the process itself is expensive but
may nonetheless be extensively applied since many simple compounds exhibit

the potential for such isotopic diffusional partitioning.

Summary In summary, the aforementioned examples illustrate some of the
techniques that are available to obtain isotopically labelled molecular precursors.
However given that all are extremely expensive processes the isotopes thus obtained
must be incorporated into desired targets as efficiently as possible. For this reason
the aim of this work is to develop such techniques through the investigation of

novel labelling methodologies.

1.1.3 Uses of Isotopes

Many uses for isotopes now exist within modern research including medicinal,
diagnostic and biosynthetic studies. There follows a short introduction to the
most common of these areas, all of which employ isotopes as specific markers.
As explained earlier, the extra mass of an isotope does not necessarily alter the
chemistry or properties of the compound to which it belongs. Exploitation of
this unique property is wide ranging, providing a valuable tool with which to

probe the workings of specific systems.

Diagnosis Both stable and radio isotopes are utilised within a medicinal setting
as a tool to provide diagnostic and non-invasive internal imaging. The urea breath
test is an elegant example of the former and allows the detection of helicobacter
pylori, a bacterium linked to stomach ulcers and certain cancers, which lives in

the human stomach and intestine.?' The test is based upon the fact that urease,

12
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an enzyme used by the bacteria to control the pH of its local environment, will
be present in the stomach. This enzyme catalyses the conversion of urea into

hydrogencarbonate and ammonium as follows:
CO(NH,), + H* + 2H,0 ™ HCO; + 2NH; (18)

If 13C or 1“C labelled urea is administered to a patient and the bacteria is present it
will be broken down and the isotope will find its way into the blood stream where

it is incorporated into labelled carbon dioxide, *CO,, as shown by Equation 19.
H*CO; + NH; — *CO, + NH; + H,O 19)

Therefore, analysis of the patients breath by Isotope Ratio-Mass Spectrometry
(IR-MS) or using a 3-counter ~ 30 min after ingestion will reveal if the bacteria

is present and an appropriate diagnosis can then be made.

PET 'The use of radioactive isotopes in diagnostic and imaging techniques is
perhaps most well known and widespread in Positron Emission Tomography
(PET).** Here a biologically active molecule is labelled with a short lived ra-
dioisotope, the most common example being 2-deoxy-2-[*8F]fluoro-p-glucose
([*8F]FDG) 1 (t, ~ 110 min), which is illustrated in Figure 6. It is extensively

used within oncology to image cancerous tumours*

since, when glucose labelled
in this way is administered to a patient, the ['*FJFDG 1 concentrates within the
tumour cells with greater density than the surrounding tissue. The patient is
then placed in a PET scanner, which is essentially a large cylinder made from
a scintillating material such as bismuth germanate,24 that allows imaging to be

undertaken. When one of the '8F atoms undergoes 3* radio decay a positron is

emitted which has a short lifetime and, after travelling a couple of millimetres,

OH

HO
HO

OH

Figure 6. The structure of ['8F]FDG 1.
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combines with an electron emitting two high energy photons which travel with
equally opposite trajectories. When these hit the scintillator, an electrical signal
is generated which is processed by a micro computer. Photons arriving more
than 10’s ns apart are ignored and in this way the point of origin may be resolved
by comparing the flight times of those with an angle of incidence that is exactly
180°. Over time, after detecting many such events, an accurate three dimensional

image is constructed which can greatly aid in locating and diagnosing cancers.

Imaging via PET is not only an extremely helpful technique where complex
surgery is required, but also in understanding the functioning of the human
body. For example, imaging areas within the brain that isotopically modified
cocaine 2 concentrates has furthered an understanding of the action of this often
abused drug.” In a similar way raclopride 3 has also been labelled, using 'C,
in order to assess the degree of binding to dopamine receptors, along with their
distribution and density within the human brain.?® This has provided a valuable
method by which Parkinson’s disease, Huntington’s disease, tardive dyskinesia*
and schizophrenia may be studied, thus enabling the more timely development

of new treatment methods.

SPECT Single Photon Emission Computed Tomography (SPECT) is another
computerised scanning technique which supplies similar information to PET, but
relies instead on the detection of 'y radiation to provide the mode of imaging.*’
After admission of a suitable imaging agent, a gamma camera is rotated around a
scanning stage on which the patient is placed. The total angle of rotation and
number of images or ‘projections’ that are taken depends on the type of scan
being undertaken. Once acquired these are then processed by micro computer to
render a 3-D representation of the imaged region which, in a simliar way to PET,
can be used to diagnose diseases and directly probe processes as they occur in-vivo.
One radioisotope that has found particular use within this field of research is
2mTc which is a metastable isotope. It decays rapidly to **Tc via the emission of
Y rays, allowing for a scan of the patient to be undertaken and then more slowly

by the emission of softer 3 rays. The short half life (ti, &~ 6hr) therefore makes it

*A condition that is caused by the long term use of drugs prescribed for psychiatric disorders.
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a useful isotope for medicinal applications since both SPECT and PET data may

be collected whilst radiation exposure to the patient is minimised.

Radiotherapy Another application of radioisotopes within the field of nuclear
medicine is for the non-invasive, in-vivo, therapeutic treatment of cancers via
ionising radiation, chemotherapy perhaps being the most well known example.**
The premise is simple and relies on the same targeting principles as those applied
to molecular imaging, introduced above. If a vector carrying a radionuclide can
sufficiently localise within a tumour and the degree (of penetration) of nuclear en-
ergy can be controlled, then it is possible to specifically target certain areas within
the body and kill off unwanted cells, without the need for painful, complicated

and time consuming invasive surgery.

Molecular Targeting The delivery of a particular isotope in the field of nuclear
medicine relies on a number of different methods.”® For example the isotope
can be directly incorporated into the molecule of interest and thus localise on
the receptors of interest, as occurs with ['®®F]FDG 1. In the case of metal based
isotopes, the mode of delivery is usually achieved by binding the metal to a chelator
and then linking the resulting complex to a vector which may be a protein or
antibody. One problem with this approach is the time taken by the vector to
reach its target; diffusion of such large structures through cellular membranes can
take days, not the ideal situation when working with short lived radioisotopes.
One approach to circumvent this problem is to allow for the slow delivery of
a pre-targeting agent to the receptor which, once bound, provides a secondary

target thus allowing for fast delivery of the radionuclide.

Biosynthetic Studies Within a laboratory orientated setting, another good
example of isotope use is for tracer analysis, exploited in the 1950’s to elucidate
biosynthetic pathways, in particular within plants and bacteria.?” The real uptake
of this area of research however came in the 1970’s when NMR spectroscopy
became more accessible and allowed the study of natural products containing

isotopic labels (see Section 1.1.6).°

One example of biosynthetic labelling, shown in Scheme 1, is the use of sodium
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Scheme 1. The incorporation of sodium [1-14C] acetate 4 into 2-hydroxy-6-methyl[2,4,6-
14C]benzoic acid 5.

[1-14C]acetate 4 to prove the hypothesis that polyketone chains could cyclise to
form phenolic products. The biosynthetic head to tail linkage of sodium acetate
groups and subsequent ring formation to afford the cyclic product, 2-hydroxy-
6-methyl[2,4,6-14C]benzoic acid 5, was determined when the labelled acetate
4 was fed to Penicillium griseofulvum.’" The metabolite was found to have 14C
labels incorporated into multiple positions, helping to confirm the validity of the
proposed polyacetate mechanism.? An important aspect of the research outlined
above is that sodium acetate is a small and readily available molecule, so such
work may be conducted at a low cost and in a timely fashion. However this is
not always the case and when undertaking biosynthetic studies more complicated
labelled molecules are often required, which must be synthesised on demand,

purchased, or custom ordered from a specialist chemical supplier.

Biosynthetic experiments undertaken by M€ Keown ez a/.? illustrate one example
of the need for more complex pre-metabolites. Feeding of [2-D,]hexanoate, in
the form of the free acid 6, ethyl ester 7 and the /V-acetylcysteamine thioester
8, to cultures of Aspergillus parasiticus concluded that the compounds were all
incorporated into the metabolite 9, to differing degrees, according to the route
shown in Scheme 2. The point to be emphasised in this example is that the
precursors were structurally more complex than sodium [1-'4C]acetate 4, men-
tioned previously, and the labelled compounds 6—8 had to be obtained with the
same core, but differing functionalities—a more expensive and time consuming

requisite.

Metabolic Studies Deducing the fragmentation of a bioactive molecule and

its fate in metabolic systems, is also possible through the use of incorporated
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Scheme 2. The incorporation of three deuterium labelled hexanote derivatives into metabolite 9

after feeding cultures of Aspergillus parasiticus.”

isotope labels.*® An elegantly simple example is the doubly labelled water method
developed in 1949 by Lifson et /%> The study allows the energy expenditure
of an animal to be determined through the premise that 20O in labelled water
appears as ['8O]CO, exhaled by the animal. Incorporating an additional label
by replacing H with D results in eliminated water becoming deruterated. By
measuring and comparing the difference between the elimination rates of D,O
and ['8O]CO, the carbon dioxide production rate may be calculated which in
turn can be converted into energy expended. This early example highlights the
effectiveness of incorporating double labels as an accurate way of determining the
fractional absorption of a molecule. Techniques such as this are desirable within
a clinical setting since only one test and sample (blood or urine) is required in
order to make a diagnosis or determination and as a result the doubly labelled

water method is still used to this day for human studies.

Mechanistic Elucidation Furthering an understanding within the chemical
sciences by discovering the mechanism by which a reaction proceeds can help
improve yields through better management of the conditions under which it is
performed. In order to elucidate such a pathway studies involving isotopes, which
take advantage of the kinetic isotope effect (Section 1.1.1), are undertaken.*® One
example of particular relevance (see Chapter 2) is the tetrahedral transition state
formed during certain acylation and hydrolysis reactions which is known to exist
because of investigations conducted in 1951 by Bender,”” involving the stable
isotope '80, as shown in Scheme 3. It was noticed that when partially hydrolysing

esters labelled with 'O (at the carbonyl group 10) under alkaline conditions, the
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proportion of compound that contained the isotope label decreased. A similar
result was also seen when undertaking an analogous study under acidic conditions.
As a result, mixtures of ®O and '80 containing esters (11 and 10 respectively) and
hydrolysis products (12 and 13 respectively) were obtained, the analysis of which
made it possible to determine the level of isotopic substitution that occurred
during the reaction. The investigation concluded that the only way this can occur
is via the formation of a tetrahedral intermediate 14, since from this structure

reversion to the original starting material is possible through the loss of either

oxygen.
180 lBO) lSOH lBOH 1)
OH | | | ~ |0
—— |R'—=C—OR?>=——= R'—C—OR? =—= R!—C—OR? | =—
RV o OR? | | B RY" 17 OR?
OH OH o
14
J-OR2 J-ORZ
180 0
1)L 1 18
R'" 13 OH Rt 1, 1%OH

Scheme 3. The formation of a tetrahedral intermediate 14 and its reversion to labelled 10 and
unlabelled carboxylic acid derivative 11.%”

Authentication The production of counterfeit drugs by clandestine operations
is a particular problem for the pharmaceutical industry.”® When a large capital
expenditure is invested into the development of an active compound, for which
the optimal synthetic route is patented, it is obvious that a profit should be
made in order for the company to successfully continue in business. Additionally
consumer confidence may be damaged if clandestine drugs find their way to the
open market which can have detrimental effects for the company involved. Stable
isotopic labelling of pharmaceuticals is an emerging use of labelled molecules
which provides a simple tool for product security and authenticity. Incorporat-
ing labels to act as a combination lock allows the unique identity and origin

of a particular batch to be determined.* Since the cost to exactly reproduce a

*It is not always necessary to actually carry out labelling since the exact fingerprint of a batch is likely to differ due to
localised natural abundance regardless.
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combination of isotopes would be far more expensive than purchasing the prod-
uct commercially this method of security helps circumvent the emergence of

counterfeit pharmaceuticals.

1.1.4 Issues Involving Synthesis with Isotopes

It should be emphasised that production of drugs suitable for the types of molec-
ular imaging or therapy discussed, is difficult due to the short half lives of ra-
dioisotopes necessitated by the techniques. For this reason a cyclotron capable of
producing the radioisotope needs to be located close to a hospital offering such
a service. As the post-production time increases radioactive decay and sample
degradation (via radiolysis) results in a greater volume of the drug being admin-
istered. Whilst chelation of metals relies on simple chemical methods which
are themselves rapid (to the extent that they have become known as ‘shake and
bake’), the need for shielding and mechanisation is still an issue. Although the
work presented herein has used stable isotopes, the rapid synthesis and potential
for automation lends itself well to transfer of the technology for use in radio

pharmaceutical synthesis (see Section 1.3).

1.1.5 Isotope Analysis by Mass Spectrometry

The isotopic constituents of a sample may be determined using a number of
methods and is necessary in order for any related research area to be effective
in its work. The chosen technique depends on the information required as
both qualitative or quantitative analysis is possible. For example, an IR-MS is an
instrument capable of measuring precise mixtures of stable isotopes by comparison
of an analyte’s isotopic composition with a standard.”” This is possible through
the use of dual inlet instruments which employ a changeover valve to alternate
the gaseous sample and reference streams, allowing for continually repeated
measurements. In addition they contain a number of Faraday cups so that

different mass fragments (isotopes) may be simultaneously analysed.

More usefully with regard to the research presented herein, when labelling or-
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ganic compounds the incorporation and position of an isotope label may also be
determined by conventional mass spectrometry. In the former case the molecular
weight of the isotopically enriched compound should be observed by the presence
of the molecular ion (M) peak. The position of a label can be determined by
examination of the fragmentation pattern for that molecule. The point at which
the fragment that contains the isotope label is lost from the parent ion will be
indicated by a return of the remaining fragment to its normal un-enriched molec-
ular weight, thus it is possible to determine the fragment to which the isotope
label belongs. Although the exact position may still be difficult to elucidate, when
this is the case, further analytical methods would be necessary in order to provide

a definitive answer.

When undertaking stable isotopic labelling it is generally accepted that the de-
sirable mass increase for a molecule should be > 3 Da, because there will be
contributions to an unlabelled molecule’s molecular ion from a combination
of naturally occurring isotopes such as D, '3C, >N or 180,40 However, once
beyond the mass of the M* + 3 peak these effects become negligible (due to the
low abundances of the isotopes mentioned above), so a molecule labelled such
that a corresponding increase of at least 3 Da is attained will not exhibit any
underlying effects from naturally occurring combinations of other stable isotopes,

thereby removing any experimental ambiguity.

1.1.6 Isotope Analysis by NMR Spectroscopy

All atoms have an intrinsic spin which in turn gives rise to a magnetic moment.
Thus by applying a magnetic field of appropriate magnitude around a molecule,
alignment occurs and it is this property that gives rise to nuclear magnetic reso-
nance (NMR). Since the nuclear magnetic moment for an atom is dependent
upon the spin of protons and neutrons, whose movement causes a dipole moment,
it follows that altering the number of neutrons in an atom will change the NMR
characteristics of an isotopologue. The effect of substituting an atom with one
of its isotopes will alter both the observed chemical shift and coupling constant

for that particular atom. This is a primary NMR isotope effect and those of a
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secondary nature are also observed for other nuclei which are not sufficiently
shielded from the isotope. Generally the magnitude of these changes is related to
factors such as the change in mass when isotopic substitution occurs, the number
of such atoms which have undergone substitution and the distance between them.
With this in mind it follows that qualitative or quantitative determination of
isotope substitution into molecules is possible viz 'H-NMR spectroscopy by the

observation of such changes.41

Within this text one method of validating isotope incorporation into a molecule
stems from the alteration in spin of different isotopes. When an NMR experiment
is undertaken all of the atoms within a system that have a specific spin are probed
so their related signals can be observed. However coupling between all of the
spin active nuclei within a molecule occurs and so the signals are split according

to the equation:

Qnl) +1 (20)

where it may be generalised that 7 is the number of equivalent nuclei that are
attached, or adjacent to, the atom under observation and 7 is the spin quantum
number. Both '*C and 'H have a spin / = 2 so according to Equation 20 when
a PC-NMR spectrum is recorded a CHj group should be present as a quartet.
In practice only a singlet is observed because the spectrum is proton decoupled,
which is necessary in order to remove the extraneous signals which would decrease
the parent line intensities beyond practical levels to allow for timely spectrum
acquisition.” However, if the CHj group were to be replaced with a CD; group
then the carbon signal will be split and since deuterium has a spin 7 = 1 a septet
is observed. Following the same logic a 'H-NMR spectra will show a singlet
for a CHj group as the three protons are equivalent and do not couple to one
another, but on substitution of the three proton atoms for deuterium, the signal
will disappear since only nuclei with 7 = ¥2 are observed. Thus it is possible to
confirm the incorporation of deuterium into an organic molecule by observing
the multiplicity of peaks arising from the '*C nuclei to which they are attached

and the absence of expected signals in a '"H-NMR spectra.

*Gated decoupled spectra where proton decoupling is only applied during the relaxation period is one way around the
problem and allows *C—'H multiplicity and coupling constants to be determined.
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Another consideration in '3 C-NMR spectroscopy is that substitution of an atom
with an isotope causes an upfield shift in the signal, designated as & or 3, according
to the location of the substituent relative to the carbon being probed. This
technique is often used in labelling studies where deuterium atoms are placed
either directly on to, or one atom away from a '3C reporter nucleus which enables
determination of isotope label positions without the longer scan times that would

otherwise be necessary.

1.2 Continuous Flow Reactors

Continuous flow micro reactors, such as the one shown in Figure 7, are best de-
scribed as a network of interconnecting, micron sized (10 pm to 500 pm) channels
etched into a solid substrate which are sealed such that fluids may be manipulated
through them.*? However where the use of solid supported reagents, catalysts
and scavengers are described the use of tubular reactors (0.1 mm to 3.0 mm) have

primarily been reported.*

Originally developed for use as pTAS (Micro Total Analytical Systems) or ‘lab

on a chip’ devices, “>44

organic chemists soon started to take an interest in this
new technology. From a synthetic standpoint micro reactors provide a method of
achieving high throughput, large scale chemistry using identical methods to those
developed in the laboratory. When comparing micro reactions to traditional

batch preparations, the danger of a reaction exotherm increasing beyond a critical

Figure 7. A photograph of a typical glass micro reactor filled with a purple dye.
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temperature is significantly reduced by the high surface to volume ratio, which
is often hundreds of times greater than conventional glassware, allowing rapid
dispersion of heat through the channel walls. Efficient mixing regimes at these
scales often result in excellent yields under easily controlled conditions. A single
micro reactor generally has a typical volume in the nl to pl range and the resulting
reduced working volumes of potentially hazardous materials, coupled with the
higher containment of chemicals and solvents, means that handling, manipulation
and exposure risks are kept to a minimum. The optimisation process for a reaction
is commonly focused on minimising undesirable by-products and maximising
productivity, typically achieved by varying concentrations, reactor designs and
flow rates. The end product is an eflicient system which, when coupled with the
high containment and low volumes of chemicals is both safer and produces less
waste. Transferring from laboratory to bulk scale production is then a simple
process. Since scaling up the apparatus would alter the unique dimensions of
the reactor, a parallel array of micro reactors can be employed, which retains the
original methodology and significantly reduces lab-to-plant development time

and cost.

1.2.1 Fabrication of Micro Reactors

There now exists a plethora of techniques for the transfer of complex and diverse
channel designs to a large number of substrates such as glass, silicon, ceramics,
metal and polymers.*> These methods of fabrication may be divided into three
main groups, according to the channel profile obtained, as illustrated in Figure 8.
Channels that are always wider than they are deep, with curved walls, are produced
using isotropic methods whilst anisotropic etching produces high aspect ratio (i.e.

narrow and deep) channels with a trapezoidal or rectangular cross section. Lastly,

T \_/

(@) (b) ()

Figure 8. (a) Isotropic and (b and ¢) anisotropic channel profiles achievable using various micro
fabrication methods.
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a near perfect anisotropic etch will furnish a channel with perpendicular walls
and high aspect ratios. The intended application, flexibility, reproducibility and
production time for the micro structure predominantly influences the material
and fabrication method of choice. There follows a brief overview on the main
methods of micro reactor fabrication with particular emphasis placed on wet

isotropic etching, the method used to produce the devices employed herein.

Wet Isotropic Etching The technique of wet etching is believed to have origi-
nated as far back as the 15® century for the purpose of creating decorative armour.
In more recent times however it was developed for the manufacture of circuit
boards and micromechanical elements. Transfer of designs into a substrate such
as borosilicate glass or silicon produces economical and durable devices which

exhibit excellent chemical resistance and heat latency. “°

As the name implies,
isotropic etching is characterised by erosion of the substrate material at an equal
rate in all directions, thus channels are always wider than they are deep and a
curved channel profile results (Figure 8a). The substrate is usually etched at or
above room temperature in aggressive acids such as HF, which require specialised
handling and disposal protocols. One other drawback of this fabrication tech-
nique is that clean room facilities are required for more reproducible production,
although it is possible to prototype devices, as used in this project, without such

facilities. *

As Figure 9 illustrates, one face of a glass plate is sputter-coated with a 0.5 pm
to 2.0pm layer of chromium and then spin coated with positive photoresist,
which forms the means by which a channel network design may be transferred.
Applying an accurately drawn mask (essentially a photo negative produced using
CAD software) over the top of the prepared substrate and exposing it to UV light
allows the channel design to be transferred by an appropriate developer solution.
Subsequent immersion in a metal etchant solution removes the chromium layer
and the glass is then hard baked in a furnace (120°C, ~ 4 hr) before being etched
in a mixture of 1% HF and 5% NH;F~. When in solution, the temperature is
raised to 65 °C and the glass sonicated to ensure a constant replacement of etchant

to the substrates surface. Following completion the channel (of typical resolution
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Figure 9. The photolithographic process described herein (note the under etching of the mask
which causes a curved channel profile).

~ 0.5pm) is sealed by adding a top substrate layer as described in Section 1.2.2.
Prior to bonding holes are pre-drilled into either the etched or top plate, which
act as reservoirs to hold chemical solutions, or serve as an interface for fluidic

connections.

Wet Anisotropic Etching Anisotropic wet etching is possible with silicon based
substrates which have a well defined single plane crystalline structure, free from
defects. The etchant erodes the substrate directionally along the exposed plane of
the crystal lattice at a rate which varies according to the atomic density. A thin
film of SiO, or SizNy is first applied to the top of the silicon substrate to which a
masked design may be transferred by, for example, atom bombardment or with a
layer of photoresist by initial isotropic etching of the SiO,. The substrate is then
exposed to a basic solution such as 25 % KOH and the temperature is increased to
around 70 °C to 80°C.** This initiates surface reactions with the substrate and the
exposed regions are etched. The design is thus transferred according to the mask
layout, whilst the channel profile is dependent on the crystallographic orientation
of the silicon. Whilst high aspect ratio micro channels may be obtained using such
methods there are still drawbacks, for example when sharp corners are required

common convex or concave channel profiles can prove problematic.
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Laser Micro Machining Laser ablation was reported in 1997 by Roberts ez a/. 8

for polymeric micro diagnostic applications but today it is also used to micro
machine materials such as ceramic, glass, metal and silicon. Irradiating a substrate
with a laser at high flux causes photochemical degradation and at the correct
wavelength chemical bonds break directly. Longer wavelengths cause thermal
decomposition but pulses rapidly remove substrate material, which minimises
localised heat deposition.*’ The rate of ablation is fast, being affected by pulse
width, whilst depth of focus and beam shape also determine the feature size
and aspect ratio respectively. Surface roughness varies between the pm (Nd:Yag
lasers) to nm range (fs, Ti:Sapphire lasers) and in contrast to more traditional
micro machining methods there is no direct contact, making micro fabrication
of fragile materials possible. Although a large capital investment is required,
the overall running costs and environmental impact of laser micro machining
are low and automation is readily achieved through micro computer control.
In addition, unlike other more indirect methods of fabrication that involve
numerous production steps, no masks,* clean rooms or other special techniques
need be employed. Subsequently the potential for flexible and rapid prototyping of
complex designs in a variety of substrates has become a particular attraction of laser

micro machining, especially in high turnover research dominated environments.

Plasma Etching In order to create a plasma that is useful for micro fabrication,
gas molecules are introduced to an evacuated chamber and an oscillating electric
field is applied which has the effect of accelerating free electrons. Collisions with
neutral gas molecules cause ionisation, more electrons are released and the process
continues until a steady state is reached —the plasma. In the case of reactive
ion etching (RIE), electrons within the chamber are absorbed onto its walls and
the plasma subsequently generates a positive charge. The formation of a large
potential difference causes ions to drift towards a wafer platter and positioning
a substrate within their path results in kinetic and chemical interactions at the
surface which initiates etching. The more common and adaptable deep reactive

ion etching (DRIE) incorporates an additional microwave power source and

*Parallel, batch processes use a mask but conventional serial modes write directly to the substrate.
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magnetic field to transfer extra energy to the electrons.” Factors such as chamber
pressure, stage position, temperature and the production of gaseous by-products
all need to be considered. As an example, DRIE of Pyrex® glass is possible using

2051 The channel design is initially transferred to a substrate

a plasma of SF gas.
using photolithographic techniques which is then exposed to a plasma rather
than wet chemicals, producing channels with a high (> 10) aspect ratio and low
(nm) surface roughness. The process does not suffer from mask undercutting and

as with laser ablation there is an excellent level of control, but capital outlay is

high due to the specialised equipment required.

Powder Blasting Traditionally used for cleaning or decorative effects, powder
blasting is performed by the erosion of a brittle material such as ceramic, glass,
or silicon using ultra fine particles.”>> A powder of resolution in the range 10’s
pm, such as oxo-oxoalumanyloxyalumane (Al,O5), is introduced viz a nozzle to
a compressed air flux and then directed through a metal mask to the underlying
substrate. Factors such as the powder velocity, particle size and angle of inci-
dence (of the powder beam) heavily influence the final geometric features. High
etch rates are possible (100’spmmin~) and although the surface roughness is
significantly greater (10’spm) when compared to other techniques (caused by the
comparatively high erosion resolution and its direct physical impact), the degree
of control on the channel profile is far superior. Whilst prototyping is rapid and
safer than wet etching techniques depth and secondary impact limitations are
pertinent with this method of fabrication and the surface roughness obtained has
been demonstrated to greatly influence flow that is governed by electroosmotic
flow (EOF, Section 1.2.3); Solignac et a/.>* have reported that liquid mobility
properties are altered under EOF control when compared to channels produced
by standard HF wet etching. Rapid broadening of electrophoretic plugs and
a decrease in electroosmotic mobility in channels fabricated through powder
blasting suggests the fabrication technique is only practical for micro reactors

under hydrodynamic control.

*The two processes are differentiated by their etch rate; RIE ~ Ipmmin~'; DRIE Spmmin~! to 10 pm min—".

27



1.2 ConTINUOUS FLOW REACTORS

Moulding Employing a master (or positive relief), produced via a suitable
lithographic technique, moulding or casting provides a way of rapidly transferring
a channel design to a soft substrate, most often ceramic or polymer, which
is then hardened to form a practical device. One common micro moulding
technique uses dimethyl polysiloxane (PDMS) which provides a rapid route to
prototyping as the time consuming photolithographic process, which slows wet
etching techniques, need only be carried out once to produce the master.” After
casting the PDMS, cross linking is thermally induced and a low cost, durable
device with a smooth surface is produced. It is common to use silicon masters

as demonstrated by Shah ez a/.°°

as they can be etched anisotropically (Figure
8) to produce high aspect ratio moulds, which are easily removed from the final
substrate and consequently undergo repeated use. The somewhat more exotic
low pressure injection moulding, combined with stereolithography, has also been

used to fabricate micro reactors made of ceramics using silicon moulds.””>®

LIGA The acronym LIGA derives from the German words Lithographie, Gal-
vanoformung and Abformung which translate to lithography, electroforming and
casting respectively and relate to the three main steps in the LIGA process.”’
At the heart of the technique is lithography; electron, ion beam and UV based
methods are all possible. However, the most common example is deep X-ray
lithography, which allows the precise etching of extremely high aspect ratio micro
structures.®” Synchotron radiation transfers the design of an X-ray mask to a
layer of photoresist which is then developed. The positive structure created in
the photoresist is then copied to a metal mould by electroforming, that is, elec-
trodeposition of metal from an electrolytic solution on to a base plate. From this
metal master duplicates of the original design are fabricated using injection and

casting techniques, resulting in micro structures of excellent surface quality and

precision in materials such as ceramics, metals and polymers.

Other Fabrication Methods Of course there exists a greater number of ways
to realise micro reactor structures than have been introduced here. For example
surface cutting, embossing, sacrificial layer etching, electro discharge machining,

punching and laminating have all been demonstrated as practical ways to carry
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out micro fabrication and the list will inevitably grow as the field of micro reactor

reseach matures.

1.2.2 Sealing Micro Reactor Channels

A micro reactor fabricated by one of the methods described in Section 1.2.1 only
consists of a channel network etched into a given substrate. In order to be fully
utilised, a closed channel network must be formed which allows for connection
in some way to its external environment. Thus the design of a micro reactor
also requires reservoirs capable of holding chemical solutions, or connectors to
integrate with pumps, which in turn must connect to the channels of the micro
reactors. These design features are realised through a second element of the reactor,
in the form of a top plate. The use of adhesives is not very amenable to realising
a closed channel as anything but homogeneous contact will cause leakage from
the channels between the two plates. In addition this mode of sealing leads to
deposition of adhesive within the channel network which is less than ideal. There
exists two main methods by which substrate wafers may be bonded together when

a sealed micro reactor channel is required after initial etching.

Fusion Bonding The first of these is known as direct or fusion bonding. The
two substrate layers are brought together under a contact force causing them
to be held together under Van der Waal forces and, more significantly for glass,
hydrogen bonding.* Annealing the plates at high temperature (515 °C to 1000 °C)

then forms a solid, durably bonded micro reactor.

Electrostatic Bonding The second type of wafer bonding is known as anodic or
electrostatic bonding. An electric field is applied across a combination of silicon
and Pyrex® at a temperature of around 25 °C to 450 °C. lon diffusion then causes
a space charge region to form, resulting in a strong electrostatic force between

the wafers. This closes the gap, oxidation occurs and a bond is formed.

*Brought about by the application of a drop of purified water onto one plate, prior to them being sandwiched together.
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1.2.3 Fluidic Manipulation

The application of external force to a fluid, allowing controlled motion within
channels, is an obvious necessity of continuous flow technologies. The biggest
hinderance to current technology is that although the reactor devices used to
perform syntheses or analyses are small in size, the corresponding manipulation
units are relatively large. Efforts are ongoing to improve this situation and shrink
the units in question, resulting in some unique and exotic designs such as ‘heart’, "'
bubble,®? capillary®® and bacteria® driven pumps. In spite of these advances
there are currently two common methods by which fluid movement within the
channels of chemical reactors is achieved—electroosmotic and hydrodynamic
flow. Both have their corresponding advantages and disadvantages with the chosen
method commonly dictated by the intended application for the device under

development.

Electroosmotic Flow To induce EOEF, a high potential difference (typically
~ 1.5kV) is applied to a closed circuit, formed by positioning electrodes across a
channel which has been filled with the liquid to be mobilised. The inner glass
channel walls hold a negative charge when the silanol groups have been dissociated
and a diffuse double layer (the Gouy—Chapman layer)* forms to counteract this,
as illustrated by Figure 10. When an electric field is present the diffuse layer of
positive ions is pulled towards the anode, in turn causing a mass transfer of the
liquid itself with a relatively flat velocity profile (except within nm of the channel
wall). %% The magnitude of the velocity, ®, (ms™), is therefore determined by
00 @ o0

@@@ Q@O@@@O@O@ :: Diffuse Layer
@ @ @ @ @ @ @ :; Fixed Stern Layer
OOOOOOOOOOOOOOOOO

Capillary wall with dissociated silanol groups

Figure 10. The attraction of charged ions in a solution to a negatively charged surface.®

*The potential difference between the Guoy—Chapman layer and the Stern double layer is termed the ‘zeta potential’, ¢.
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a number of factors and is quantified by

o, - — (FEGHC) 21
n

where F is the electric field strength (Vm™), € is the relative permittivity of the
liquid (dimensionless), €, is the permittivity of free space (=~ 8.854 x 107> Fm™),

C is the zeta potential (V) and 7 is the liquid viscosity (Pas).

Experimental variables include the magnitude of applied voltage, reagent con-
centrations, solution pH and choice of solvent. Influences arising from both the
viscosity and dielectric constant of a liquid will determine its EOF properties.®’
A solvent with low or no polarity such as dichloromethane (DCM), toluene or
hexane have low dielectric constants which leads to extremely low or no electroos-
motic flow at all. Of course the addition of a suitable electrolyte will overcome
this problem but the purity of the flow stream will consequently be compromised,
an outcome dependant on the systems end application. Alternatively however
good choices of solvent include the more polar organics, acetonitrile (MeCN),
N,N-dimethylformamide (DMF) or methanol (MeOH). Another considera-
tion that arises when effecting liquid mobility via EOF is that of electrophoretic
separation, which has long been used within the analytical disciplines. This

is not necessarily a hindrance as George et 4/.°® demonstrated with the in-situ

purification of peptides synthesised in an EOF based micro reactor.

Manipulating fluids by EOF in micro reactors gives the benefits of no moving parts
and automated manipulation of multiple reagent streams under micro computer
control using reservoirs to hold the various reactants and collect products. Care
must be exercised to counteract pressures arising from differences in reservoir
heights, for example through the integration of silica frits®” or pressure resistant
channel restrictions”’ into the reactor design. Alternatively leakage from one
channel to another by hydrodynamic or diffusion effects can be counteracted as
demonstrated by Seller ez l.”! by the controlled application of potential differences.
Perhaps one of the greatest advantages of EOF is that no fluidic connectors are

required, minimising the risk and problems associated with blockage and leakage.
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Hydrodynamic Infusion Hydrodynamic flow within micro channels is achieved
by applying an external, mechanical force, upon the fluid to be manipulated.
Commonly this is achieved using syringe drivers or infusion pumps (e.g. HPLC
pumps) which are programmed to deliver fluid at a chosen flow rate or volume.
In the former case gas tight syringes are filled with fluid, loaded into the syringe
driver and connected to the micro reactor via tubing and commercially available
HPLC fittings. The syringe plungers are then pushed by a back plate connected to
a worm driver which operates at calibrated speeds to ensure the accurate delivery
of fluids. Pumping by hydrodynamic means is a simple operation but the back
pressures generated by the technique are high (see Section 1.2.5) which can prove
problematic. In addition syringe driver units are expensive and bulky, often
dwarfing the micro reactor units themselves. The velocity profile obtained by
hydrodynamic pumping is parabolic in nature which can cause the broadening
of plugs and streams. However the technique does provide a closed system and is
extremely desirable for some applications, and as such is the reason hydrodynamic
pumping has been exclusively employed during this project; when working with
labelled compounds and in particular radioisotopes, it is obvious that loss of

reagent through evaporation or degradation in air is an undesirable situation

which should be avoided.

1.2.4 Liquid Characteristics at Low Reynolds Numbers

Laminar Flow Laminar flow, as opposed to turbulent flow, means that fluids
flow adjacent to one another in defined layers with an orientation that is parallel
to the bulk fluid flow. It is characterised by the dimensionless Reynolds number,
Re, which represents the relationship between inertial and viscous forces of a fluid.
It is governed by the viscosity and density of a fluid (liquid or gas) and within a

cylinder defined by
PO Q,

n
where p is the fluid density (kgm™), 4, is the hydraulic diameter (m), @, is the

Re = (22)

linear velocity (ms™) and 7 is the viscosity (Pas). Thus, in a given channel, if a

fluid exhibits a large enough viscosity then the resultant value of Re is low (< 100),
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its flow will be laminar dominated and occur without turbulent disruptions such
as eddy currents or swirling vortices; the point at which this occurs is at a value
of Re =2000 for a cylinder. It therefore follows that within the channels of
micro reactors, where § is small, ®, would have to be excessively large to initiate
turbulent flow. Thus laminar flow is predominantly observed, even for liquids
of extremely low density and viscosity; consequently mixing between parallel

flowing streams occurs exclusively by diffusional processes.

Diffusional Mixing Nature presents an elegant way to transfer molecules with
relatively low molecular mass (e.g. < 5000 Da) over short distances— diffusion.
In the absence of external flow or pressure, transport in fluids is diffusion ori-
entated and the time it takes to achieve a homogeneous mixture will depend
entirely upon the size of the molecular species, temperature and diffusion distance,

quantified by the Fick’s second law of diffusion? as
x = V4Dr (23)

where x is the displacement distance (m), D is the diffusion coefficient (m*s™)
and ¢ is time (s). Since, for a given molecule, the relationship between distance
travelled, x, is related to the square root of the only other variable, time, diffusion
over a short distance (100’spm) occurs rapidly, as illustrated in Figure 11. The
diffusion coefhicient, D, for a given molecule is dependent on many factors such
as its activity coeflicient, viscosity and molecular radius. Thus for molecules with
large molecular weight (such as proteins) transport by diffusion is relatively slow.
For the purposes of organic synthesis however, it is an ideal way for mixing to
occur providing there is a fine level of control on the process. It is this fact that
is exploited within micro reactors because, as a result of laminar flow profiles
the mixing of two reaction components within a channel will occur exclusively
by diffusion perpendicular to the bulk fluid flow. Thus an ideal channel design
is one which affords a narrow interface between lamina, providing the shortest

possible diffusion distance between the reactant partitions.
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Figure 11. A graph illustrating the time it takes for aniline 15 to diffuse a given distance when
dissolved in benzene at infinite dilution at 25°C according to Fick’s second law of diffusion. %72

Fourier Numbers A Fourier number, Fo, is a dimensionless value which may be
used to estimate the degree of mixing after a specific amount of time.”* Within a
micro reactor channel it is dependent upon the inherent dimensions, the residence
time and the diffusion coeflicient of the species under observation, calculated
using the following equation:

Fo = Qt (24)

x2

where D is the diffusion coefficient (m?s™!), ¢ is time (s) and x is the distance
over which the molecule diffuses (m). As the upper limit for mixing within a
micro reactor channel is governed by the time it takes to diffuse over the distance
of the largest channel dimension (i.e. the channel width, w, for isotropically
etched channels) the value of Fo which relates to a homogeneously mixed solution
within the channel may be calculated in the following way. Firstly Equation 23 is

rearranged to determine the time taken to diffuse over the channel width:

(25)

When considering Equation 24 the characteristic diffusion distance, x, will be

constant for a particular micro reactor channel and, for a given channel with two
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equally distributed laminar flow streams, will be equal to half channel dimension
perpendicular to the direction of flow (i.e. the width). This is the case since each
flow stream only needs to traverse half of the channel in order to have undergone
complete displacement. With this assumption in mind substitution of (25) into
(24) determines the Fourier number which relates to a completely inter-diffused
mixture.

Dr Dw.?

FOZFZWZI (26)

By using the same equation (24) the Fourier number for a particular micro
reactor based on the residence time, Rr, may be calculated providing the diffusion
coefhicient, D, is known. This serves as a quantifiable method of estimating the
degree of mixing within the device since any micro reactor that returns a value > 1
will have a completely mixed flow stream upon exiting the channel in question.
Appendix A details the Fourier numbers for each micro reactor used within this
text based upon the model described, using the diffusion coefficients of acetic

acid in ethyl acetate (EtOAc) and aniline 15 in benzene as example systems.

1.2.5 Back Pressure

For Newtonian fluids flowing under laminar conditions within a cylinder (.e.
where Re < 2000) the volumetric flow rate may be approximated by dividing the
pressure difference (the back pressure) with the viscous resistance, as quantified

by Poiseuille’s law:

AP

D, =
R,

(27)

where @, is the volumetric flow rate (m®s™!), AP is the pressure difference across
the cylinder (Pa) and R, is the flow resistance (Pasm™), determined by the
length and radius of the cylinder and viscosity of the fluid using the Poiseuille

equation in the following way:

8nL,
R, = —

(28)

T,

where 7 is the liquid viscosity (Pas), L, is the cylinder length (m) and 7, is the

cylindrical radius (m). Thus, as is done when calculating Reynolds numbers, Re,
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within isotropically etched channels (see Appendix A) making the channel radius

24,
O

(29)

Ve =

where A, is the channels cross sectional area (m?) and O, is the wetted perimeter of
the channel cross section (m) the previous equations (27—-29) may be combined
and rearranged which then allows for the back pressure, P, within an isotropically

etched micro reactor channel to be calculated in the following way:

(DV/'/I[’C@C4

P =
2nAA

(30)

Application of this equation using the dimensions of the micro reactors employed
within this thesis yields the pressure changes across the chip that are given in

Appendix A.

1.2.6 Micro Reactor Design Considerations

A plethora of micro reactor designs have been reported to date which are aimed
at solving particular problems, or increasing the mixing efficiency. However one
of the most common and useful of these is perhaps also the simplest, commonly
known as the T reactor, illustrated in Figure 12. Two reagents are brought together
and flow down the channel with a laminar partition, each occupying half of the
channel. At the mid line between reagents diffusion occurs rapidly and the
solutions reach their final concentration relatively quickly. For example from
Figure 11 it can be seen that aniline 15 will take 0.16s to diffuse 25 pm when

dissolved in benzene at infinite dilution at 25 °C. However as the diffusion distance

CT

(@) (b) ()

Figure 12. A top down view of selected micro reactor designs (a) T, (b) serpentine and (c) double

T.
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increases towards the wall of the channel, so too does the time taken to reach
the final concentration, determined by the diffusion coefficients of the species
involved. Moving along the main channel the mixture becomes increasingly
homogeneous until, at a given reactor length complete inter diffusion is realised.
Based on the rules of diffusion discussed in Section 1.2.4, the ideal mixer will have
a small channel width and a large depth, which maximises the contact space of the
two fluids, whilst providing a short diffusion distance. However, as introduced in
Section 1.2.1 this is not always possible with fabrication methods such as isotropic
wet chemical etching, which constrain the ratio between channel dimensions. If
complete diffusion is not realised within a micro reactor the residence time of the
solutions must be increased, either through slowing the flow rate or increasing the
length of reactor. Figure 12b shows a design with a meandering, serpentine like
channel which is significantly longer than the simple T (Figure 12a) and a double
T reactor (Figure 12¢) which enables multicomponent reactions to be performed
within an integrated system. In the case of these relatively more complex designs
(i.e. the meandering serpentine and the double T reactor), an increase in back
pressure would be observed and this is another important consideration when
designing micro reactors for practical use under hydrodynamic control, since the

operational efficiency of pumps must be taken into account.

The Manz Mixer One option to circumvent this problem is the ‘Manz mixer’’*

which sequentially splits the input stream into gradually smaller channels thus
reducing the diffusion distance. Poiseuille’s law (Equation 27) introduced earlier
may be viewed in an analagous way to an electrical circuit where the potential
difference is equivalent to the pressure change, AP, the current is equivalent to
the volumetric flow rate, @, and the electrical resistance is equivalent to the flow
resistance, R, . It follows that the total resistance for a series arrangement of micro
reactor channels will be equal to the summation of the individual resistance for
each channel. In other words, if the arrangement in Figure 13 is considered we
may write:

R, (tot) = R + Ry(tot) + R5(tot) + Ry(tot) (31)
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R, (tot)

|
R, (tot)

Figure 13. A top down view of the generalised design for a Manz mixer where an initial channel
is sequentiually split into channels of smaller dimensions.

As each segment of the channel network is comprised of a parallel arrangement
of 7 channels of equal dimensions the reciprocal of the total resistance of each
segment will be equal to the summation of the reciprocal resistance of each

individual channel, denoted herein as R 1 . This means, for example, that the

g2
total resistance for the third segment, Rs(z0r), may be expressed as:

1 11 1 1 4
4= — 2
Riw) Ry, R, R, R, Ry (52)

Applying this treatment to Equation 31 for all of the segments shown in Figure

13 results in the modified expression for the total flow resistance:

R Ry R
R, (tot) = R, + 72 + Za + §4 (33)

which clearly indicates that the back pressure arising from such a design is less
than that of a single, larger channel. This design can therefore prove to be a useful
solution not only in situations where rapid diffusion is required but also when

high back pressures, P, are experienced.

1.2.7 Continuous Flow Reactor Synthesis

From its establishment around a decade ago the field of micro reactor synthesis
continues to see a steady rise in the number of publications relating to undertaking
conventional reactions within such devices. There follows a review of some
reported syntheses, the more recent of which exemplify the level of complexity

that is currently being achieved.
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Diazo Coupling An early application of micro reactors to organic synthesis was
reported by Salimi-Moosavi ez al.”> in 1997. The authors employed an electroos-
motically driven micro reactor manufactured from Pyrex® glass to bring about
the synthesis of a red dye 16 which was shown to occur in both protic (MeOH)
and aprotic (MeCN) solvents according to Scheme 4. Reaction efficiency was
shown to be 37 % and 22 % respectively and whilst the aim of the study was not
to optimise conversions, this was the first example of synthesis and manipulation

within a micro reactor set up operated by EOE

W
O,N N=—N* BF, + N
\
o) N—@—N:N—Q—N/
16 \

Scheme 4. The synthesis of red dye, dimethyl-[4-(4-nitro-phenylazo)phenyl]-amine 16 as carried
out within a micro reactor under EOF control.””

In-situ Formation of Diazonium Salts The group of de Mello’® have also
reported on the use of a glass micro reactor under hydrodynamic control to
generate a number of azo dyes. In contrast to the method presented by Salimi-
Moosavi and co-workers,” the reactive diazo intermediates were formed 77n-situ
by the concurrent introduction of aniline derivatives and sodium nitrite 17 at
a micro channel intersection. Introduction of naphthalen-2-ol 18 to a third
inlet then brought about formation of the corresponding diazonium products,
as shown in Scheme 5. The authors highlight the significant safety features of
an integrated system such as the one described, since there is need to store or
transport unstable diazonium salts. The work has since been further extended
to demonstrate chlorination reactions of diazonium salts, also shown in Scheme
5, within an identical micro reactor.”” In addition the analysis of diazotisaton
products via on-line Raman spectroscopy was demonstrated in order to highlight
the potential for expedient reaction optimisation when compared to employing

alternative methods such as GC analysis.
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Scheme 5. A generalised reaction scheme showing the routes used by the group of de Mello 76,77

to form azo dyes (a) chloroarenes (b) within micro fluidic reactors.

The Suzuki-Miyaura Reaction The Suzuki coupling brings about C—C bond
formation through the reaction of an aryl or vinyl halide with an aryl or vinyl
boronic acid in the presence of a Pd® catalyst. This particular reaction has received
a great deal of attention within continuous flow systems in a bid to improve its
efficiency and a more complete review is given in Chapter 4. One example,
reported by Greenway et al.,’® is the coupling of 4-bromobenzonitrile 19 and
phenylboronic acid 20 (Scheme 6) within a micro reactor T under EOF control.
The reaction was undertaken at room temperature in the presence of the catalyst
(1.8 % Pd) which was immobilised on a silica frit, within a 3 : 1 mixture of oxolane
(THF) and water, in order to ensure electroosmotic mobility (since EOF for
pure THF it is poor). It was reported that a continuous flow of the reagents
did not produce any significant amounts of product 21. As a result, slugs of
19 were injected into a continuously flowing stream of the boronic acid 20 and

the effect of varying slug volume, frequency and flow rate of the boronic acid
CN

B(OH), CN

1.8 % Pd/SiO;

THF/H,0 (3:1)

20 Br 19 25 min 21

Scheme 6. The reaction between 4-bromobenzonitrile 19 and phenylboronic acid 20 to afford
biphenyl-4-carbonitrile 21.7
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20 were also studied. It was reported that the addition of a base, traditionally
required for Suzuki reactions, was not required and at optimum conditions a
67 % yield was obtained (5s injection time at a frequency of 25s and a flow rate of
0.8 ulmin™"). The rate of Pd leaching was also determined to be low (1.2 ppb to
1.6 ppb) and there was no decrease in catalytic activity. To provide a comparison,
batch reactions were carried out which only produced a 10% conversion after
8 hr. In addition, it was also necessary to heat the mixture to between 75°C and

85°C and add disodium carbonate as a base in the batch reaction.

Combinatorial Pharmaceutical Synthesis The use of micro reactors in produc-
ing combinatorial libraries of pharmaceutical analogues has been demonstrated
by Schwalbe and co-workers.”” Ciprofloxacin 22, is a common antibiotic that is
used to treat many types of bacterial infection, so derivation of the core structure
using combinatorial techniques is a likely way to identify new lead compounds.
In order to prove the applicability of continuous flow methodology in speed-
ing up and automating the generation of such libraries, the authors adapted a
stainless steel CYTOS®(or SEQUOS®) micro reactor system to deliver plugs of
reactants via an automated switching valve, employing a fraction collector at the
outlet to deliver the synthesised compounds into discreet collection vials. In this
way the successful synthesis of 28 Ciprofloxacin analogues was demonstrated
following the route that is exemplified in Scheme 7. It should be noted that each
of the reaction steps were worked up before re-introduction of the generated

intermediates back into the reactor system.

Synthesis of Natural Products Baxendale ez /. have also undertaken a multi-
step synthesis of natural product, commonly known as (£)-oxomaritidine 23, a
cytotoxic alkaloid, as shown in Scheme 8. The majority of the seven reaction steps
were brought about using solid-supported reagents, catalysts or bases and this
was achieved by packing them into cylindrical glass Omnifit® columns through
which the reaction mixture was passed. Synthesis of the azide 24 occurred
quantitatively and the product stream was then passed directly through another
column which was packed with a polymer supported phosphine 25, causing the

azide 24 to become bound as an aza-Wittig intermediate. The second step of the
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Scheme 7. The route by which Ciprofloxacin 22 and 28 core derivatisations were prepared in a

CYTOS® micro reactor system, achieved by variations at the indicated positions (red). "

T

reaction, formation of aldehyde 26, also occurred quantitatively and this stream
was then passed over the prepared aza-Wittig column to furnish imine 27. After
the next reaction step, catalytic hydrogenation of the imine 27 using a Thales
H-Cube® hydrogenator fitted with a 10% Pd/C cartridge, it was necessary to
employ a solvent evaporator in order to exchange THF for DCM. The acetylation
of the secondary amine intermediate 28 was undertaken with the concurrent
introduction of 2,2,2-trifluoroacetic acid (TFA) 29 into a conventional glass
micro reactor which was heated to 80°C. The newly formed amide 30 was then
passed over polymer supported phenyl{bis[(trifluoroacetyl)oxy]}-A3-iodane (PIFA)
31, causing oxidative phenolic coupling and ring formation. Finally the reaction

mixture was passed through a further column containing polymer supported
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1.2 ConTINUOUS FLOW REACTORS

base 32 to affect cleavage of the amide bond and formation of (£)-oxomaritidine
23. Using the presented methodology the authors state that overall synthesis
of the product at > 40 % was achieved within a single day, compared to the 4
days it would normally take using conventional laboratory techniques. However,
considering that each of the steps were carried out individually (as opposed to a
fully integrated system) it should be possible to decrease this synthesis time by an

even greater degree.

‘Online’ Multi-step Synthesis A recent example by Sahoo ez 2/.*' demonstrates
the multi-step, parallel synthesis of three carbamates, as illustrated by Scheme
9. The first step of the reaction was performed within a glass coated silicon
micro reactor under phase transfer conditions whereby the sodium azide 33 was
introduced as an aqueous solution and benzoyl chloride 34 as an organic solution
(in toluene). A separation reactor, fabricated with a fluoropolymer membrane
(pore size 0.1pm to 1.0 pm) then ensured the exclusive diffusion of the organic
phase and resulted in phase separation. The next micro reactor was packed with
a solid acid catalyst and heated (90°C) which caused conversion of benzoyl azide
35 to its corresponding aryl isocyanate. The nitrogen released as a result of this
step (Curtius® degradation) was then removed utilising another micro separation
reactor containing a membrane through which the gas could diffuse. The parallel
synthesis of three carbamates was demonstrated at the last step by feeding the
outlet of the second separation reactor into a small vial and connecting this reser-
voir into three discrete reactors into which methanol, ethanol or phenylmethanol
were also introduced. Post optimisation the reactions produced quoted yields
of the carbamates in the range 96% to 99 % at a throughput of 80 mgday ™
to 120mgday~'. The important feature of this work was the ability to change

solvents at different stages within a continuous flow system, something which

0 0 , o
Heat R<—OH
+ NaNg ——— ———> Ph—NCO Ph )J\ R2
N2 SN o~
Ph cl 33 Ph N3 H
34 35

Scheme 9. A generalised scheme of the route to carbamate derivatives which was successfully
followed within a micro reactor based flow system. !
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has previously hindered the further development of self contained, multi-step,
fully functional miniaturised flow systems, as in the case of the synthesis of

(+)-oxomaritidine 23 by Baxendale ez 4/.,* summarised above.

Synthesis of B-Peptides A preparation for the synthesis of useful amounts
(~ 3gday™') of B-peptides, shown in Scheme 10, has recently been reported
by Flogel and co-workers.* Using a silicon micro reactor capable of operating
within the temperature range —80°C to +150 °C the coupling of zerz-butylformate
(Boc) protected acyl fluoride 36 and primary amine 37 (as its TFA salt) to form
B-dipeptide 38 was successfully demonstrated at an optimal temperature of 90°C
when the residence time was 3 min. Following this success the synthesis of tripep-
tides and tetrapeptides was performed utilising the same set up. Formation of the
sterically more demanding structure was brought about at elevated temperatures
(120°C) where yields in excess of 81% were achieved. The effectiveness of the
technique was evaluated by comparison with traditional solution and solid phase
couplings and in all cases the micro reactor synthesis out performed the other

methods, proving it to be a synthetically useful approach.

Ph
o
Ph Ph
o) o)
BocHN 36 F NMM
+
Ph DMF, 90 °C, 3 min BocHN N OPh
o H 38
Hgﬁ 37 OPh
TFA®

Scheme 10. The synthesis of B-peptide 38 which was successfully undertaken on a 3 gday ! scale
using a silicon micro reactor. ®

1.2.8 Scale Out

One of the unique benefits attributed to undertaking chemical synthesis within
micro reactors is that once a particular process has been optimised it is possible
to take a parallel approach to the mass production of a product. To produce a

larger quantity of product, channel designs are thus replicated the desired number
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1.2 ConTINUOUS FLOW REACTORS

of times and, as this process retains the original dimensions, reaction protocols
remain unchanged which reduces the time, development and operational costs

normally associated with migration to pilot plants.

Scale out may be achieved by either the direct replication of a previously optimised
prototype, utilising multiple reactors, or the fabrication of multiple channels
within a single micro reactor device. One example of the latter is the fluorination
reactions that were undertaken by Chambers and co-workers.®* After initially
designing a nickel and polymer micro reactor, successful fluorination reactions,
such as the one shown in Scheme 11 were performed by ‘pipe’ flowing a stream of
F,/N, through the center of a liquid stream to be reacted. In an effort to develop
the reactor at a scale suited to industrial preparation it was redesigned; multiple
channels were fabricated on replaceable stainless steel plates and fed from single
reservoirs in a modular fashion. Using the developed system a 9 or 30 channel
plate was used to bring about the fluorination of ethyl 3-oxobutanoate 39 which,
when optimised led to 100 % conversion and predominant formation of the mono-
fluorinated product 40. This system was capable of producing ~ 300gday "
which the authors postulated could easily be increased to ~ 3 kgday ' by employ-
ing a 60 channel plate and running 10 such reactor systems in parallel; equivalent
to pilot plant scales but at significantly reduced cost. The same authors then went

on to undertake the fluorination of diketones within the same micro reaction
o o
MO/\
40
F
o o F
o o
10 % F, in Ny )\
M N HCOOH, 5-10 °C o
o

F F

39
o} O
MO/\
F

Scheme 11. Several of the products obtained on a large scale by the fluorination of ethyl 3-
oxobutanoate 39 within a multichannel steel micro reactor system. 54
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system to produce quantities in the range 1.6g to 20.8g.*®

A more recent example of large scale micro reactor production is the preparation
of a natural product pristane 41, shown in Scheme 12, which has been reported by
Tanaka and co-workers.%® Used to conduct animal studies, pristane 41 has been
in short supply since the basking shark, the main source of the compound, was
listed as an endangered species in 2002. Thus a ready supply of the compound
has been in demand, but attempts to batch scale the dehydration step to 100 g
only produced the allylic hydrocarbon 42 in < 20 % yield, due to the formation
of polymeric by-products. To alleviate by-product formation a commercially
available micro mixer was employed for the dehydration of 43 in the presence
of 4-methylbenzenesulfonic acid 44 at a flow rate of 200 plmin~"'. Subsequent
hydrogenation of the resulting alkene 42 brought about the natural product
pristane 41 in an overall yield of 93 % compared to 51% that was achieved in
small scale (typically 100 mg) batch reactions. Operation of 10 micro mixers in
parallel allowed the production of sufficient intermediate 42 to generate 5kg of

pristane 41 per week, enough to meet the current demand of 200 kgyear™'.

It should be noted that in the majority of situations, where the synthesis of

OH

43
X X X

p-TsOH 44
THF/Toluene

90°C

N N \\wK

Hy, 10 % Pd/C
EtOAC

Wk *

Scheme 12. The synthesis of precursor 42 which was undertaken on a large scale within a micro
reactor and used to further synthesise pristane 41.%

*These amounts were produced in single runs (times not given) and final products isolated by fractional distillation of
the pooled reaction streams.
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molecules labelled with either stable or unstable isotopes is undertaken, an in-
ternal reactor scale out would produce sufficient compound for the majority of
the applications introduced earlier (see Section 1.1.3). For example synthesis
with radioisotopes usually occurs on the ng scale whereas for metabolic studies
involving stable isotopes amounts in the order of mg are commonly required,
both necessitated by, and as a consequence of, the rarity and activity of the atoms

in question.

1.3 Isotope Labelling In Continuous Flow Reactors

1.3.1 Literature Examples

Although the field is in its infancy, recent years have seen a steady rise in the
number of papers published that employ continuous flow reactors as a tool with
which to undertake isotope labelling. Limited at first to a single patent applica-
tion® there is now a growing interest in the coalition of these two disciplines.
The following gives a brief review of successful isotope labelling that has been

undertaken within micro reactors and published to date.

Labelling with "C and ®F The first scientific paper that reported the synthesis
of isotopically labelled compounds within micro reactors was published by Lu

£.%% in 2004 and described the production of carboxylic esters which were

et a
radiolabelled with ''C and '8F within a glass T micro reactor. A number of
compounds were prepared from either iodo['!C]methane 45 or 2-['8F]fluoroethyl
4-methylbenzenesulfonate following reaction optimisation. An example of one of
the compounds that was labelled with ''C using the micro reactor system is the
compound 46, a potential brain imaging agent (Scheme 13). Following reaction
optimisation with unlabelled Mel 47 the system was operated at a flow rate of

1 pl min~! which produced the radiolabelled compound 46, in 65 % radiochemical
yield (RCY).

Synthesis of Radiotracers Micro reactor based labelling of a number of relevant

radiotracers has also been published recently by Gillies ez 2. Employing a
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N
11CH,1 45
BU4NOH /1lCH3

DMF RT

Scheme 13. The labelling of a PET brain imaging agent 46 with ''C as carried out within a micro
reactor. 38

multi layered polycarbonate micro reactor consisting of a mixing vortex chamber
and micro channels, the incorporation of radioisotopes 1241, ™T¢ and 8F into
a number of compounds, such as those illustrated in Figure 14, was successfully
demonstrated. The anti cancer drug analogue of doxorubicin 48 was radio
iodonated within the micro reactor with the isotope 24l by introduction of
the tin-butyl precursor with an oxidising agent, N-chlorosuccinimide, and the
labelling agent, ['*I]Nal. Analysis of the reaction mixture by radio TLC showed
that after 20s of mixing the product, 48, had formed and that after 60s the
labelling efhciency had reached 80 % which was comparable to the conventional

batch strategy but provided the potential for automation.

The metastable SPECT radioisotope ?*™Tc has been complexed with hydroxyl

H OH
HO >< OH
\ /
oép\ /PQO
q O

HO - 99’“Tc OH 49

124| O\\
48 = OH /A
oQP P¢o
\ NH, / \
HO OH
o) H OH

Figure 14. Two of the radiolabelled compounds that were prepared within micro reactors by
Gillies and co-workers. 870
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diphosphinate oxidronate 49 using the micro reactors with a RCY of ~ 85 % being
achieved at a residence time of 4s. Although this aqueous complexation reaction
occurs extremely rapidly by conventional methods, the ability to automate the

synthesis when dealing with radioisotopes is clearly an advantage.

Micro flow synthesis of ['®*FJFDG 1 was also undertaken according to Scheme 14,
this time using two identical micro reactors which were coupled together. Within
the first reactor initial fluorination of D-mannose triflate 50 occurred by the
concurrent introduction of pre-prepared [*8F]KF entrapped in K.2.2.2 51 whereby
the outlet was fed into the second reactor which allowed for deprotection via
hydrolysis to afford the final, radiolabelled ["*F]FDG 1. The RCY of the product
was 50 % and although unreacted intermediate 52 and [*®F]F~ remained in the

mixture, the on-chip reactions were completed within 4s to 6s.

Integrated Synthesis of ['®*F]FDG An automated PDMS micro flow reactor
operated under digital control containing integrated micro valves has also been
used to demonstrate the timely synthesis of [*F]JFDG 1.”" Normally such syn-
thesis, when undertaken with commercially available automated units takes up
to 50 min, but by applying the same synthetic route as is depicted in Scheme 14
to the developed system this was reduced to 14 min. The protocol for the micro

reactor synthesis followed 5 integrated steps:

1. Concentration of '8F using a micro sized ion exchange column.
2. Entrapment of ['®F]KF into K.2.2.2 51.

3. Solvent exchange; evaporation of water and replacement by MeCN, achieved

by heating the micro reactor device.

AcO AcO HO

AcO,, AcO,, HO,,
. 10 [8F]KF/K.2.2.2 51 £ o NaOMe .
—_—
KoCO3 / DMF MeOH
AcO OAc AcO OAc HO OH
50 52 1
oTf 18F 18F

Scheme 14. The route by which ['®F]JFDG 1 was synthesised within two microfluidic reactors. 5?7
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4. Fluorination of the b-mannose triflate 50 precursor.

5. Solvent exchange; MeCN evaporation through PDMS and replacement

with water.

6. Acid hydrolysis of the intermediate 52 to afford ['*F]FDG 1.

Clinical use of synthesised ["*F]JFDG 1 was then successfully demonstrated by
undertaking PET imaging of a tumour infected mouse. Although similar to
the microfluidic synthesis reported by Gillies e# 2/.%””° the developed reactors
integrated characteristics and the capability for solvent exchange and automation
provide several key advantages. Most importantly these include the reduction
in conventional (total) synthesis time and the cost saving that can be achieved
when using an integrated reaction system; Z.e. the cost is mostly associated with

design and development, rather than the reproduction of such systems.

Micro Reactor Labelling viaz ["C]CO Recently Miller et a/.”* reported the
use of a micro tube reactor packed with Pd-phosphine catalyst to bring about
the synthesis of amides with [**C]CO 53, thus providing a rapid route to the
introduction of this particular isotope into such compounds. Reagents were
introduced to the reactor through a mixing tee which was connected to a CO
mass flow controller and a syringe pump coupled to a substrate injector and
infused through the reaction column at a flow rate of 10 plmin™ for a period
of 12 min, before being flushed off at a flow rate of 200 plmin~". Yields that
were achieved during optimisation of the reactions (with non-radioactive CO)
were much higher when compared to their batch equivalents (23% to 72%
improvement). Following this, [*'C]CO 53 was produced with a cyclotron,
trapped in a stainless steel loop packed with molecular sieves and cooled using
liquid nitrogen. Subsequent warming and controlled infusion of nitrogen through
the loop then allowed the radiolabelled reactant 54 to be introduced into the
micro reactor system where the reaction between phenylmethanamine 55 and
four aryl halides was undertaken as illustrated in Scheme 15. Over two runs for
each compound the system showed reasonable reproducibility (> 22 % difference

between runs), good radiochemical purity and comparable RCY to the ‘cold’
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X
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55 Pd Phosphlne
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Scheme 15. A generalised scheme to illustrate the labelling of secondary amides via ''CO which
was successfully performed within individual micro tube reactors.”?

synthesis, all within one half life (20 min) of the [''C]CO 53 being released from

the trap.

1.3.2 Aims

As mentioned when the concept of PET was introduced (Section 1.1.3), and
exemplified by the work published within the field to date, continuous flow
synthetic methods are well suited to synthesis with radioisotopes, in particular
because of the small device dimensions which lead to easy shielding and potential
for the design of fully integrated reaction units, such as the one described in
Section 1.2.7. In contrast the work carried out herein is undertaken with stable
isotopes and although there is potential for the same reactions to be undertaken
with radiolabelled precursors the application of the methods that will be presented
lie directly within the realms of stable labelling applications. The overall aim
of this work was to investigate isotope substitution using various reactions as
models, and to transfer the procedures to micro reactors in a bid to improve the

overall reaction efficiency.
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CHAPTER 2

C—0O BoND FORMATION

2.1 Phenols and Carboxylic Acids

HEN examining the structure of phenol derivatives, such as those shown

; z in Figure 15, it is not difficult to see that their name stems from the char-
acteristic OH group bonded directly to a phenyl ring. Although these compounds
resemble alcohols, they should in fact be viewed very differently since they are at
least one million times more acidic. The proton belonging to the hydroxyl group
is able to dissociate more readily due to resonance stabilisation of the conjugate
anion, a mesomeric effect which leads to lower pK,, values when compared with
aliphatic alcohols.” In contrast, carboxylic acids are less dissociated in solution
since they hydrogen bond to one another, forming dimers. However, weakening
of the OH bond by the presence of the carbonyl group and corresponding stability
of the conjugate base, caused by resonance effects, ensures as the name suggests

that these compounds too are partially dissociated when in solution. *

The two classes of reactions that were carried out using phenolic substrates, with
the aim of introducing deuterium isotope labels into the corresponding products,
were acylations (Section 2.2) and methylations (Section 2.3). The former leads to
products which contain an ester functional group and the latter a methyl ether (if
performed on alcohols or phenols) or a methyl ester (if performed on a carboxylic

acid). These are important moieties, exemplified by their presence within many
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Figure 15. Examples of compounds containing phenol, ester and methyl ether functional groups.

natural products and pharmacologically relevant compounds with eugenol 56,

vanillin 57, cocaine 2 and raclopride 3 (Figure 15) being particular examples.

2.2 Acylation of Phenol Derivatives

The introduction of an acyl group into a compound results in esters which
are found in compounds ranging from polyesters to fats, oils, lipids (which
are important natural acids) and foodstuffs.”” They also find use as protecting

groups in organic synthesis’®

but more importantly for this project, they are
distinctive functional groups in a large number of pharmaceuticals. For example,
the common analgesic 2-acetyloxybenzoic acid (aspirin) contains an ester group
and the previously mentioned cocaine 2 (Figure 15) contains two different ester
groups. For this reason it is clear that the development of novel methods to
enable the efficient, controlled incorporation of isotopes into ester moieties, via

the reaction of phenol derivatives with isotopically substituted acyl groups, are

extremely useful techniques to establish.

Esterification reactions may be carried out viz a number of routes such as those

97

illustrated in Scheme 16. The well known Fischer esterification”” is an acid
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Scheme 16. Common methods by which esters may be synthesised. 95

catalysed reaction between an alcohol and carboxylic acid which involves heating
the reagents and pushing the equilibrium in favour of the product by using
one reagent in excess, generally the least expensive, or removing water under
Dean-Stark conditions.”® This particular approach is ideally avoided within the
realms of isotopic labelling, since it is desirable to achieve full label incorporation,
thus minimising costs of expensive labelled precursors. In addition, employing
stoichiometric quantities of reagents simplifies purification procedures. With
this in mind another possible route to ester formation is the reaction between an
alcohol or phenol derivative with an acid anhydride, however using this method
of synthesis one mole of carboxylic acid is generated for every mole of product
formed. For the purposes of this project, where introduction of a label through the
smaller, acyl portion of the molecule is desired, the resultant ‘isotopic waste’ that
would be generated using a (cheaper) symmetrical acid anhydride, is undesirable.
Another alternative is to react alcohol or phenol derivatives with acyl halides,
which may be formed from their corresponding carboxylic acids by treatment,
for example, with thionyl dichloride or trichlorophosphane.”” This method has
the advantage that it is possible to incorporate the complete molecule into the

final product and that acyl chlorides are highly reactive, increasing the rate by
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which reactions progress. Consequently it was decided to study the reaction of
five selected phenols, optimising the reaction conditions prior to isotope labelling
by the substitution of acetyl chloride 58 for its deuterated counterpart (D3)acetyl
chloride 59.

Many specific examples may be found within the literature that pertain to the
acylation of alcohols and phenols including catalysis by graphite bisulfate,'”’

101

the use of immobilised acids,'”" cobalt chloride,'** zeolites,'” potassium fluo-

04 106

ride on alumina,'” zinc oxide,'” ionic liquids,'”® organic bases such as /V,/V-
dimethylpyridin-4-amine (DMAP) 60" and other common inorganic bases such
as sodium hydroxide.'*® Whilst it is also possible for the reaction to proceed with-
out an added promoter at room temperature, especially in the absence of a solvent,
the rate is well known to be enhanced with an organic base, which helps decrease
the addition-elimination reaction time considerably.'”® Influenced by previously
published results'’” involving the reaction of phenol 61 and 4-nitrophenol 62
with acetyl chloride 58, in the presence of V,/N-diethylethanamine (EtzN) 63,
within a micro reactor under EOF control, this method was chosen as a starting
point for labelling investigations. However, in contrast to the previously reported
work, fluid infusion was controlled hydrodynamically which allows for greater
conservation of isotopically modified precursors and products, since there are

no open wells (as found within EOF based systems) which can lead to loss of

reagents through evaporation.
The Solubility of Ammonium Salts in Organic Solvents

As illustrated by the mechanism shown in Scheme 17, when the reaction of phenol

i) o
: )
cl )QK i

4\ */\
S e cl
H (‘)\/\H N (0] OY
61 64 OJ ‘ P 70 o
Base

Scheme 17. The mechanism of base action on the conversion of phenol 61 to phenyl acetate
70,108
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61 and acetyl chloride 58 is undertaken in the presence of a base it abstracts a
proton from the tetrahedral intermediate 64. In the case of nitrogen containing
organic bases, sequestering of the chloride ion also occurs and ammonium chloride
salts are formed. As the solubility of this by-product was envisaged to be a problem,
with respect to precipitation and consequent obstruction of flow within the micro

channels, a suitable solvent system was sought for the acetylation reactions.

Protic solvents are an unsuitable medium in which to undertake reactions with
acyl chlorides, since hydrolysis of such halogenated compounds in the presence of
water to their corresponding carboxylic acids, or reaction with other species such
as alcohols will occur. Since an aprotic solvent which avoided precipitation was
required, the ideal choice was one with a high dielectric constant (polarity). After
comparing the dielectric constants of a variety of solvents, summarised in Table
1, it can be seen that methylsulfinylmethane (DMSO, Entry 1) is the most polar.
However, in comparison to other solvents, its viscosity is high and due to the back
pressures generated when mobilising fluids hydrodynamically through micro
channels (see Section 1.2.5, it was discounted on practicality grounds. MeCN
(Entry 2), the next most polar solvent, was therefore selected as it is significantly

less viscous, allowing for ease of manipulation within micro channels.

Table 1. The boiling point, dielectric constant and viscosity of various aprotic solvents (at 20°C)
arranged in order of dielectric constant. '

Entry  Solvent Boiling Point (°C)  Dielectric Constant  Viscosity® (mPas)
1 DMSO 189.0 47.2b 2.20
2 MeCN 81.6 37.5 0.34 (25)
3 DMF 153.0 36.7 0.92
4 Acetone 56.1 20.7 (25) 0.30 (25)
5 Pyridine 115.3 12.3 (25) 0.95
6 DCM 39.8 9.1 0.45 (15)
7 THF 64.8 7.6 0.55
8 EtOAc 77.1 6.0 (25) 0.46
9 Ethoxyethane 34.4 4.4 0.24
10 Benzene 80.1 2.3 0.65
11 Hexane 68.7 1.9 0.31

2 'The numbers in parentheses indicate alternative temperatures (°C) at which readings were taken.
b The cited value originates from the 86™ edition (2005) of the CRC Handbook of Chemistry and Physics since the
value as it appears within the reference'” is misquoted as being 4.7.
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2.2.1 Initial Micro Reactor Set Up

All micro reactions reported herein were carried out using borosilicate glass micro
reactors, fabricated in-house by photolithographic and wet etching techniques as
described in Section 1.2.1.% The inherent dimensions and physical characteristics
of all devices referred to within the text are provided in Appendix A. Combining
standard HPLC fingertight fittings with 10.0cm of polyaryletheretherketone
(PEEK™) tubing (360 pm o.d., 150 um i.d.) allowed the inlets to be interfaced
with glass luer-lock syringes, which were driven by a syringe pump capable of
simultaneously delivering a maximum of three solutions. The product stream was
collected from the outlet, through a 5.0 cm length of PEEK™ tubing, into a small
vial containing 50 pl of water, in order to quench reactions and ensure the %
conversions reflected their occurrence within the micro reactor set up. Where two
reactors were used in series, connection of one reactor outlet to another reactor
inlet was achieved viz a 5.0 cm length of PEEK™ tubing, as shown in Figure 16.
Using such a modular approach is an effective way to optimise reactions when
working at the prototyping stage, since swapping of individual reactor units is a
facile procedure. After allowing sufficient time for the system to equilibrate at a

set flow rate, typically 10 min to 15 min at 1 plmin™", 10 pl of product solution was

Figure 16. A photograph of a typical micro reactor set up.
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collected and analysed viza HPLC. In order to determine accurate % conversions
an appropriate calibration using synthetically prepared standards or commercially
available chemicals was undertaken prior to the collection of data so that the

relative responses of the compounds under investigation could be normalised.

Previous calibrations" utilising the same syringe pump and controller indicated
that as the set flow rate was lowered, the actual (recorded) flow rate deviated
to a greater degree. For example at 20 plmin™' using a 1 ml syringe the RSD
was observed to be 0.89%, which rose to 8.10% at 1plmin~". Thus it may be
concluded that when operating at lower flow rates there is a greater influence on
the error of recorded conversions/yields arising from this inconsistency. However,
because the influence of infusion rate on results is reduced at lower flow rates
(i.e. because mixing is complete and only kinetic limitations of the reaction are
pertinent), the effect can be assumed as equally negligible (< 1% RSD) across
all flow rates that were employed herein and the influence on final results small.
The majority of error is thus introduced via the method of analysis which is in
accordance with RSD’s observed when calibrating instruments against synthetic

standards (generally 2% to 4 %).

2.2.2 Solvent Studies within Micro Reactors

Evaluation of the reaction of 4-nitrophenol 62 with acetyl chloride 58 in the
presence of Et;N 63 within a hydrodynamically controlled micro reactor system
was selected as the initial reaction to study as the colour change which accompa-
nied formation of the product 65 was helpful in allowing the reaction progress
to be visualised #7-situ. In accordance with the findings discussed earlier relating
to solubility of by products and from the aforementioned publication,'” MeCN
was used as the solvent for the investigation. As shown schematically in Figure
17, the first micro reactor (Tt = 20lpm X 75pm x 2.0cm; width x depth x
mixing channel length) combined the phenol derivative and Et;N 63, delivered
as 100 mM solutions from two 500 pl syringes. The outlet of the first reactor was
then connected to the inlet of a second reactor (T2 = 158 pm x 54 pm x 1.5 cm)

where acetyl chloride 58 was introduced as a 50 mM solution from a 1000 pl
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Phenol Derivative
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Figure 17. Schematic of the micro reactor set up T1-T2, used to investigate the reaction between
phenol derivatives and acetyl chloride 58 in the presence of Et;N 63 (note the differing syringe
sizes and reagent concentrations; the overall effect gives rise to stoichiometric quantities of reactants
when all syringes are driven at an equal flow rate).

syringe. It should be noted that the concentration of substrates delivered from
the first reactor equates to 1 equivalent (eq.) of acetyl chloride 58 solution as pre-
mixing the solutions would dilute them to 50 mM. Consequently this afforded
a final product stream, assuming 100 % reaction, of 25 mM for collection and

analysis.

Initial experiments into the acetylation of 4-nitrophenol 62 were undertaken
within micro reactor set up T1-T2 and excellent results (> 90.0 % conversion)
were obtained, however it was apparent that the stability of the reagents was
questionable, as gradually diminishing conversions were observed over the course
of a day’s experimentation. To confirm this observation, the system was run at
a flow rate of 5plmin~" which allowed for continual testing over a prolonged
period without necessitating the reloading of syringes. A sample was collected
from the flow stream every 15 min and analysed immediately over a period of
4.5hr. As can be seen from the data presented in Figure 18, during this time
there was a significant drop in conversion of 4-nitrophenol 62 to 4-nitrophenyl
acetate 65 when the reagents were prepared as solutions in MeCNj the cause of
which was attributed to the decomposition of acetyl chloride 58, owing to its
high reactivity. Selecting an alternative solvent in which to prepare the acetyl
chloride 58 solution (the 4-nitrophenol 62 and Et;N 63 still being dissolved
in MeCN), the experiment was then repeated and in the case of THE loss of

activity was not found to occur to such a degree. The overlaid plot (Figure 18)
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Figure 18. A time based study showing the effect of solvent composition on conversion when
acetylating 4-nitrophenol 62 in the micro reactor set up T1-T2.

shows a significant improvement in the stability of the system however, as can
be further seen, when reagents were prepared exclusively as solutions in THE,
fluctuating low conversions were recorded. In the latter case these inconsistencies
were caused by precipitation within the channel of the second micro reactor,
T2, of the reactions by-product, Et;sN-HCI 66. For this reason a mixed solvent
system was employed as the conversion of reactant to product, although showing
a very slight decrease of 1.4 % over the 4.5 hr period, remained consistently high

indicating its suitability for the reactions under study.

2.2.3 Further Reactions with V,N-Diethylethanamine

To expand the scope of the study the acetylation of five phenol derivatives was
investigated using the optimised solvent system and identical micro reactor set
up (T1-T2). In order to investigate reactivity as a function of flow rate phenol 61,
4-methoxyphenol 67, 4-methylphenol 68 and 4-phenoxyphenol 69 were also
chosen to undergo micro reaction optimisation. For example, methoxy groups
are electron donating and thus 4-methoxyphenol 67 was selected to undergo

investigation whilst in contrast 4-phenoxyphenol 69, which is a comparatively
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larger moiety, may be expected to diminish reactivity. In addition phenol 61
served as a good, general starting point when investigating reactions and the nitro
group is commonly used as a precursor to amines and is electron withdrawing
making 4-nitrophenol 62 an important derivative to evaluate. Using the pre-
determined optimal solvent conditions the synthesis of phenyl acetate 70, 4-
nitrophenyl acetate 65, 4-methoxyphenyl acetate 71, 4-methylphenyl acetate 72
and 4-phenoxyphenyl acetate 73 were studied, according to Scheme 18, in micro

reactor set up T1-T2, previously illustrated in Figure 17.

At each set flow rate, a total of 10 repeat measurements were made in order
to determine the reproducibility of the system. In all cases it was found to
be excellent (< 5.0% RSD) and, as would be expected, when the flow rate was
lowered the conversion of phenol derivatives to their corresponding phenyl acetate
derivatives improved (Figure 19). This observation correlates with an increase
in the residence time of reactants within the micro reactor, since they spend a
longer time in contact with one another prior to quenching. As can be further
seen, in comparison to the other phenol derivatives investigated, the reaction of
4-nitrophenol 62 was extremely fast and exhibited near quantitative conversion
to its corresponding acetate 65, regardless of the residence time (flow rate) of the
reagents within the micro reactor channels. This was surprising since estimates of
the Fourier numbers for acetic acid in EtOAc passing through the mixing channel
of micro reactor T2 and exit tubing indicate that complete mixing (Fo > 1) is
only achieved when the overall flow rate is 20 plmin™" which equates to a set

flow rate of 40 plmin~'. Based upon this estimation it may be assumed that

OH o
o)
X Et;N 63
. )K ENOS + EtsNH* CI
= cl o
R 58 R 66

R=H 61 R=H 70
R=CH50 67 R=CH,0 71
R=CH, 68 R=CH, 72
R=NO, 62 R=NO, 65
R=PhO 69 R=PhO 73

Scheme 18. The conversion of phenol derivatives to their corresponding phenyl acetate derivatives
in the presence of Et;N 63.
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Figure 19. Results obtained for the acetylation of 5 phenol derivatives in micro reactor set up
T1-T2 (n = 10).

at set flow rates lower than 10 plmin™" the reactions are limited kinetically and
extrapolation of the plot indicated that an extremely slow flow rate would produce
a more complete reaction (e.g. higher conversions) however, it is proposed that the
systems reproducibility at flow rates < 1ulmin™ would be questionable due to
perturbations caused by the mechanical nature of the pump and observations made
when conducting calibration studies. In addition, due to the low throughput that
would be achieved from such a system, i.e. 4.2 x 107> mghr™! for the synthesis
of phenyl (D3)acetate 74," an alternative approach was sought in order to ensure

suitable levels of productivity.

2.2.4 The Effect of Increasing Reactor Length

Lengthening the channels of micro reactors is an effective way to increase the
degree of reaction that occurs within them, since complete mixing of the substrates
occurs before the majority of a channel has been traversed and consequently
reactants remain in contact for greater periods of time at equivalent flow rates. For
this reason it was decided to substitute the reactors Tt and T2 for two serpentine

micro reactors of longer channel length; St = 150 pm X 50 pm x12.1cm and S2 =

*Throughput calculated assuming 100 % conversion of phenol 61 to phenyl (D;)acetate 74 at a set flow rate of 0.1 pl min—".
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176 um X 63 pm x 12.1cm. Using the new micro reactor set up S1-S2, depicted in
Figure 20, the experiments were repeated at the same flow rates to determine if

longer reaction channels offered any improvement in recorded conversions.

As Figure 21 illustrates, the results are similar to those obtained in shorter reactors
and there was in fact only an average improvement of 5.6 % conversion for the
phenol derivatives that had failed to react sufhciently within reactor set up T1-T2.
If the combined Fourier numbers at the fastest overall flow rate (40 ulmin™)
for the final stage reactor, S2, and exit tubing are evaluated (Fo = 1.0 for acetic
acid in EtOAc) it may be inferred that the modified micro reactor set up, S1-
S2, afforded complete mixing of the three reactants regardless of the flow rate
employed. Considering the comparative increase in post mixing (reaction) time
this set up affords, especially at slower flow rates, the improvement in conversions
that was noted is extremely low and indicated that an alternative route may
need to be contemplated in order to bring about the successful (high yielding)
acetylation of the majority of phenol derivatives. Once again, the one exception
was 4-nitrophenol 62 which reacted extremely well at all flow rates, as would
be expected when considering the previous results that were obtained using the

shorter micro reactor system.

To account for the different reactivity of 4-nitrophenol 62 in comparison to
the other derivatives it is proposed that due to resonance stabilisation of 4-
nitrophenolate 75, which is illustrated in Figure 22, a greater proportion of

the unbound anion exists in solution thus increasing its availability to react. This

Phenol Derivative

/—%
100 mM / MeCN

Flow
Stream
25mM

Acetyl Chloride 58
50mM / THF

Figure 20. The micro reactor set up S1-S2, used to increase the residence time of phenol derivatives
and acetyl chloride 58 in the presence of Et;N 63.
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Figure 21. Results of acetylating 5 phenols within micro reactor set up S1-S2 (z = 10).

effect may be noted with the naked eye by mixing a solution of 4-nitrophenol 62
with a base such as EtsN 63 and noting the distinct vivid yellow colour change

that accompanies formation of the anion.

56: Cb’:

2 J
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N._..O 0.3 N_..0
:07@ >0 HOMICHN oS

Figure 22. The resonance structure of 4-nitrophenolate 75.

2.2.5 Acetylation in the Presence of DMAP

A natural solution to the requisite of increased residence times would have been
to further lengthen the two reactors and continue experimentation in a likewise
manner. There are however practical problems with this approach, such as in-
creased back pressures, which can compromise the system integrity. Additionally,
considering the small improvement in conversions observed when lengthening

the micro reactors (Figure 19 ¢f. Figure 21) it seemed as though the Et;N 63 was
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simply not basic enough to afford full reaction of all the phenol derivatives. In
consideration of these points the use of DMAP 60, which is well documented as

107,112-114 &

an acylation catalyst, in conjunction with Et;N 63 was investigated.

Batch Reactions with DMAP

In order to evaluate any enhancement to the acetylation of phenol 61 in the
presence of DMAP 60 small scale batch reactions using MeCN as the solvent
were undertaken in the following way. To a small vial containing MeCN (0.5 ml)
phenol 61 (50pl, 100mM, 5.0 x 107> mmol) was added with an appropriate
amount of EtzN 63 base and DMAP 60 catalyst, as indicated in Table 2, followed
immediately by acetyl chloride 58 (50pl, 100mM, 5.0 x 107> mmol)*. The
mixture was subsequently mixed on a carousel for 5 min and then analysed via
HPLC method A, the results of which are shown in Table 2. As can be seen
the addition of a stoichiometric amount of DMAP 60 to the reaction (Entry
6) in the absence of Et;N 63 did not show any significant sign of improving
previous conversions. However, even a catalytic amount of DMAP 60 (0.1eq.)
in the presence of a stoichiometric quantity of Et;N 63 (Entry 5) affected the
acetylation reaction considerably when compared to the reaction being conducted
in its absence (Entry 2). Increasing the amount of DMAP 60 to a stoichiometric
quantity did not appear to further enhance the conversions (Entry 8) and as such
further investigations were conducted using 0.1eq. of DMAP 60.

Table 2. Experimental results obtained when testing the catalytic activity of DMAP 60 in the
acetylation of phenol 61.

Entry DMAP 60 (1073 mol) Et;N 63 (1072 mol) Conversion (%)
1 0.0 0.5 2.8
2 0.0 5.0 72.8
3 0.5 0.0 1.2
4 0.5 0.5 3.1
5 0.5 5.0 91.8
6 5.0 0.0 3.0
7 5.0 0.5 47.8
8 5.0 5.0 91.8

*Acetyl chloride 58 was prepared as a solution in THF to avoid degradation.
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Micro Reactions with Catalytic DMAP

Following these results, the reaction was transferred to micro reactors for further
experimentation and, having seen earlier that longer micro reactor channels were
beneficial to the reaction with respect to mixing time, the micro reactor set up
S1-S2 (Figure 20) was once again employed. A catalytic (10 mM) amount of
DMAP 60 was added to the solution containing Et;N 63 with all other reagents,
solvents and concentrations remaining the same. The micro reactor set up was
then run at a variety of set flow rates in order to determine the usefulness of

DMAP 60 during the reaction of phenol 61 to phenyl acetate 70.

As Table 3 illustrates, successful acetylations were achieved at the lowest set flow
rate lplmin~! (Entry 5) whereby enhanced conversions to those demonstrated
in the absence of DMAP 60 were attained. Although this result was within
the range that was desired (> 90.0% conversion), the problem once again of
a low throughput meant there remained no practical way to demonstrate the
applicability of isotope labelling within a single micro reactor system. Scaling
out would alleviate this problem, the requirement for larger volumes of solutions
would, beyond a certain point, be a hindrance as production synthesis with
isotopes is normally undertaken with small amounts of precursors. Due to the
potential problems discussed previously, of high back pressure (upon increasing
channel lengths) and precipitations (upon increasing reagent concentrations),
evaluation of alternative organic bases was undertaken to determine if further
improvements were possible.

Table 3. Experimental results obtained when testing the catalytic activity of DMAP 60 at a variety
of flow rates in micro reactor set up S1-S2.

Entry Set Flow Rate (plmin~") Average Conversion® (%) RSD® (%)
1 20 52.7 (37.0) 451
2 10 77.0 (55.7) 3.79
3 5 80.4 (65.6) 3.95
4 2 84.0 (77.8) 2.22
5 1 92.0 (84.0) 1.61
2 Numbers in parenthesis represent the conversions obtained within the same micro reactor set up without the addition
. of DMAP 60 catalyst.
n =10.
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2.2.6 Effectiveness of Organic Bases in Acetylation Reactions

In order to compare the suitability of ten alternative organic bases in assisting the
acetylation reactions phenol 61 was chosen as a model for the study since previous
experiments had identified that its reactivity lies between the other derivatives
under investigation. A small scale batch study was again undertaken by dissolving
an appropriate base (0.5 mmol) in 0.5 ml of 1M phenol 61 solution (0.5 mmol
in MeCN) and agitating the mixture by revolution on an automatic carousel for
Lhr, after which time acetyl chloride 58 (36 pl, 0.5 mmol) was added to afford
the corresponding product 70. Following a further 1hr mixing the mixture was
quenched with water (0.5 ml) and analysed by HPLC; the results obtained are

summarised in Table 4.

It may be inferred that no base managed to fully assist in the transformation of phe-
nol 61 to phenyl acetate 70, since none of the reactions were found to reach quan-
titative limits. From the data collected it can be seen that NV-methylpyrrolidone
(NMP) 76 (Entry 5) and 2,2,6,6-tetramethylpiperidine 77 (Entry 11) showed
the most promising results (81.3 % and 88.6 % conversion respectively) however,
in comparison to EtzN 63 which promoted conversion to 87.0 % itself (Entry 8)
the improvement that would be gained here was not deemed worthy of further
investigation. Due to the relatively high cost of stronger organic bases, such as

15 the use of inorganic bases was investigated instead.

phosphazenes,

2.2.7 Inorganic Bases

Acyl halides may also be reacted with alcohols or phenol derivatives in the presence
of a strong inorganic base, such as sodium hydride 78 or BuLi 79, which are
employed to achieve activation of the nucleophile. Upon reaction with an acyl
halide, inorganic salts are produced which, in a micro reactor environment, can
readily block the small channels. With this in mind feasibility studies were
performed on the reaction between commercially available sodium phenoxide
80 and acetyl chloride 58 within micro reactor T2. Since the by-product of

the reaction, NaCl 81, does not exhibit high solubility in organic solvents both
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Table 4. Comparison of the effectiveness of various organic bases in aiding the synthesis of phenyl
acetate 70 in batch at 100 mM in MeCN.

Entry Base Structure Conversion (%)

1 1,4-Diazabicyclo[2.2.2]octane @N 66.22

N
2 213)4;6y7)859310— - 76 8
Octahydropyrimido[1,2-4]azepine N '

oz
3 2,6-Dimethylpyridine - | 76.0%
N
hyl-1,3,4,6 hexahyd N ’L
1-Methyl-1,3,4,6,7,8-hexahydro-2 H -
4 pyrimido[l,2-4]pyrimidine ON/\J 69.5
5 1-Methylpiperidine 76 < N— 81.3
2\
6 Pyridine | 60.0
NS
N N
7 1,3,.4,6.,7,8—Hexahy.drc.)—%H— \W/ 68.9
pyrimido[l,2-4]pyrimidine N
8 Et;N 63 ,\> 87.0*
/N
N,N,N,N’-T¢ hyleth 1,2 \N
N, N, N’-Tetramethylethane-1,2- / .
9 diamine / KN\ 65.7
-
10 N,N,N’,N’-Tetramethylguanidine - T ~ 57.1
NH

11 2,2,6,6-Tetramethylpiperidine 77 %jv 88.6%
H

2 Precipitation formed upon addition of acetyl chloride 58.

reagents were prepared as dilute (2mM) solutions in MeCN and infused through
the micro reactor at a flow rate of 5plmin~". As the optical microscope image

(Figure 23) clearly shows, a dark area of precipitate following a characteristic
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Figure 23. Optical microscope image of NaCl 81 precipitation within the central channel of
micro reactor T2.

diffusion profile developed along one side of the reaction channel. This solid was
attributed to the formation of NaCl 81 which exhibited extremely low solubility
in a variety of organic solvents that were tested (see Table 5). As a result of
this unavoidable precipitation, the micro channels were rapidly blocked and
flow through the system was compromised. As it is also possible to react the
corresponding lithium aryloxides with acyl chlorides to afford the desired phenyl
acetate derivatives the feasibility of taking such an approach was therefore explored

by testing the solubility of LiCl 82 in a variety of organic solvents.
Sodium and Lithium Chloride Solubility in Organic Solvents

Although literature is available pertaining to the solubility of LiCl 82 in organic
solvents for the purposes of this project a comparison to the solubility of NaCl
81 was required and therefore carried out experimentally as follows. A saturated
solution of metal chloride was prepared in the appropriate solvent by sonicat-
ing an excess of the salt for a period of 30 min. The solution was then filtered
and 10.0 ml aliquots were concentrated 7z-vacuo and the inorganic residue subse-
quently weighed. As can be seen from Table 5 the results were rather pleasing
since in all solvents LiCl 82 was found to be significantly more soluble when

compared to its sodium counterpart. As THF was the most capable at dissolving
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Table 5. Solubility of NaCl 81 and LiCl 82 within a variety of solvents at 21.5°C.

NaCl 81 LiCl 82
Entry Solvent
Weight® (mg) Conc. (mM) Weight* (mg) Conc. (mM)
1 Acetone 4.5 7.8 115.6 272.6
2 EtOAc 5.6 9.6 16.0 37.8
3 MeCN 1.8 3.1 17.3 40.8
4 THF 22.7 38.8 670.0 1580.2

* Weights reported as averages calculated from 5 repeat measurements of 10.0 ml aliquots.

LiCl 82 (Entry 4) and is also a common solvent to be used when carrying out
lithiation reactions, it was subsequently selected for experimentation within micro

reactor systems .

2.2.8 Acetylation of Lithium Aryloxides

Having found the solubility of LiCl 82 to be at its best in THF the reaction of
lithium phenoxide 83 with acetyl chloride 58 was then attempted in the micro
reactor set up S1-S2 (Figure 20). Lithium butane (BuLi) 79 (100 mM, THF) was
substituted for Et;N 63 with all other reagents and concentrations remaining the
same, resulting once again in a final concentration of 25 mM. Initially the system
seemed to indicate a good degree of reaction occurring (> 90.0%), although
there appeared to be inconsistencies in the amount of product delivered within
a set time period indicated by large differences in peak areas of the resultant
chromatograms. As Figure 24 illustrates, upon examination of the intersection

of micro reactor channel S1 with an optical microscope, precipitation at the

Figure 24. Precipitation observed at the interface of micro reactor channel St when phenol 61
and BuLi 79 were reacted in THF (left) and hexane (right).
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channel interface could be clearly seen. Considering that lithium phenoxide 83
may be purchased as a 1M solution in THF and that localised concentration
within the micro reactor channel would be, at most, 100 mM this precipitate
was attributed to other aggregates that could be forming as by-products, perhaps
through reaction with the solvent, as occurs with the more reactive secondary or
tertiary derivatives. Repeating the reaction with BuLi 79 solution prepared in
hexane was found to increase the severity of the problem, due to the corresponding

decrease in polarity between the two solvents and solubility of LiCl 82.

Due to the problems encountered with the 7z-situ generation of lithium arylox-
ides the micro reactor system was simplified and lithium aryloxides were instead
prepared ‘off-chip’. One advantage to this approach is that since the lithiated pre-
cursors are prepared off-line, synthetic protocols may be established independently
of the system that will carry out the isotope labelling. For example, a particular
functional group may be pre-protected and undergo rapid on line deprotection

post labelling, producing the target molecule in an expedient manner.

It was found that the most eflicient way to obtain the lithium aryloxides was as
ready to use solutions (100 mM), prepared by combining an appropriate amount
of phenol derivative and BuLi 79 in THF as described in Section 6.4. To afford
a greater amount of time for reaction, post mixing, a longer serpentine micro

reactor (83 = 170 pm x 60 pm x 23.6 cm, Figure 25) was commissioned (£o = 0.9

20 pl min™

f—%
100 mM / THF

Quench e}
o) (H,0) g
)J\SS I.| ==
Cl
R=H 83 R=H 70
R=CH;0 85 R=CH;0 71
R=CH; 86 R=CH; 72
R=PhO 87 R=PhO 73

Figure 25. The micro reactor set up used to synthesise phenyl acetate derivatives from their
corresponding lithium aryloxides.
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for acetic acid in EtOAc at 40 plmin™"). Introducing these solutions without
further purification, to one inlet of S3 and a solution of acetyl chloride 58 in THF
(100mM) to the other inlet the reaction of lithium phenoxide 83, lithium 4-
nitrophenoxide 84, lithium 4-methoxyphenoxide 85, lithium 4-methylphenoxide
86 and lithium 4-phenoxyphenoxide 87 to afford esters 70, 65 and 71-73

respectively was brought about as illustrated in Figure 25.

It was pleasing to observe, as Table 6 shows, that when the syringe pump was
set at the highest flow rate of 20 plmin™" the conversions achieved were high
in the majority of cases. The one exception was found to be the lithium salt of

4-nitrophenol 62 (Entry 4) which exhibited comparatively lower conversions.

Table 6. Conversions achieved when acetylating a variety of pre-formed lithium aryloxides within
the serpentine micro reactor S3.

Entry Product Average Conversion (%) RSD? (%)
1 Phenyl acetate 70 94.7 0.92
2 4-Methoxyphenyl acetate 71 96.3 1.33
3 4-Methylphenyl acetate 72 98.0 1.21
4 4-Nitrophenyl acetate 65 68.0 11.96
5 4-Phenoxyphenyl acetate 73 96.3 3.63
T n=10.

2.2.9 The Benzoylation of Phenol Derivatives

To expand the utility of the successful methodology it was decided to investigate
the effect of replacing acetyl chloride 58 with benzoyl chloride 34. To achieve
this, the reaction between lithium phenoxide 83 and benzoyl chloride 34, to

afford phenyl benzoate 88, was initially investigated, according to Scheme 19,

OR? o) Ph
L — | i

R!=H, R?=Li 83 R1=H 88
R!=CH,0, R?=Li 85 R1=CH,0 89
R=CH,, R®=Li 86 R1=CH, 90
RI=NO,, R2=H 62 R=NO, 92
R!=PhO, R2=Li 87 R!=PhO 91

Scheme 19. Benozoylation of phenol derivatives performed in micro reactors.
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employing micro reactor S3.

I and

Under the previously optimised conditions (set flow rate of 20 ulmin~
reagent concentration of 100 mM) it was found that conversion to the product
88, was not as high as achieved when acetylating phenol 61 (49.2% cf- 94.7 %),
possibly due to the increased mixing and lower reaction time that would be caused
by the larger benzoyl moiety. To account for this, the flow rate was subsequently
lowered and, as can be seen from Table 7, there was no greatly significant effect on
the conversion to phenyl benzoate 88; surprisingly the best results were observed

at a flow rate of 5plmin~".

To determine if other derivatives showed a similar reduction in conversions, the
same set up was employed to benzoylate lithium aryloxides 85—87 to afford 4-
methoxyphenyl benzoate 89, 4-methylphenyl benzoate 90 and 4-phenoxyphenyl
benzoate 91 respectively, according to Scheme 19. Although the optimal flow
rate for the synthesis of phenyl benzoate 88 was found to be 5 plmin™" this was
seen as an anomaly and experimentation was undertaken at the lowest flow rate,

!, as it was envisaged this would facilitate the maximum conversions

lplmin~
in the other cases. Subsequently, when the benzoylation of the aforementioned
lithium aryloxides was attempted under these conditions it was found that con-
versions were once again low, as indicated by the data presented in Table 8. As
the nucleophile in these cases is the phenolate anion, which remains the same
regardless of the type of acylation being conducted (i.e. acetylations or benzoyla-
tions), it may be concluded that the lower reactivity observed when attempting

benzoylation reactions stems directly from the presence of the phenyl ring on the

acyl chloride. Because formation of the tetrahedral intermediate occurs through

Table 7. The effect of varying flow rate on the conversion of lithium phenoxide 83 to phenyl
benzoate 88 within micro reactor S3.

Set Flow Rate (ulmin~") Average Conversion (%) RSD? (%)
20 49.2 8.86
10 62.8 6.23
5 73.7 7.57
2 64.5 6.60
1 63.1 8.22
*n=10
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Table 8. The results obtained when benzoylating phenol derivatives within micro reactor set up

S3 at a set flow rate of 1pulmin~".

Entry Product Conversion (%) RSD? (%)
1 Phenyl benzoate 88° 73.7 7.57
2 4-Methoxyphenyl benzoate 89 53.2 10.59
3 4-Methylphenyl benzoate 90 28.6 42.29
4 4-Nitrophenyl benzoate® 92 81.4 23.83
5 4-Phenoxyphenyl benzoate 91 19.2 34.18

2 n=10.

b Result obtained at the optimal set flow rate of 5 plmin~".

¢ Benzoylation of 4-nitrophenol 62 was carried out in the presence of Et;N 63 using micro reactor set up S1-S2 at a

set flow rate of 20 plmin 1.

attack of the nucleophile at the Biirgi-Dunitz angle,"'® 107 ° from the C=O bond,
its approach will be sterically hindered by the larger phenyl ring when compared
to the methyl group that is present on the acetyl derivative. Furthermore, the
tetrahedral intermediate is stablised by the presence of the adjoining phenyl
moiety which means that its collapse to form the product is slowed. It may
therefore be postulated that a combination of these effects greatly reduces the

rate of reaction and leads to the lower conversions that were observed.

As was undertaken for the acetylation of 4-nitrophenol 62, the reaction with
benzoyl chloride 34 to afford 4-nitrophenyl benzoate 92 was then investigated
using the organic base Et3N 63 under the same conditions. Knowing that the
reaction would be slower than the corresponding acetylation it was immediately
attempted in the longer micro reactor set up S1-S2 at the lowest set flow rate
of 1ulmin™. As can be seen from the results summarised in Table 8 (Entry 4)
the results were in close agreement with those obtained when reacting lithium
aryloxides, giving an overall conversion of 81.4 % and confirming that the presence
of the phenyl group limits the potential for successful benzoylation reactions

within the micro reactor set ups described herein.

It is suggested that in order to successfully synthesise benzoylated products within
micro reactors that a longer reactor may be beneficial. In addition raising the
kinetics through heating the system may also produce higher conversions after
equivalent residence times. Failing this, the suggested route would be to employ

a better leaving group, such as bromine or iodine.
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2.2.10 Summary of Acylation Reactions

After initially performing acetylation reactions in the presence of organic bases, it
was encouraging to find a method that afforded high conversions. Although the
4-nitrophenol 62 derivative did not acetylate efficiently when attempting to react
the corresponding lithium phenoxide, it exhibited behaviour that was opposite
in nature to that of the other derivatives when employing an organic base, an
observation that is attributed to its inherent mesomeric effects. Altering the acyl
substrate by substituting acetyl chloride 58 for benzoyl chloride 34 also showed
promising results, although slower flow rates, necessitated by the lower reactivity

of the compound, were required.

2.2.11 Flow Synthesis of Deuterium Substituted Phenyl Acetate

Derivatives

As high conversions had been achieved for all acetylations, the micro reactions
of lithium aryloxides 83, 85—87 and 4-nitrophenol 62 combined with Et;N
63, were thus repeated using (Dj)acetyl chloride 59 in place of its isotopi-
cally unmodified counterpart 58 to afford deuterium substituted esters phenyl
(D3)acetate 74, 4-methoxyphenyl (D3)acetate 93, 4-methylphenyl (D3)acetate
94, 4-phenoxyphenyl (Dj)acetate 95 and 4-nitrophenyl (D3)acetate 96 respec-
tively, as illustrated by Scheme 20. Although the kinetic isotope effect is at its
greatest in the case of hydrogen isotopes, it was expected that labelling reactions

would exhibit the same high conversions under equivalent (optimised) conditions,

2
OOR [ Y
+ )J\
o)
oL = SR oL

R!=H, R?=Li 83 RI=NO, 96
R!=CH,0, R*=Li 85 Ri=H 74
RY=CH,, R>=Li 86 RI=CH,0 93
R!=NO,, R?=H 62 R'=CH, 94
R'=PhOQ, R?=Li 87 R'=PhO 95

Scheme 20. Scheme illustrating the introduction of deuterium isotope labels into a library of
phenyl acetate derivatives.
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since the substituted label does not play a key role in the reaction.

Using the optimised micro reactor set ups, either S1-S2 (for 4-nitrophenol 62)
or S3 (for the remaining phenol derivatives), 10 runs for each compound were
performed in order to monitor the success of the isotope labelling. The data given
in Table 9 illustrates the results of these experiments whereby the conversions
and reproducibility achieved compared excellently to those obtained when using

acetyl chloride 58.

Due to this success, attention was focused on proving the successful incorporation
of deuterium isotope labels. In order to produce enough labelled product for
full characterisation, reactions were run for sufficient time (2.0 hr to ~ 5.0hr)
to collect 50 mg of product, after which a conventional aqueous work-up to
remove residual phenol derivative, EtsN-HCI 66 or inorganic salts was undertaken.
Table 10 shows that following a work-up, isolated yields compared excellently to
optimised conversions when employing both labelled and unlabelled reagents.
The level of throughput achieved for the synthesis of each deuterium substituted
phenyl acetate derivative was also high (> 10.2mghr™") and in all cases analysis
of isolated products by CHN, IR, NMR and MS confirmed that the isotope label

had been successfully incorporated.

Table 9. Conversions achieved when introducing deuterium isotope labels into a small library of
phenyl acetate derivatives using micro reactor S3.

Entry Product Conversion®* (%) RSDP (%)
1 Phenyl (Dj)acetate 74 92.8 (94.7) 0.57
2 4-Methoxyphenyl (D3)acetate 93 94.7 (96.3) 2.57
3 4-Methylphenyl (Dj)acetate 94 95.3 (98.0) 2.33
4 4-Nitrophenyl (D3)acetate 96° 99.2 (99.6) 0.53
5 4-Phenoxyphenyl (Dj)acetate 95 94.6 (96.3) 3.27

2 Numbers in parentheses represent the % conversions obtained when undertaking reactions with the unlabelled
derivative, acetyl chloride 58.

b 7 =10.

¢ Acetylation was carried out in micro reactor set up S1-S2 using Et;N 63 as a base.

2.2.12 Analytical Considerations

Incorporation of the isotope label into the molecule was confirmed using a variety

of analytical techniques including NMR spectroscopy, MS and IR spectroscopy,
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Table 10. Results obtained for the analytical preparation of deuterium labelled phenyl acetate

derivatives in micro reactors at a set flow rate of 20 pl min~".

Reactor  Residence  Throughput — Conversion®  Yield®
Set Up Time (s) (mghr=1) (%) (%)

O.__CDj3
©/ bl S3 4.6 15.5 97.8 (94.7) 93
O 74

O. _CDj
/©/ \H/ S3 4.6 19.2 96.9 (96.3) 95
~o O o3

Product

O. _CDs
N
| hig S3 4.6 17.1 96.1 (98.0) 93
= O o4
(0] CD3
AN
\ b SI-S2 12.0 10.2 95.0 (99.6) 9)¢

/
O. _CDs
Jij hil S3 46 26.6 98.0 (96.3) 96
PhO O 95

2 Number in parentheses represents the % conversion under optimal conditions using acetyl chloride 58.
b Tsolated Yield.
¢ Acetylation of 4-nitrophenol 62 was carried out using Et;N 63 as a base.

with CHN combustion analysis providing an excellent indication of purity. Care
had to be taken when calculating expected values, since the instrument in use did
not detect deuterium directly, but rather measured it as hydrogen. Consequently

a treatise on the method used to calculate these values is given in Appendix B.

Examination of the '>C-NMR spectra in all cases showed splitting of the CD;
signal into a septet (/ = 20.0 Hz), which relates to the three deuterium atoms
attached to the carbon that is being probed. Since '*C-NMR are only proton
decoupled the 27/ + 1 rule (Equation 20) gives rise to the observed splitting, as
explained previously in Section 1.1.6. In addition, upon examining the 'H-NMR
spectra there is an absence in each case of the singlet, attributed to the CH; group
that was present in the un-deuterated counterpart. Another form of confirmation

was also provided by the mass spectra, which in all cases exhibited the expected
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parent ion peaks at a mass of 3 Da greater than the un-deuterated compounds.

2.3 Methylation of Phenol Derivatives

Many different routes exist to the synthesis of alkylated phenol derivatives, such
as those illustrated in Table 11, however they all suffer from certain drawbacks
when approached from the point of isotopic modification, where conservation of
the label is the most important consideration. For example the use of KF—Al,O;
produces excellent results'” (Entry 2) but an excess of iodomethane (Mel) 47 is
required and the KF supported on alumina 97 does not act as a true catalyst,'*
being consumed it is thus not applicable to a continuous flow process. In another
example, the use of metal carbonates such as Li,CO3 or K,COj3 98 in acetone'*
is not transferable to micro reactors due to their low solubility in organic solvents,
meaning flow-ready solutions are impossible to obtain. Although methods that
make use of bases such as KOH 99" or NaOH 100'*° in DMSO (Entries 5 and
6 respectively) produce high yields, they also suffer from similar solubility prob-
lems. Taking these points into consideration experiments were undertaken using
pre-formed lithium phenoxide 83, as success with this method was previously

demonstrated when carrying out the acylation of phenol derivatives (Section

2.2.8).

Table 11. Reported methods found to enhance the reaction of phenol 61 with Mel 47 at room
temperature.

\ OH (0] \
Base
’ Mel 47 Solvent
= 61 101
Entry Base Solvent Mel 47 (eq.) Time (hr) Yield (%) Ref.
1 CsF—Al,O5 DMF 2.0 1.0 100 117
2 KF—Al,O5 DMF 2.0 1.0 100 117
3 Cs,CO4 MeCN 5.0 5.0 39 118
4 K,CO; 98* MeCN 5.0 5.0 13 118
5 KOH 99° DMSO 2.0 5.0 83 119
6 NaOH 100 DMSO 2.0 0.5 90 120
7 Bu/N*F~ 116 MeCN 1.0 0.5 98 117
8 EegNF~ DMEF 1.0 24.0 70 121

2 Reaction carried out under reflux conditions.
b Reaction carried out at 19°C.
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2.3.1 Preliminary Methylation Studies

Since use of THF as the solvent had proved successful to carry out acetylations a
batch reaction between phenol 61, BuLi 79 and Mel 47 to form methoxybenzene
101 was, at first, undertaken in the same way. It was found that conversions
reached, at best, ~ 50.0 % and efforts to improve this result by varying concen-
trations and temperature were not forthcoming, so it was decided to alter the
conditions by undertaking a solvent study. Due to the reactivity of BuLi 79 the
solvents with which it may be used (to carry out a synthesis) are limited, conse-
quently it was necessary to isolate lithium phenoxide 83 in order to undertake
these experiments. This was achieved by the treatment of phenol 61 in THF
(—78°C) with an equimolar amount of BuLi 79, followed by distillation of the
solvent. Attempting a solvent exchange in this way proved problematic due to a
number of obstacles which hindered the success of isolating lithium phenoxide

83 in suitable purity, these included:

* Heating of the reaction flask to drive off the solvent in-vacuo appeared to

affect the purity of the product (discolouration was apparent).

* 'The properties of the compound itself were those of a semi solid, this waxy
substance was difficult to work with when, for example, attempting to weigh

it out.

* The compound was extremely air sensitive, fouling rapidly in air.

With these points in mind it was decided to investigate the corresponding sodium
aryloxides to undertake methylation reactions. Although the by-product of the
reaction with Mel 47 in this case is Nal, it seemed reasonable to assume that
its high solubility in various solvents (Table 12) would not lead to any problems

with regards to precipitation and blockage.

The in-situ generation of sodium phenoxide is possible within micro reactors if
NaH 78 is employed to effect the deprotonation of phenol derivatives, however,

due to the low solubility of NaH 78 in organic solvents the addition of crown
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Table 12. Solubility of Nal and NaCl 81 in selected solvents at 25°C.'»

Solvent Solubility per 100g of solvent (g)
Nal NaCl 81
Water 184.0 3.6 x 10!
MeCN 24.9 3.0 x 107
Acetone 28.0 4.2 x107°
DMF 3.7-6.4 4.0 x 1072

ethers is necessary in order to obtain a homogeneous reaction mixture, suitable for
use in a flow reaction.!>* This approach would ultimately necessitate additional
clean up of the flow stream which would adversely effect the speed of synthesis.
Since the final purity of mixtures was considered to be an important issue, the

use of pre-formed sodium aryloxides proved desirable.

A successful protocol for the synthesis and subsequent purification of sodium ary-
loxides was developed, based upon the polarity of the formed salts within DCM.
Upon treating a solution of each phenol derivative, 61, 62, 67-69, in DCM with
NaH 78 the respective products, sodium phenoxide 80, sodium 4-nitrophenoxide
102, sodium 4-methoxyphenoxide 103, sodium 4-methylphenoxide 104 and
sodium 4-phenoxyphenoxide 105 exhibited no solubility and consequently pre-
cipitated as finely divided solids from solution. Thus it was possible to separate
the resultant sodium aryloxides from any unreacted phenol derivatives by a simple
process of filtration, washing and vacuum drying.” The compounds obtained
using this procedure proved to be significantly easier to work with when compared
to their lithiated equivalents, attributed to the difference in characteristics of the

solid and reduced hygroscopic nature of the alkali counter-ion.

2.3.2 Solvent Studies in Batch

Although the overall aim was to introduce deuterium labels into the same five
phenol derivatives, via (D3)Mel 106 (Scheme 21) using micro reactors, batch
syntheses indicated that certain solvents would impede the reaction rate, so an

investigation was undertaken.

*The same procedure was attempted to synthesise lithium phenoxide 83, from phenol 61 and BuLi 79, but the resultant
slurry was so fine that filtration proved impossible.

81



2.3 METHYLATION OF PHENOL DERIVATIVES

OH O Na*t (@]
\
\ NaH 78 \ Mel 47 \
DMF
R R R

R=H 61 R=H 80 R=H 101
R=CH;0 67 R=CH,0 103 R=CH,0 109
R=CH, 68 R=CH, 104 R=CH, 110
R=NO, 62 R=NO, 102 R=NO, 108
R=PhO 69 R=PhO 105 R=PhO 111

Scheme 21. Scheme illustrating the conversion of phenol derivatives viz sodium aryloxides to
their corresponding methoxybenzene products.

The reaction of sodium phenoxide 80 with Mel 47 was initially studied under
batch conditions to determine a suitable solvent with which to undertake micro
reaction optimisation. Several solvents were thus selected based on their dielectric
constant (Table 1), since formation of Nal as a by-product of the reaction could
potentially block the reactor channels. The reactions were carried out in DME
MeCN and THEF as described. Sodium phenoxide 80 (117.1mg, 1.0 mmol) was
dissolved in the solvent (DME MeCN or THF) under investigation (150.0 ml)
and then Mel 47 (69 pl, 1.1 mmol) was added. At this point timing was initiated
and in those cases where heating was performed, the mixture was brought to
reflux. At the indicated time periods samples were collected from the reaction

mixture and analysed immediately using HPLC method A.

As can be seen from the experimental data presented in Figure 26, THF was
deemed the most unsuitable solvent in which to undertake the methylation
reaction. Although the reaction fared well when refluxed in MeCN the best
performing solvent was DMF which significantly increased the rate of reaction,
even in the absence of heat. Based on this observation DMF was subsequently

selected for micro reactor based experimental optimisation.

2.3.3 Micro Scale Optimisation of Methylation Reactions

As observed when acylating phenol derivatives, conversions were often improved
when low flow rates were employed so a new micro rector was commissioned to
allow for the residence time of any set up to be easily increased. This residence

time unit, denoted herein as R,U, consisted of one inlet and a long serpentine
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Figure 26. Effect of reaction solvent and temperature on the conversion of sodium phenoxide 80
to methoxybenzene 101 conducted in batch.

channel leading to an outlet (R;U = 195 pm x 73 pm x 45.1c¢m), so that it could
be attached to any micro reactor in series. It should be noted that the reactor was
etched to afford larger channels that would alleviate the increase in back pressure

associated with its integration.

Having determined a suitable solvent in which to conduct methylations, the
reaction of sodium phenoxide 80 and Mel 47 (as 100 mM solutions in DMEF),
to afford methoxybenzene 101 (Scheme 21), was studied in order to evaluate the
dependence of conversions on residence time using a number of different micro

reactor set ups, 12, S3 and T1-R,U (Figure 27). HPLC analysis of the micro

NaOPh derivative

—_— T1 RTU
100 mM / DMF

Flow
Stream
50mM

Figure 27. The micro reactor set up T1-R;U employed to methylate phenol derivatives (the two
reactors were connected viz 5.0 cm of PEEK™ tubing).
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reaction at each flow rate was conducted a total of 10 times in order to confirm
the integrity of the systems, collecting 10 pl of solution from the reactor outlet
into a small vial which contained 50 pl of water to quench the reaction. The
relative response of each phenol and methoxybenzene derivative was normalised

by an appropriate calibration in each case.

As can be seen from Table 13, within all set ups when the flow rate was reduced
there was an improvement in the conversion, as would be expected. An overall
indication to the degree of reaction that was achievable was obtained at the lowest
set flow rate of 1plmin~' where > 90.0% conversion was obtained with the
extended micro reactor set up S3 and T1-R,U (Entry 5). Although this is a high
value, the throughput of such a system would once again be low so in order to
understand the reaction better it was decided to evaluate the results with respect

to the residence time.

Figure 28 shows that when the obtained conversions (Table 13) are plotted with
respect to the residence time the relationship between the two is not linear. For
all set ups the residence time that is required to give a Fourier number of 1 varies
according to the channel dimensions and PEEK™ tubing employed but is in all
cases < 3.7s (when evaluated with respect to acetic acid dissolved in EtOAc),
indicating that incomplete mixing was not the primary cause of the lower observed
conversions. Above a residence time of ~ 50s, the kinetic limitation of the
reaction becomes apparent and, beyond this point, a relatively large increase in
the residence time afforded a comparatively small improvement in the conversion.

Although the addition of another residence time unit to the longer set up, T1-R;

Table 13. Results of experiments to investigate the effect of reactor dimensions on the conversion
of sodium phenoxide 80 to methoxybenzene 101, undertaken in DMF at a variety of flow rates.

Set Flow Rate Conversion? (%)
Entry
(ulmin™) T2 S3 T1-R,U
1 20 25.6 (1.28) 55.5 (1.04) 69.6 (1.03)
2 10 33.1 (1.09) 68.5 (1.01) 84.1 (0.91)
3 5 53.2 (1.10) 80.8 (0.65) 89.4 (0.60)
4 2 74.1 (2.23) 88.0 (0.47) 95.7 (0.80)
5 1 83.9 (1.40) 94.6 (0.71) 96.8 (0.43)
2 Numbers in parentheses represent the corresponding RSD (7 = 10).
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Figure 28. A plot illustrating the effect of residence time on the conversion of sodium phenoxide
80 to methoxybenzene 101 (n = 10).

U, was possible, the observed relationship indicated that attempting to improve
the throughput in this way would not be a worthwhile concession for the longer
synthesis time and increase in back pressure that would result. As such it was
decided to investigate alternative methods of overcoming the observed limitations
of the reaction, so that the synthesis of isotopically substituted methoxybenzene

derivatives could be performed in an expedient manner.

2.3.4 The Effect of Heating Micro Reactions

In order to alleviate the encountered problem of low throughputs when synthe-
sising labelled products (e.g. < 0.67 mghr™"), it was decided to investigate the
effect on conversion at higher flow rates when heating the micro reactor array.
This was achieved by placing the two micro reactors into a shallow silicone oil
bath which was heated using a standard laboratory hot plate. Although direct
placement on to the hot plate was possible, employing an oil bath allowed the tem-
perature to be monitored more efficiently (using a thermocouple) and heat to be

distributed to the set up more evenly since the heat latency of the oil is high. Using

*Throughput calculated assuming 100 % conversion of sodium phenoxide 80 to (D3)methoxybenzene 107 at a set flow

rate of 1l min .
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this approach micro reactor set up T1-R;U was heated to 100°C (Figure 29) and
the reaction of five sodium aryloxides, 80 and 102—105 with Mel 47, to afford
methoxybenzene 101, 1-methoxy-4-nitrobenzene 108, 1,4-dimethoxybenzene
109, 1-methoxy-4-methylbenzene 110 and 1-methoxy-4-phenoxybenzene 111

respectively was investigated.

Table 14 shows that when using the set up show in Figure 29, in all but one case
> 90.0% conversion of each derivative to its corresponding methoxybenzene
product was obtained at the highest set flow rate of 20 plmin™'. Once again
the exception was found to be sodium 4-nitrophenoxide 102 (Entry 4) which
exhibited fluctuating, low conversions, due to its greatly decreased nucleophilicity,
caused by the presence of the strongly electron withdrawing nitro group and the

bound sodium metal ion.

Overall, the results were pleasing and compared well to those obtained for the
acylation of phenol derivatives, with similar conversions being achieved (Table
6). It was disappointing not to have developed a successful protocol to methylate
4-nitrophenol 62 since the nitro moiety is a group that may be commonly found
within organic molecules, particularly due to its use as an amine precursor when

carrying out such addition reactions to O atoms. Although in the case of acylating

Figure 29. Micro reactor set up T1-R;U immersed in an oil bath for heating via a hot plate.
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Table 14. Results obtained for the methylation of sodium aryloxides within the micro reactor set
up T1-R,U (Figure 27) at a set flow rate of 20 plmin—".

Entry Product Conversion (%) RSD? (%)
1 Methoxybenzene 101 96.1 0.66
2 1,4-Dimethoxybenzene 109 91.4 0.68
3 1-Methoxy-4-methylbenzene 110 96.3 0.95
4 1-Methoxy-4-nitrobenzene 108 9.9 40.68
5 1-Methoxy-4-phenoxybenzene 111 90.5 1.62

2 n=10

this derivative (62) it was possible to employ the organic base, Et3N 63, this
approach is not feasible when attempting alkylations since the alkylating agent will
also be consumed by a competing reaction with the amine and hence a large excess
would be required; circumventing some of the advantages (i.e. stoichiometry)
obtained by using micro reactors for isotope incorporation. In spite of this the
methylation of most phenol derivatives had been achieved in high conversion
using continuous flow techniques so it was decided to investigate the synthesis
of isotopically modified methoxybenzene derivatives by undertaking the same

reactions and substituting Mel 47 for (D;)Mel 106.

2.3.5 Flow Synthesis of Deuterated Methoxybenzene Derivatives

In a similar way as was presented for the acetylation reactions, attention was then
turned to proving the concept of efficient isotope substitution via a series of methy-
lations. The reactions of sodium aryloxides, 80 and 103 —105, were repeated under
optimal conditions by the substitution of Mel 47, for its tri-deuterated equivalent,
(D3)Mel 106, as shown in Scheme 22. To confirm incorporation of the deuterium

label into (D3)methoxybenzene 107, 1-(D;)-methoxy-4-methoxybenzene 112,

O Na* 0
X ™~
| e
=
R 106 R

R=H 80 R=H 107
R=CH,0 103 R=CH,0 112
R=CH, 104 R=CH, 113
R=PhO 105 R=PhO 114

Scheme 22. The route by which selected isotopically substituted methoxybenzene derivatives
were synthesised within micro reactor set up T1-R,U.
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1-(D3)-methoxy-4-methylbenzene 113 and 1-(D;)-methoxy-4-phenoxybenzene
114, sufficient time (~ 2hr to 4 hr) was allowed for the synthesis of enough prod-
uct (~ 50mg) to carry out analysis post work-up. It was found to be necessary
to flush the micro reactor array clean with water, acetone and DMF after every
1.5hr of running to prevent channel blockages caused by the long term build up

of precipitates.

When undertaking the isolation of products obtained from the reactions of
phenol 61 and 4-methylphenol 68 (Table 15, Entries 1 and 3 respectively) was
found to be problematic, due to an incompatibility with the solvents used during
work-up. The methoxybenzene derivatives would not fully dissolve in either the
DMEF/water or hexane phase and due to the similarity in boiling point between
products and the reaction solvent (e.g. 189°C and 153 °C to 155 °C for DMF and

126

(D3)methoxybenzene 107 respectively'*°), isolation by distillation on such a small

Table 15. Results for the analytical preparation of deuterium labelled methoxybenzene derivatives

within micro reactor set up T1-R;U at 100 °C when operated at a set flow rate of 20 pl min~".

Residence ~ Throughput ~ Conversion®  Yield®

Entry Product Time () (mghr™) (%) (%)
O\CD
1 ©/ 3 11.4 12.4¢ 93.7 (96.1) -
107
O\CD
2 ©/ ’ 11.4 15.6 93.7 (91.4) 92
~o 112
O\CD
3 /©/ 3 11.4 14.5¢ 96.2 (96.3) -
113
A O\CD
4 U * 11.4 22.4 92.7 (90.5) 92
po” N 114

2 Numbers in parentheses represent conversions obtained for the reaction of sodium aryloxides with unlabelled Mel
47.

b solated yield.

¢ 'Throughput for (Ds)-methylations calculated based on HPLC conversion, since no product was isolated post
work-up.
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scale is difficult. Consequently the confirmation of product formation within
micro reactors was attained via HPLC, following synthesis of these compounds

in batch reactions (using THF) and subsequent characterisation.

The results for all compounds correlated extremely well with the optimised con-
versions achieved when employing the isotopically unmodified substrate Mel
47 and where isolation was achievable, excellent yields (92 %) were obtained.
In addition the level of throughput that was attained for all compounds was in
excess of 12.4mghr™!, an extremely positive result given that a 10x scale out of
the prototype reactors would provide a sufficient amount of labelled product for

most applications within extremely short time scales.

2.4 Methylation of Carboxylic Acids

Methyl esters may be formed by the substitution of the acidic proton on a
carboxylic acid by a CHj; group which, as noted by Johnstone and Rose, '
usually takes longer than with other compounds such as phenols, alcohols or
amides. This reaction is often used to introduce isotope labels into compounds
via a suitable isotopologue of Mel 47 as reported for the synthesis of (*!C)methyl
2-phenyl-2-piperidin-2-ylacetate.*'*” In addition, one of the ester moieties found
within cocaine 2 (Figure 15) is an ester derived from a carboxylic acid, although

in terms of isotopic modification it is usually the more labile primary amine that

is reacted to afford the desired product.'*®

2.4.1 Methods of Synthesis

The quickest route by which to obtain methyl esters from carboxylic acids would
have been to replicate the protocol established for the methylation of phenols
within micro reactors (Section 2.3), synthesise the corresponding sodium or
lithium salts and then react with Mel 47 or (D;)Mel 106. However, upon taking
this approach with benzoic acid 115 it was that these salts were extremely insoluble

in all solvents evaluated, including DMSO. In order to determine if this effect

*Commonly known as Ritalin, a stimulant used to treat Attention Deficit Hyperactivity Disorder (ADHD).
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was limited to benzoic acid 115 the procedure was repeated with the 4-nitro and
4-methoxy derivatives and again no appreciable dissolution occurred. For these

reasons an alternative route to the products was sought.

There are numerous bases that are cited within the literature which promote
the alkylation of carboxylic acids including Cs,CO3, KO*Bu, KF, Li,COj; and
N, N, N -tributylbutan-1-aminium fluoride (TBAF) 116.*" Since the solubility
of such bases (or, where relevant, the salts formed thereof) can be a problem
when undertaking reactions within micro channels, small scale reactions between
benzoic acid 115 and Mel 47 to form methyl benzoate 117 were undertaken in
accordance with Scheme 23 within a range of polar solvents in order to determine

the best combination to employ for micro reactions.

Benzoic acid 115 (50 pl, 100mM, 5.0 x 107> mmol) in MeCN was added to a
small vial containing solvent (0.5 ml) and an appropriate base was then added
(5.0 x 1072 mmol). The vial was mixed on the carousel for 30 min after which
time Mel 47 (50 pl, 100 mM, 5.0 x 1072 mol) was added. Stirring was continued
for 2hr before carrying out analysis via HPLC. Conversions were calculated
following appropriate calibration based upon the amount of methyl benzoate 117

formed with respect to residual benzoic acid 115.

The results of these experiments (Table 16), undertaken in DME MeCN and
THE, show that the only viable base to pursue in a micro reactor was TBAF 116.
The remaining bases were not suitably soluble in any of the solvents and at best,
fine suspensions were obtained which were not transferable to on-chip studies,

since particulates rapidly settle within the syringes.
0 o)

OH Base o
115 * I/ CHg — 117
47

Scheme 23. The base assisted methylation of benzoic acid 115 to afford methyl benzoate 117.

*It should be noted that TBAF 116 itself is a quaternary ammonium salt that is believed to be a source of anhydrous F~
ions which act as strong hydrogen bond acceptors. > Thus, as is done throughout, although TBAF 116 is commonly
referred to as a base it is best viewed in terms of providing a base source when solubilised.

tSee Table 11 for related references.
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2.4 METHYLATION OF CARBOXYLIC ACIDS

Table 16. Results obtained in small scale batch reactions when methylating benzoic acid 115 with
Mel 47 using an array of bases and solvent systems.

Solvent
Base

DMF MeCN THF
Cs,CO; 66.4? 6.6* 0.0?
TBAF 116 54.4 31.1 47.7
Li,CO; 70.0% 0.0* 0.0*
KOBu 35.6 6.3 0.0
KF 49.8? 1.02 0.0*

2 Base did not suitably dissolve in the solvent.
b Base formed a fine suspension.

With these points in mind, further experiments were conducted in order to
determine the optimal combination time for the carboxylic acid and base be-
fore addition of Mel 47 as follows. Benzoic acid 115 (50 pl, 100mM in THE
5 X 10 ° mmol) and TBAF 116 (50pl, 100 mM in THE, 5 x 10" ? mmol) were
added to a small vial containing THF (0.5 ml) and the mixture was rotated on
the carousel for the specified time (see Table 17). Mel 47 (50 pl, 100mM in THE
5 x 10 ? mmol) was then added and agitation continued in a likewise manner
for a further 1hr before analysis via HPLC. Conversions were calculated based
on the amount of methyl benzoate 117 formed with respect to Mel 47 remaining

in the reaction mixture.

It can be seen from the data in Table 17 that, within the bounds of experimental
error, there appeared to be no effect on the conversion when the combination time
of benzoic acid 115 and TBAF 116 was varied, so the reactions were transferred
to the micro scale.

Table 17. Effect of varying the time benzoic acid 115 and TBAF 116 were allowed to mix before
addition of Mel 47.

Combination Time (min) Conversion (%)

5 44.3
10 43.0
20 44.0
30 43.6
60 44.0
90 43.2
120 42.8
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2.4 METHYLATION OF CARBOXYLIC ACIDS

2.4.2 Micro Reactor Methylation of Benzoic Acid

Knowing that as long a residence time as possible would allow for a greater reaction
time post mixing (where o > 1) and produce the best conversions, a double T
micro reactor (DI = 150 pm X 50 pm % 0.7 cm % 0.7 cm) with three inlets and one
outlet was connected to the residence time micro reactor unit, R, U, as shown
in Figure 30. Benzoic acid 115 and TBAF 116 (100 mM in THF) were delivered
through two inlets and flowed together down a 0.7 cm section of channel before
being introduced to Mel 47 (100 mM in THF) where the resultant flow stream
was delivered to R;U via a further 0.7 cm of channel length and 5.0 cm of PEEK™
tubing. The syringe pump was set to the lowest flow rate Iplmin™" and 10 pl of
sample was collected into a small vial containing 50 pl of H,O in order to quench
the reaction. Due to concerns regarding the consumption of Mel 47 by the base
116, conversions were calculated based on the amount of methyl benzoate 117
formed with respect to the amount of Mel 47 that remained and to an internal

standard (ethyl benzoate).

As can be seen from the results in Table 18, there was a significant difference
in the conversions depending on the method by which the data was treated. It
may be inferred from this difference that consumption of Mel 47 is occurring
via unwanted side reactions since more of it reacts than is incorporated into the
product 117. This was viewed as a significant problem as the isotopic label would

be incorporated into final products via the alkyl halide substrate. Since the data

Benzoic Acid 115 TBAF 116
(100mM / THF) (100mM / THF)
/—% /—%

|-| 1000 i [0 =i J{]] 1000 ul |-|
bT R,U
Mel 47

(100mM / THF)

Flow
Stream
25mM

Figure 30. The experimental micro reactor set up bI-R;U used to attempt the methylation of
benzoic acid 115 in the presence of TBAF 116.
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2.4 METHYLATION OF CARBOXYLIC ACIDS

Table 18. Conversions achieved in micro reactor set up bI-R;U when attempting the methylation
of benzoic acid 115 in the presence of TBAF 116.

Method of Analysis Conversion (%) RSD?*(%)
Methyl benzoate 117 ¢f: Mel 47 51.0 18.0
Methyl benzoate 117 ¢f. Ethyl benzoate 20.8 6.2

2 n=10.

suggests that sub stoichiometric quantities of the alkyl halide would be available
for reaction, this detracts from the benefits of using micro reactors to achieve

high yielding reactions.

2.4.3 Alternative Methods of Methylation

Due to the competing reaction of Mel 47 and TBAF 116 the reaction between
benzoyl chloride 34 and methanol was investigated as an alternative route to
the incorporation of a label vz (D3)methanol. In small scale batch reactions it
was found that the two components did not react together to any appreciable
degree, which would be expected based on earlier results that had indicated the
relative inactivity of benzoyl chloride 34. In an attempt to increase the degree
of conversion, the reactions were repeated in the presence of organic bases such
as EtsN 63 and pyridine 118. Although it was found that a slight increase in
conversion to methyl benzoate 117 occurred, the bases appeared to catalyse the

formation of benzoyl benzoate as a by-product and no way around this problem

could be found.

2.4.4 Experiments with DMAP

In a final attempt to successfully undertake the labelling of benzoic acid derivatives
an adaptation of a reported synthesis, utilising DMAP 60'*° was attempted in
the following way; DMAP 60 (12 mg, 0.1 mmol) and methanol (40 pl, 1.0 mmol)
were added to a stirred solution of benzoic acid 115 (122 mg, 1.0 mmol) in DCM
(20.0ml). V,N’-Dicyclohexylmethanediimine (DCC, 206 mg, 1.0 mmol) was
added and stirring continued for 3hr. A white precipitate formed, indicating
that a reaction had occurred and the mixture was analysed after dilution in

MeCN. Although the degree of conversion appeared to be good (90.4 %) it
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2.4 METHYLATION OF CARBOXYLIC ACIDS

was disappointing to see that there was a large amount of benzoyl benzoate
formation which meant that the actual conversion was significantly lower than
the calculated value (since it was determined based upon the amount of benzoic
acid 115 consumed). As a result of this and the previously reported shortcomings
identified for the methylation of benzoic acid 115, it was decided to forgo further

experimentation and, as such, label incorporation was not investigated.
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CHAPTER 3

C—N BonNnD FORMATION

3.1 Amides and Isotopes

HE most well known pharmaceutical to contain the amide unit is undoubt-
T edly paracetamol, however it is also found in many other naturally occurring
and biologically active molecules. For example the basic core of all penicillin’s
contain the amide linkage, as does Taxol” which is used to treat cancerous tu-
mors.”! As shown in Figure 31 the amide functionality is also found in Tamiflu
119 which is currently being stockpiled due to its inhibitory effects towards
certain strains of influenza'”* and in the famously misused, but highly active,
(8B)-NV,N-diethyl-6-methyl-9,10-didehydroergoline-8-carboxamide (LSD) 120.
Although diverse in their actions, it is clear that the ability to effectively label
amides with isotopes is paramount in the development and evaluation of both
lead compounds and known drugs so that their effects and metabolic fate in-vivo

may be fully understood.

3.1.1 Preparation of Labelled Amides

Specific examples of preparing amides containing isotopic labels may be found
within the literature, for example the photoinduced labelling of amides via
['*C]CO has been reported with conversions of [''C]CO to final product being
in the range 10.0% to 89.0%.'* The labelling of melatonin, employing 1.5 eq.
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~_-N

Tamiflu 119 LSD 120

Figure 31. Two pharmaceutically active compounds which contain the amide functionality.

of [Ds]acetyl chloride 59, has been achieved at a quoted yield of 80.0% after
1.5hr,** but the need for excess labelled reagent is clearly a disadvantage. Fur-
thermore Courtyn et a/.'” published the synthesis of ['!Clacamprosate using
[Ds]acetyl chloride, with the focus being primarily on biological studies using the

radiolabelled compound. These are rare examples though, since, as highlighted
by Shevchenko ez al.;'%°

“...preparing labelled amides using reagents such as acetyl acetate 121

or acetyl chloride 58 is difficult due to their high cost and volatility.”

The work covered within this Chapter aimed to address these issues through
the use of hydrodynamically controlled micro reactors which are, for the most
part, closed units which provide the ability to accurately control reagent delivery
and consumption, thus circumventing some of the problems outlined above. In
addition it was sought to improve the synthesis of isotopically modified amides
to such an extent that the methodology developed may be applied to the above

examples to improve their overall efficiency.

3.1.2 Methods of Synthesis

There exists a number of ways to synthesise amides with the most notable being

137,138

the Schotten-Baumann reaction, Schmidt reaction,’”” one-pot Ugi synthe-
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3.2 ACETYLATION OF PRIMARY AMINES

sis'“? and the Bodroux'¥! reaction. More exotic examples include the Chapman
rearrangement to form di-aryl amides,'*? and the Beckman rearrangement to
form corresponding amide products from oximes.'%* Generally however amides
may be prepared by reacting an amine with a carboxylic acid, acid anhydride or
acyl chloride. As was the case when carrying out the acylation of phenol deriva-
tives in Chapter 2 it was desired to incorporate the maximum amount of isotope
label possible into the final products thus generating minimal waste. For these
reasons the reaction of carboxylic acids was discounted, since it relies on the use of
a catalyst or a coupling reagent (such as DCC), both of which would necessitate
a work-up in order to purify the product. The use of acid anhydrides was also
ruled out for reasons discussed earlier in Section 2.2. As acetyl chloride 58 is
relatively accessible in a variety of isotopically substituted forms it was decided
to study the incorporation of its protonated and deuterated isotopologues via
reaction with primary amines to form series of secondary amides. Although the
compound is volatile it was known from previous investigations (see Chapter 2)
that the micro reactor systems to be employed would effectively prevent the loss

of the valuable starting reagent.

When amides are prepared from amines and acyl chlorides, an equimolar amount
of HCl is produced which can form a salt with another mole of the amine,
thus necessitating an excess of the amine precursor to be employed. Although
the reaction of only two compounds within a continuous flow system would
have been operationally simple it was decided to investigate the stoichiometric
reaction in the presence of a base to sequester the liberated HCI. This route was
followed due to the potential of employing any successfully developed system to
undertake the labelling of a complex and consequently expensive amine. Using a
generic, readily available base is the best option in order to standardise the reaction

conditions and minimise operational costs with respect to routine synthesis.

3.2 Acetylation of Primary Amines

In order to derive a library of compounds that would reflect a cross section of re-

activity scenarios aniline 15, 4-methoxyaniline 122, 1-(3-aminophenyl)ethanone
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3.2 ACETYLATION OF PRIMARY AMINES

123, phenylmethanamine 55 and 2-phenylethanamine 124, were selected for
initial experimentation with acetyl chloride 58 in accordance with Scheme 24.
Percentage conversions for all reactions were calculated based on the amount of
product (amide) present with respect to amine remaining upon analysis by HPLC.
Retention times and relative responses of all components were determined using

synthetic standards or commercially available materials.

(0] (e}
R —NH, + )k Base )J\
R ~
Cl N
58 H
R=Ph 15 R=Ph 125
R=4-MeOPh 122 R=4-MeOPh 127
R=3-AcOPh 123 R=3-AcOPh 128
R=PhCH, 55 R=PhCH, 126
R=PhCH,CH, 124 R=PhCH,CH, 129

Scheme 24. The acetylation of five primary amine derivatives with acetyl chloride 58 to afford
their respective secondary amides.

3.2.1 The Schotten-Baumann Reaction

The Schotten-Baumann reaction, first described at the end of the 19t cen-

137138 provides one method to overcome the problem of HCI production by

tury,
neutralising it with NaOH 100. However, since hydroxide ions can react with an
acyl chloride to form a carboxylic acid a biphasic system is employed, whereby
an aqueous solution of NaOH 100 and amine are combined with an immiscible
solution of acyl chloride (e.g. in DCM). Diffusion of the amine into the organic
layer initiates the reaction and the ammonium chloride salt which is formed may
then dissolve within the aqueous layer where it is neutralised with NaOH 100.

The free amine then re-dissolves within the organic layer awaiting reaction, as

illustrated in Figure 32.

Traditionally the reaction is carried out for prolonged periods of time, depending
on the scale, in order to allow for completion of the multiple transfer processes
which occur. Having the perfect way to solve this problem by monopolising on
the properties of micro reactors, in which rapid bulk transfer across a defined

interface occurs, it was decided to investigate the reaction. Potential advantages to
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Na+ o Na+ o
R2—NH : <
2 OH- N cr H H
a+
Re—NH
2 R2—NH,
i 0
)OJ\ I . NH3+CI )J\
R2
JJ\ R2 R N7
R cl R N h
H

I:l Aqueous I:l Organic

Figure 32. Diagram illustrating the phase transfer processes that occur when synthesising amides
from amines and acyl chlorides under Schotten-Baumann conditions. '>/-%%

carrying out the Schotten-Baumann reaction within a micro reactor include mild
reaction conditions, simplicity of using two inputs to the reactor system (since
only an organic and an aqueous feed are required) and the biphasic nature of the
system, which would permit simple in-line purification of the reaction products.
In order to determine if amide forming reactions reported by Kikutani et 2/ %4
within a pile-up micro reactor could be transferred to the systems used herein
the reaction of aniline 15 and acetyl chloride 58 to afford V-phenylacetamide
125 was investigated in a single micro reactor, S3 (Figure 33). Introducing a
solution of aniline 15 (100 mM) in aqueous NaOH 100 (100 mM) into one inlet
and a solution of acetyl chloride 58 (100 mM) in EtOAc to the second inlet, the
product stream was directed viz 5.0cm of PEEK™ tubing into a small vial for
sufficient time to collect 10 pl, and was quenched in 50 pl of HCI (100 mM in
1: 9 H,O/MeCN); analysis was undertaken using HPLC method C.

After allowing sufficient time for the system depicted in Figure 33 to equilibrate,

collection of 10 samples at each of the 5 set flow rates produced the results that are

S3
Aniline 15/ NaOH 100

A

ld N\
100 mM / EtOAc or H,0O
- J

Flow
Stream
25mM

-
Acetyl chloride 58

Figure 33. Schematic representation of the experimental set up used to investigate the Schotten-
Baumann reaction, under continuous flow, in micro reactor S3.
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3.2 ACETYLATION OF PRIMARY AMINES

Table 19. Effect of flow rate on the conversions obtained for the acetylation of aniline 15 under
Schotten-Baumann conditions within micro reactor S3.

Set Flow Rate (ulmin~") Average Conversion (%) RSD? (%)
20 46.2 11.84
10 46.5 8.65
5 51.7 5.22
2 53.6 5.88
1 48.9 8.62
2 n=10

summarised in Table 19. As can be seen, the reaction did progress to some degree
but the RSD’s indicate fluctuation in the conversions obtained. Reducing the
flow rate did not seem to effect the degree of conversion to the product, which
is most likely due the diffusion of H,O into the EtOAc stream, which occurs
to some degree, allowing a significant amount of acetyl chloride 58 to undergo

hydrolysis. This effect was not reported by Kikutani ez /.,

possibly due the
increased hydrolytic stability of aromatic acyl halides employed. As a result of
these shortcomings it was felt that further investigation with this system was not

warranted with respect to isotopic labelling.

3.2.2 Evaluation of N,N-Diethylethanamine as a Base

Knowing that an amine and acyl chloride could also be reacted in the presence
of an organic base, and having previously developed a micro reactor system that
would allow for rapid optimisation under such conditions, it was decided to divert
the investigation in this direction. Employing Et;N 63 as the chosen base would
theoretically allow the preferential sequestering of any HCl evolved as Et;N-HCI
66, thus ensuring that the procedure would remain as cost effective as possible

for reasons discussed earlier.
Micro Reactor Set Up

Based on findings obtained during the optimisation of the acetylation reactions
(Section 2.2.3) it was decided to perform the amide synthesis using an analogous
set up. As Figure 34 illustrates, the micro reactions were carried out within reactor

set up T1-T2. The first reactor (T1) was employed to mix the primary amine and
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Primary Amine

—N
100 mM / MeCN

T2 Flow
00— > Stream
25mM

000w TN

Acetyl Chloride 58
50mM / THF

Figure 34. Schematic of micro reactor set up, T1-T2 which was used to undertake initial experi-
mentation on the acetylation of primary amines.

Et;N 63, the outlet was connected viz a 2.5 cm length of PEEK™ tubing to one
inlet of the second stage reactor (1T2) which allowed for subsequent reaction with
the acyl chloride derivative which was introduced through the second inlet. In
order to analyse the flow reactions 10 pl of product solution was collected from
the reactor outlet into a small vial containing 50 pl of quench agent (1.0 % H,O
in MeCN) and analysed immediately by HPLC, thus enabling confirmation that

the reaction had occurred within the flow set up rather than in the collection vial.

By once again employing a modular set up, comprising of two micro reactors, it
was possible to rapidly optimise the reactions by interchanging the second stage

reactor for one of longer channel length (S3), as was later required.
Selection of Reaction Conditions

The reaction between aniline 15 and isotopically unmodified acetyl chloride 58 in
the presence of EtzN 63 to afford /V-phenylacetamide 125 was thus investigated
using the set up T1-T?2, illustrated in Figure 34. Reactions were conducted at a
concentration of 100 mM (aniline 15 and Et;N 63) and 50 mM (acetyl chloride
58), which provided a final concentration of 25 mM on collection and correlates

toal:1:]1 ratio of reagents.

Although all synthetic standards had been successfully prepared in THE, previous
studies (Section 2.2.2) had shown that the exclusive use of this solvent would cause

Et;N-HCI 66 to precipitate within the micro channels, leading to irreproducible
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3.2 ACETYLATION OF PRIMARY AMINES

results. Drawing upon the knowledge that the polarity of MeCN was an effective
solvent at avoiding precipitation of ammonium salts, and that THF is a suitable

solvent for the daily storage of acyl chloride solutions, a mixed solvent system

(MeCN/THF) was once again employed.

In addition, as the previous concentration range was found to be effective at
avoiding the precipitation of solids, a problem which had now repeatedly shown
itself to hamper any attempts at optimisation and reproducibility, reactions were
also undertaken at analogous concentrations, providing a final flow stream of

concentration 25 mM.
Continuous Flow Synthesis of N-Phenylacetamide

Using micro reactor set up T1-T2 under the aforementioned conditions the reac-
tion of aniline 15 to form /N-phenylacetamide 125 was then repeated. The syringe
driver set to the following flow rates; 20, 10, 5, 2 and 1 pl min™", with each reaction
repeated 10 times (at each flow rate) in order to determine system reproducibility.
In all cases the RSD was observed to be < 5.0% and the relationship between

flow rate and conversion can be seen in Figure 35. It was pleasing to observe
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Figure 35. The effect of varying flow rate on the conversion of aniline 15 to N-phenyl acetamide
125 in micro reactor set up T1-1T2 (7 = 10).
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3.2 ACETYLATION OF PRIMARY AMINES

that at the lowest investigated flow rate (1plmin~") the complete conversion of

aniline 15 to N-phenylacetamide 125 was attained.

Although maximum conversion was achieved at a low flow rate, leading to a low
overall throughput, it was decided to evaluate the reaction of the other amine
derivatives under the aforementioned conditions before deciding upon the best

course of action to address the inevitable need for greater productivity.

3.2.3 Optimising the Reactions for a Library of Amines

Having determined using the set up T1-T2 at 1plmin~" that the quantitative
conversion of aniline 15 to N-phenylacetamide 125 was possible, the acetylation
of the four other amines, 55 and 122-124, to afford the respective products
N-(phenylmethyl)acetamide 126, N-(4-methoxyphenyl)acetamide 127, N-(3-
acetylphenyl)acetamide 128 and N-(2-phenylethyl)acetamide 129 was investi-

gated according to Scheme 24, within the same set up.

As Figure 306 illustrates, in all cases near quantitative conversions were achieved

although a small drop in conversions was seen for the amines 55, 122 and 124,

100 . e
e -
90 b
80 b
70 b
O\O - g
= 60 | b
9 . ]
S 50 f -
% I 4-Methoxyaniline 122 —e— 1
o 40 2-Phenylethanamine 124 —e— b
F Phenylmethanamine 55 —e— 1
30 1-(3-Aminophenyl)ethanone 123 -
20 b
10 b
O 1 1 1 1
0 5 10 15 20

Set Flow Rate (ul min)

Figure 36. Reaction of amine derivatives 55 and 122124 with acetyl chloride 58 to afford their
corresponding amides in micro reactor set up T1-T2 at varying flow rates (# = 10).
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which was attributed to a minimal amount of degradation of acetyl chloride
58 in THF solution, shown by Figure 18. As was observed previously for the
acetylation of 4-nitrophenol 62 (Section 2.2.3) the near quantitative conversions
recorded at a set flow rate of 20 ulmin™" do not correlate with the theoretical
Fourier number for the second stage reactor and PEEK™ tubing (Fo = 0.6 for
acetic acid in EtOAc), which indicates that mixing is incomplete. It is suggested
that the reduced viscosity of the mixed MeCN/THEF solvent system (compared
with EtOAc) and consequent effect on the true diffusion coeflicient account for
this difference and a completely mixed system (Fo > 1) is present at an overall
flow rate of 40 plmin™" upon quenching from the micro reactor outlet. For
the acetylation of aniline 15 and 1-(3-aminophenyl)ethanone 123 an increased
residence time (achieved by employing a slower flow rate) was necessary to allow
the reactions sufficient time to reach completion and two contributing factors

may be attributed to this observation:

1. Resonance stabilisation of aniline 15 and electron withdrawing effects of
the acetyl group, belonging to 1-(3-aminophenyl)ethanone 123, which neg-
atively affects the reactivity of the molecules, unlike the methoxy derivative

122 which is electron donating leading to an increase in the rate of reaction.

2. Both aniline 15 and 1-(3-aminophenyl)ethanone 123 are aromatic amines
(i.e. molecules which contain NH, groups bonded directly to a conjugated
ring system) thus it is reasonable to assume that this general feature dimin-
ishes the reactivity, since phenylmethanamine 55 and 2-phenylethanamine

124 both react readily at higher flow rates.

The Effect of Reactor Length on Conversion

In an effort to improve the productivity for the micro reactor synthesis of /V-
phenylacetamide 125 and /N-(3-acetylphenyl)acetamide 128, it was decided to
substitute the second stage micro reactor (12) for one of longer length, affording
an increase in residence time at each particular set flow rate. As the internal
channel volume of T2 (0.11pl) and exit tubing (0.88 pl) was known, it was pos-

sible to calculate the minimum residence time required to allow for complete
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conversion based upon the flow rates and corresponding conversions that had
been determined for these particular compounds. This relationship, between
conversion and residence time was therefore plotted, as shown in Figure 37,
and the optimal time to achieve a theoretical quantitative conversion was thus
estimated to be ~ 2.5s. At a flow rate of 20 ulmin™" the residence time provided
by micro reactor S3 is ~ 6.1s (see Appendix A) so it was consequently used in

place of the shorter reactor, T2.

Using the modified set up illustrated in Figure 38 the acetylation of aniline 15
and 1-(3-aminophenyl)ethanone 123 at a set flow rate of 20 plmin~"', was once
again investigated. Although conversion to the corresponding products (125 and
128) had previously been measured as 88.6 % and 55.6 % respectively at the same
flow rate it was pleasing to see that comparable results to those observed in the
first system (T1-T2) at lower flow rates, were achieved. Quantitative conversion
of aniline 15 was achieved whilst 1-(3-aminophenyl)ethanone 123 attained a
conversion of 97.7 % (n = 10) thus increasing the throughput when synthesising
these particular amides on chip. Although an increase in throughput for the

other amines may also have been possible by applying the same, lengthier set

up to their syntheses, the higher flow rates that would be encountered led to

100
90 -
80 !
70 !

60

50 Aniline 15 —e— E
3 1-(3-Aminophenyl)ethanone 123 —e—
40 E

Conversion (%)

20 | .
10 | .

O 1 1 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Residence Time (s)

Figure 37. The relationship between residence time and conversion for aniline 15 and 1-(3-
aminophenyl)ethanone 123 within micro reactor T2 (n = 10).
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Amine Derivative

/—}%
100 mM / MeCN
%_/
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25mM

Acetyl Chloride 58
50mM / THF

Figure 38. Schematic of the modified micro reactor set up, T1-§3, which was used to successfully

acetylate aniline 15 and 1-(3-aminophenyl)ethanone 123 at a flow rate of 20 plmin~".

uncertainties about the integrity of running such a system for prolonged periods
of time, due to the increased back pressures that would be encountered. Since
it was possible to achieve high conversions for all the amines at the top set flow
rate it was envisaged that the optimised micro set ups could now be successfully
utilised to demonstrate the feasibility of synthesising isotopically substituted

amides within micro reactors.

3.3 Benzoylation of Primary Amines

As was the case for the acetylation of phenols, it was desired to expand the scope of
the reaction by altering the acyl substituent and carrying out reactions with benzoyl
chloride 34. In accordance with Scheme 25, the reaction of the five amines, 15,
55 and 122124, with benzoyl chloride 34, to form /N-phenylbenzamide 130,
N-(phenylmethyl)benzamide 131, V-(4-methoxyphenyl)benzamide 132, N-(3-

o) o)
Et;N 63 R
R—NH, + ¢ N + EtNH* CI
MeCN/THF H
34 66
R=Ph 15 R=Ph 130
R=4-MeOPh 122 R=4-MeOPh 132
R=3-AcOPh 123 R=3-AcOPh 133
R=PhCH, 55 R=PhCH, 131
R=PhCH,CH, 124 R=PhCH,CH, 134

Scheme 25. The reaction of five primary amine derivatives with benzoyl chloride 34 in the
presence of EtzN 63 to afford an array of benzamide derivatives 130-134.
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acetylphenyl)benzamide 133 and N-(2-phenylethyl)benzamide 134 respectively,
was then investigated using the previously optimised micro reactor configurations

and conditions (see above).

Although it had been found previously that upon substitution of acetyl chloride
58 with its benzoyl analogue 34 acylation reactions did not reach completion, in
this case the results fared much better as can be seen from Table 20. The reduction
in reactivity observed in the case of N-(3-acetylphenyl)benzamide 133 can be
attributed to a combination of delocalisation across the ring between the amino
and acetyl group, leading to stabilisation of the molecule, and the decreased

reactivity of benzoyl chloride 34, the net result leading to a lower conversion.

Table 20. Conversions obtained for the benzoylation of primary amines within a two stage micro

reactor set up at a set flow rate of 20 plmin~".

Product Reactor Conversion (%) RSD? (%)
N-Phenylbenzamide 130 T1-S3 90.5 491
N-(4-Methoxyphenyl)benzamide 132 T1-T2 94.0 5.50
N-(3-Acetylphenyl)benzamide 133 T1-S3 65.5 4.70
N-(Phenylmethyl)benzamide 131 T1-T2 97.4 0.94
N-(2-Phenylethyl)benzamide 134 Ti-T2 91.9 2.46

*n=10

3.4 Synthesis of Deuterium Substituted Amides

Having successfully optimised the acetylation of five amine derivatives, the con-
cept of employing the micro reactor systems to carry out efficient isotope labelling
was then investigated. As was conducted for the synthesis of isotopically modified
phenyl acetate derivatives (Section 2.2.11), acetyl chloride 58 was exchanged for
its tri-deuterated isotopologue, (Dj)acetyl chloride 59, and the reactions carried

out under optimised conditions in accordance with Scheme 26.

The incorporation of deuterium labels into /V-phenyl(D3)acetamide 135, N-
(4-methoxyphenyl)-(D3;)acetamide 136, V-(3-acetylphenyl)-(D3)acetamide 137,
N-(phenylmethyl)-(D3)acetamide 138 and N-(2-phenylethyl)-(D3)acetamide
139 was confirmed by operating the appropriate micro reactor system for an ex-

tended period of time (2.5hr to 3.0hr) in order to prepare sufficient compound
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3.5 SUMMARY

o} (0]
Et,N 63
R —NH> + R + EtsNH* CI
cl CD; MeCN/THF \H CD3

59 66
R=Ph 15 R=Ph 135
R=4-MeOPh 122 R=4-MeOPh 136
R=3-AcOPh 123 R=3-AcOPh 137
R=PhCH, 55 R=PhCH, 138
R=PhCH,CH, 124 R=PhCH,CH, 139

Scheme 26. The synthesis of five isotopically substituted secondary amides as demonstrated
within micro reactor systems.

(~ 20 mg) for analysis, following work-up and recrystallisation to remove reac-
tion by-products. As Table 21 shows, analogous results were obtained with the
deuterated reagent and although there was slight variation, the reaction efficiency
was found to be comparable to the pre-optimised conditions obtained with acetyl
chloride 58. In all cases the deuterium label was successfully incorporated into
the final product and excellent isolated yields (> 92 %) were obtained at levels of
throughput that enable the expedient synthesis of mg amounts of isotopically

substituted amides.

3.5 Summary

The results obtained for the synthesis of isotopically modified amides were ex-
tremely pleasing since high yields were achieved and results compared well to
those obtained when running the system under optimised conditions with unla-
belled precursors. The purity of final products was also high as indicated by the
elemental analysis results which in all cases correlated with theoretical values. It
should be emphasised that the ability to obtain similar yields when substituting
for the labelled reagent is a significant result, as this is often difficult to obtain in
batch. Once again the work illustrates the applicability of micro reactor technol-
ogy to carry out isotope labelling in a way that minimises cost and waste through
efficient label incorporation. In particular the high conversions and yields lend
themselves well to transference within a clinical setting when a minimum purity
of a compound must be achieved; something that would be simple to address

through on-line clean-up of the final product stream.
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3.5 SUMMARY

Table 21. Summary of the results obtained for the incorporation of deuterium labels into amides
within micro reactor systems.

Reactor  Residence  Throughput  Conversion®  Yield"

Product SeUp  Time(s)  (mghr) (%) (%)
H
N CD3
@ il T1-S3 5.5 7.6 95.0 (100.0) 92
O 135
H
N CD3
Q/ i T1-T2 26 9.9 98.0 97.7) 98
~o O 136
(@]
N _co
hig ° Ti-S3 5.5 10.0 95.8 (99.9) 92
O 137
Y
Z N ek T 2.6 9.0 98.2 (91.6) 98
X 138
H
N CD3
g T1-T2 2.6 9.6 96.4 (94.9) 96
139 o

2 Number in parentheses represents the optimal % conversion when using acetyl chloride 58.

b TIsolated Yield.
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CHAPTER 4

C—C BonD FORMATION

4.1 The Suzuki-Miyaura Reaction

NE particular example of C—C bond formation which has been widely
O studied within continuous flow systems is the Suzuki-Miyaura reaction or,
as it is more commonly known the Suzuki coupling. Due to the potential for rapid
optimisation based upon the wealth of published information available, along
with the reactions tolerance to an array of functional groups, it was decided to
investigate this reaction as a route to the preparation of a library of five deuterium

substituted biphenyls.

195,146 and has since

The reaction was first reported in 1979 by Suzuki and Miyaura
grown into a well known and often used transformation to bring about C—C
bond formation with the synthetic utility of the reaction demonstrated by the
plethora of reviews on the subject.!*’~1*” Although the mechanism %! is still
not fully understood it can be seen from the example reaction cycle shown in
Scheme 27 that initial oxidative addition of the aryl halide 140 forms a coupled
Pd-aryl complex 141, which is then stripped of halide viz the addition of base 142.
The aryl or allyl portion of the boronic acid 143 then replaces the base 142, after

formation of an intermediary salt 144, and finally a rapid reductive elimination

releases the newly formed product 145 from the palladium centre.
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4.1 THE SuzukiI-MivYaurRA REACTION

RZ—R! RZ—X
145 V Pd° { 140

R?2—pd' —R? RZ2—Ppd'— X

v 141
e NaO'Bu
BuO'—B—O0'B
uo | OBu 142
Y @ Na
R2— Pd"
aX

Y N
Y t |
NaO'Bu 142 )
Rl—B< ——% RI—B—OBu

— O'Bu

Y
143 144\|( ®Na X=Brorl

Scheme 27. Reaction cycle of the Suzuki-Miyaura coupling reactions.”®

4.1.1 Reported Continuous Flow Methodology

As previously discussed, the Suzuki coupling is one of the most widely studied
synthetic reactions within small scale, continuous flow systems. In addition to
the example introduced in Chapter 1, reported by Greenway and co-workers,”® a
great deal of investigative work has been undertaken by other research groups

and this is briefly reviewed below.

Catalytic Membranes An interesting example of the Suzuki-Miyaura reaction
occurring within a micro reactor was demonstrated by Uozumi ez a/."* who
deposited a Pd containing polymer membrane 146 (Figure 39) at the laminar

interface of a micro channel. Its position between a stream of reagents allowed it to

HN Po-—-—-- --Pd---fo-—--— - P NH

d

ch
/< [¢] @ o )\
5 146 5

Figure 39. The metallo-crosslinked polymer which was formed within the channel of a micro
reactor in order to catalyse Suzuki-Miyaura reactions. >
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4.1 THE SuzukiI-MivYaurRA REACTION

act as an in-situ phase transfer catalyst for the reaction between several aryl halides
(in EtOAc/propan-2-ol) and boronic acids (in aqueous Na,CO3). High yields
(88.0% to 99.0 %) were reported within short time scales (4s) and, although the
system required extra fabrication steps in order to form the polymeric membrane
in-situ, the excellent results indicate the superiority of this micro reactor system

over traditional batch techniques, particularly with respect to reaction time.

Polymer Supported Catalysis In contrast, Phan et al." reported the use of
a Merrifield® resin immobilised palladium salen complex 147 (Figure 28) as a
catalyst in the reaction of various aryl and heteroaryl bromide derivatives with
phenylboronic acid 20 in a flow reactor. The catalyst (110.0 mg) was packed
into an Omnifit® column (25mm i.d. X 3mm length), heated to 100°C by a
water bath and a mixture of reagents in DMF/water (1 : 1) was then mobilised
through it by syringe pump. It was reported that at a flow rate of 6ulmin™" the
synthesis of biphenyl derivatives containing alkyl, aldehyde, ester, ketone, nitrile
and thio ester groups proceeded relatively well (65.0% to 77.0% conversion), as
did the formation of several furan and thiophene containing compounds such as
the one shown in Scheme 28. However the reaction exhibited low conversions
when attempted with nitro, amino and amide aryl bromide derivatives, and
some pyridine derivatives. Moreover it was necessary to employ an excess of
phenylboronic acid 20 (1.50 eq.) to achieve these results, an undesirable situation
if undertaking isotope labelling via this portion of the molecule. In spite of
these shortcomings the work highlights the applicability of using miniaturised
flow systems for the rapid screening of catalysts and reagents, in addition to the

production of varied libraries of core derivatives.

)
;iN\ /N—
\ Pd_ :@
O (@) \

B(OH), 147 O |
YLD e Y
20 Br DMF/H,0 (1:1) 148

= s

Scheme 28. One of the heteroaryl biphenyl derivatives 148 that was synthesised under continuous
flow conditions via the Suzuki-Miyaura reaction using an immobilised palladium salen complex

147.1
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4.1 THE SuzukiI-MivYaurRA REACTION

Microwave Assisted Reactions Elaborations on the reaction which utilise mi-
crowave power are certainly the most common and many permutations of this
approach have been reported within recent years.>*” For example the use of
microwaves to enhance continuous flow Suzuki couplings has been demonstrated
by Baxendale ez 2/.*® using an encapsulated palladium catalyst, Pd EnCat™40
149. According to Scheme 29 a library of biphenyl derivatives was successfully
synthesised under optimal conditions using a U-shaped flow capillary which was
packed with the catalyst 149 and inserted into a microwave cavity according
to Figure 40. The reagents, solutions of aryl halide and boronic acid deriva-
tive (70mM in EtOH) and the base, NV, NV, N-tributylbutan-1-aminium acetate
(140 mM in EtOH) were infused using a pump, which was run at a flow rate
of 1000 plmin~". After leaving the microwave cavity the resultant stream was
passed over Amberlyst® 15 ion exchange resin in order to sequester any residual
boronic acid salt and the base. The authors found that it was necessary to pulse
the microwave irradiation at 50 W for 30's and then 0 W for 18 in order to avoid
heating the metal catalyst to a point where the polymer melted and blocked the
flow cell. The resulting product was then analysed without further purification
by LC-MS and 'H-NMR. Using this approach, yields ranged from 87 % to 92%
whilst purities were reported to be > 98.0 %, indicating the synthetic applicability
of the technique, albeit requiring the use of specialist equipment to undertake

reaction heating.

B(OH), R

~ ~

. \ Pd EnCat™40 149
(@] EtOH O
/ O
Br

R = CF3, NOy, F, CN, Oxadiazole

[ 58 when undertaking microwave

Scheme 29. The generalised route followed by Baxendale ez a
assisted Suzuki flow synthesis. °®

Encapsulated Pd Without Microwave Irradiation It is noteworthy to consider

another piece of work, published by Lee and co-workers,”™ which utilised the
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4.1 THE SuzukiI-MivYaurRA REACTION

Amberlyst® 15

Product
Stream

Reagent Flow Stream
(1000 pl min)

R ————— W —ime= s =S pme —>

[
I

NMVVIRNVNVY | L pdEnCat™ 40 149
n

Figure 40. Schematic representation of the microwave set up employed by Baxendale et a/."® for
the flow synthesis of biphenyl compounds via the Pd EnCat™40 149 assisted Suzuki reaction.

same catalyst but did not require the application of microwave power. In this case,
heat was supplied to a commercially obtained flow column (4500 pm i.d. x 5cm)
which had been pre-packed with the same Pd EnCat™40 149 catalyst, by immer-
sion into a hot water bath. Using the reaction between (4-methylphenyl)boronic
acid and iodobenzene 150 as an example, experimentation with a range of bases
at 55°C and 70°C led the authors to conclude that an effective system utilising
conventional heating methods was achievable. As Table 22 exemplifies, optimal
results were achieved at 200 pl min~' when employing V,/V, N -tributylbutan-1-
aminium methanolate (TBAM) 151 as a base in conjunction with a 9 : 1 mixture
of toluene and MeOH at 70°C (Entry 5), affording 100% conversion after a
single pass through the flow system. The authors report that at a flow rate of
200 plmin~! and temperature of 70°C, the coupling reaction occurred to give
Table 22. Reported conversions obtained after a given number of cycles when evaluating the

effectiveness of organic bases in assisting a conventionally heated continuous flow Suzuki
reaction.

B(OH)2 "Bu,NX X
PAENCat™ 40 149

Toluene/MeOH (9:1) = 157

150

Conversion (%)

Cyclel Cycle2 Cycle3

Entry "Bu,NX Temperature (°C)

1 X = OAc 55 4.7 7.5 11.0
2 X =0H 55 3.1 13.0 70.0
3 X =0OMe 151 55 12.0 48.0 85.0
4 X=F 55 36.0 40.0 55.0
5 X =OMe 151 70 100.0 - -
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4.2 ContiNuOUS FLow SeT Up

100 % conversion, determined by GC-FID, in a single pass through the packed
bed. Based upon the positive observations concerning the use of Pd EnCat™40

149 as a solid-supported catalyst, such as;

* Low rate of leaching (of palladium from the polymeric matrix).

¢ The ability to undertake the reaction without the need for specialist tech-

nology and techniques.

* Excellent and timely conversions.

It was decided to adapt the latter method and attempt the synthesis of a library of
isotopically substituted biphenyl derivatives using (Ds)phenylboronic acid 152
as a precursor following unlabelled flow reaction optimisation in the presence
of TBAM 151. The ease by which the same apparatus (e.g. connectors and
columns) may be acquired, especially by those without ready access to specialist
fabrication facilities, and the simplicity of preparing such flow systems (i.e. ease
of packing catalytic material) resulted in investigations being attempted using
analogous techniques in order to develop methodology that maximised potential

transferability.

4.2 Continuous Flow Set Up

In order to fabricate an analogous reactor to the one that was supplied to Lee
et al."™ by Astra Zeneca, a system comprising of a borosilicate glass capillary
(3000 pm i.d. x 3cm) was constructed and hand packed with 0.16g of Pd En-
Cat™40 149 catalyst. In order to prevent displacement of the catalyst an Omnifi¢®
connector, fitted with a small plug of cotton wool, was attached to the down-
stream end of the column, Ci, and a length of polytetrafluoroethylene (PTFE)
tubing (584 pm i.d., */16" 0.d.) so that it was possible to direct the product stream
in to a suitable collection vessel. The other end of the column was interfaced to a
10.0 ml syringe via a further length of PTFE tubing, Omnifit” connector, syringe

luer and HPLC connector (!/;5") as shown in Figure 41.

As previously reported, it was necessary to supply heat to the column, which
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4.3 LIBRARY SELECTION

Flow
|'|“||='=—==l | AL [ [F=—> stream
) : -
Reaction Mixture 50mM 50mM
9:1 toluene:MeOH C,=3cm
C,=10cm

Figure 41. A schematic of the flow set up, C1, which was used to study Suzuki-Miyaura couplings
reported herein.

was achieved utilising a water bath, however rather than use this method of
heating, which would necessitate regular topping up and monitoring of the
heating medium, it was decided to substitute the water for silicone oil as it had
proved a suitable method of heating when conducting previous work involving
micro reactors (Section 2.3.4). The column was therefore submerged into an oil

bath and was heated viz a standard laboratory hot plate.

In order to prime the reactor and ensure a steady flow of reaction mixture was
obtained, the syringe pump was operated for 60 min before sample collection and
analysis was initiated. During the optimisation of all reactions, routine analysis
was undertaken using GC-FID by comparing the peak areas of the biphenyl
derivative with any aryl iodide that remained in the crude reaction mixture. Prior
to conducting experimentation appropriate calibrations using synthesised or
purchased standards were undertaken in order to normalise the relative response

of the compounds under investigation.

4.3 Library Selection

In order to demonstrate the system, Ci, as a viable tool for the synthesis of
isotopically substituted compounds, a variety of aryl iodide derivatives were se-
lected to undergo reaction with phenylboronic acid 20, as depicted in Scheme
30. Firstly experimental optimisation of reaction with iodobenzene 150 to af-
ford biphenyl 153 was undertaken and in order to indicate how easily ring acti-
vated compounds would undergo reaction 1-iodo-4-methoxybenzene 154 and
1-iodo-4-methylbenzene 155 were selected to afford 4-methoxybiphenyl 156 and
4-methylbiphenyl 157 respectively. In an opposite manner, the deactivated deriva-
tives 4-iodobenzonitrile 158 and 1-iodo-4-nitrobenzene 159 were also selected,

to afford 4-phenylbenzonitrile 160 and 4-nitrobiphenyl 161 respectively.
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R
B(OH)2 AN R pdEncat™ 40 149
TBAM 151
* Tol /MeOH A

20 | / oluene/Me

R=H 150 _

R=CN 158 R_CN 160

R=0OMe 154 _

R=Me 155 RMe 157

Scheme 30. The reaction of five aryl iodide derivatives with phenylboronic acid 20 to form the
corresponding biphenyl products.

4.4 Optimisation of Biphenyl Flow Synthesis

As a general starting point, the operational conditions reported by Lee e 2.
were used employing the synthesis of biphenyl 153 as a model. Using the afore-
mentioned conditions, ~ 70°C and 200 ulmin™!, it was found that conversions
did not compare well with those that had been reported (100 %), an observation
that can be attributed to the use of less catalytic material (0.16g ¢f. 0.48g). As
can be seen from Table 23, an average conversion of only 0.7 % was achieved so
the flow rate was sequentially lowered until the highest conversion of 93.2 % was

observed at a flow rate of 10 pl min~".

Although the optimal flow rate was significantly lower than that achieved by Lee
et al."™ the result was nevertheless a positive one, confirming that high yields
were attainable, so attention was turned to generating the library of isotopically
unmodified biphenyl derivatives introduced earlier (Section 4.3).

Table 23. Conversions achieved for the synthesis of biphenyl 153 across a range of flow rates
when heated to 70°C £5°C in reactor Cr.

Entry Flow Rate (ulmin—1) Conversion (%) RSD? (%)
1 200 0.7 11.0
2 100 9.5 6.2
3 50 56.8 4.9
4 20 85.4 1.4
5 10 93.2 1.2
2n=5
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4.5 Library Generation

The second derivative to undergo flow synthesis, 4-methylbiphenyl 157, was
attempted using isotopically unmodified precursors under the optimal condi-
tions of 10 plmin™! at a temperature of ~ 70°C. The experiments afforded an
average conversion of 74.2 %* which, reproducibility considerations aside, was
significantly lower than the value obtained for the flow synthesis of biphenyl 153.
Considering this, an attempt to improve the conversions was made by increasing
the temperature of the oil bath to 100°C, whilst keeping the flow rate set at
10 plmin~". Under these conditions, the results that were collected were much
improved and an average conversion of 92.2 % was obtained. The reproducibility
also dramatically improved to 6.0 % RSD (7 = 5) however it was decided to run
the system for a longer period of time in order to try and achieve greater stability
and thus lower the RSD. Upon doing this it was found that the waste collection
contained traces of oil and inspection of the Omnifit® connectors revealed that
cracks had formed, thus revealing the source of the problem. Since it was essential
to develop a system that was robust enough to be heated to 100°C on a regular
basis, for prolonged periods of time and that fouling of the flow stream was a
situation to avoid, it was decided to revise the set up and investigate alternative

methods of providing heat to the capillary column, Ci.

4.6 Revised Continuous Flow Set Up

One of the biggest issues was the integrity of the connectors following prolonged,
direct heating and whether or not the catalyst remained fully operational after
spoiling by the entry of oil in to the packed capillary. Removal and washing of
the catalyst (Hexane, MeOH) was possible, but also a time consuming process,
especially if the situation regularly occurred and not suited to robust method
development or prolonged and routine operation. Switching the system to one
which incorporated a packed micro reactor channel would alleviate this problem

by minimising interconnections, since previous heating viz an oil bath had been

*RSD =20.1%, n=5
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4.6 Revisep ConTINUOUS FLow SET UP

successfully achieved (see Section 2.3.4). However the ease by which a column
may be packed and operated in a continuous flow environment, the promising
results achieved (Table 23) and the success reported by Lee et al.™ were all
deciding factors in retaining the same general methodology. In contemplating
ways around the problems that had been encountered, the following solutions

were considered:

* Use of water instead of oil as a heating medium, since successful application

had been previously reported. >’

* Sourcing alternative connectors that could withstand higher temperatures.

* Provide a more direct method of heating.

The alternative option that was found to offer the best solution was to employ
direct heating via the use of a chromatography column heater which contained
aluminium blocks, that ensured dispersion of heat around the reaction column,
but most importantly not the Omnifit® connectors (Figure 42). This approach
allowed efficient dispersion of heat to the reactants within the flow system and it
was found that the temperature could be much more precisely controlled using

this apparatus, with fluctuations of only +2°C, overall a much more robust way

Figure 42. A photograph of the flow column, C2, within the chromatography column heater.
Inset—A magnified view of the column 7n-situ with the top heating block removed.
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4.7 FLow SYNTHESIS OF BIPHENYL DERIVATIVES

of supplying heat to the reactor, Ci (oil bath £10°C). In addition, the use of
such equipment would prevent potential fouling of valuable catalyst material,

were the connectors to leak.

Since an alternative system was being implemented, a new column was packed
with fresh Pd EnCat™40 149, in order to allay any fears of the repeated catalyst
fouling affecting future optimisation data. It was also decided to employ a longer
borosilicate glass column (C2 = 3mm i.d X 10cm) so that the stream of reagents
was exposed to a greater proportion of catalyst as it passed through the system.
Using an analogous packing technique, the column was filled with 0.35g of
catalyst material, which was more comparable to the system employed by Lee

and co-workers™ (

0.48g). The reactor, C2, was again interfaced to the syringe
and collection vessel using PTFE tubing, Omnifit® and PEEK™ connectors in
the same manner as was previously described, in accordance with the photograph

shown in Figure 42.

4.7 Flow Synthesis of Biphenyl Derivatives

When the system was operated at 70°C, over a range of flow rates, the data
shown in Figure 43 was obtained. It was surprising to find that, considering the
additional catalyst material present, in comparison to flow reactor C1, conversions
were lower than had been observed at an equivalent flow rate and temperature.
This observation was attributed to the fact that when the temperature had been
controlled by the oil bath there were large fluctuations in the temperature (up
to 10°C difference) and it would seem that with a stable temperature of 70°C
there was simply not enough energy for the reaction to progress to such a degree,
exemplified by the fact that additional catalyst did not promote any extra reaction.
This observation is surprising considering the results published by Lee e a/."’
but nevertheless, in the case of the set up described herein, it seemed worthwhile

to investigate the effect of raising the temperature to 100°C.

As can be seen from Table 24, when the reaction was repeated at the higher

temperature of 100°C there was a significant improvement in conversions at all
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Figure 43. The results obtained when attempting the flow synthesis of biphenyl 153 at various
flow rates when heated to 70°C using a chromatography column heater.

investigated flow rates and the results compared well to those obtained with the
previous set up, Cr. As had been observed previously, at the lowest investigated

flow rate (10 pl min~"), excellent conversions were obtained.

Following the development of a stable flow system for the synthesis of biphenyl
153, generation of the full library of isotopically unmodified compounds, in-
troduced in Section 4.3, was attempted under the aforementioned conditions.
The data presented in Table 25 shows that for all compounds conversion and
reproducibility was found to be excellent, which indicated that the synthesis of
deuterium substituted biphenyl derivatives would now be possible, in an efficient

way, using the developed reaction process.

Table 24. Conversions achieved for the synthesis of biphenyl 153 across a range of flow rates
when heated to 100°C using a chromatography column heater and reactor Cz.

Entry Flow Rate (plmin™") Conversion (%) RSD? (%)
1 200 37.2 18.4
2 100 69.8 0.9
3 50 76.7 1.6
4 20 82.9 3.0
5 10 91.1 0.8
T n=5
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4.8 SYNTHESIS OF DEUTERATED BIPHENYL DERIVATIVES

Table 25. Conversions obtained for the flow synthesis of biphenyl derivatives at a flow rate of
10 plmin~"' and temperature of 100 °C within reactor Ca.

Product Conversion (%) RSD? (%)
4-Phenylbenzonitrile 160 95.9 0.84
4-Methoxybiphenyl 156 97.9 0.70
4-Methylbiphenyl 157 95.0 2.10
4-Nitrobiphenyl 161 97.2 0.15

2 n=5

4.8 Synthesis of Deuterated Biphenyl Derivatives

In order to demonstrate the synthesis of deuterium substituted biphenyl deriva-
tives the optimised reactions were repeated with phenylboronic acid 20 sub-
stituted for its penta-deuterated isotopologue, (Ds)phenylboronic acid 152, as
shown in Scheme 31. Reaction of iodobenzene derivatives 150, 154, 155, 158
and 159 in this way brought about the synthesis of (Ds)phenylbenzene 162,
1-methoxy-4-(Ds)phenylbenzene 163, 1-methyl-4-(Ds)phenylbenzene 164, 4-
(Ds)phenylbenzonitrile 165 and 1-nitro-4-(Ds)phenylbenzene 166 respectively.
The results of running the reactor C2 under optimal conditions for all biphenyl

derivative can be seen in Table 26.

In all cases the flow system was operated for between 3.3 hr and 4.2 hr (prior to
removal of the solvent 7z-vacuo and an aqueous work-up) in order to produce

sufficient compound for analysis by NMR and MS, so that successful synthesis

R
D
R pdEnCat™ 40 149 D
\ TBAM 151
CgDs — B(OH +
w5 (OH)2 _ Toluene/MeOH A
152 | D D
D
R=H 150 R2=H 162
R=CN 158 R2=CN 165
R=OMe 154 R2=0OMe 163
R=Me 155 R?=Me 164
R!=NO, 159 R2=NO, 166

Scheme 31. The five deuterium substituted biphenyl derivatives which were successfully synthesised
in high yield within continuous flow system Ca.
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4.8 SYNTHESIS OF DEUTERATED BIPHENYL DERIVATIVES

Table 26. Summary of the results achieved when synthesising penta-deuterio substituted biphenyls
within reactor C2 at a flow rate of 10 plmin~" and temperature of 100°C.

. . b . 1 1c
Biphenyl Product Residence Throughput Conversion Yield

Time? (s) (mghr™1) (%) (%)
I
D
O 1800 4.2 90.0 (91.1) 88
D D 162
D
b CN
D
O 1800 5.0 100.0 (95.9) 91
D D 165
D
D BN
DU
1800 5.5 100.0 (97.9) 97
5 o 163
D
D
S
O 1800 5.0 97.5 (95.0) 96
D D 164
D
5 N0
1800 6.1 100.0 (97.2) 99
D D 166
D

 Estimated based upon the internal volume of the packed column (300 pl) and flow rate. The true residence time will
fluctuate depending on the individual path of the flow stream over the catalyst.

b Number in parentheses represents the % conversion obtained under optimal conditions when using phenylboronic
acid 20.

¢ Isolated Yield.

of the isotopically substituted compounds could be confirmed. In the case of
4-(Ds)phenylbenzonitrile 165 and 1-nitro-4-(Ds)phenylbenzene 166 it was also
necessary to conduct elemental and IR analysis as these particular compounds

were previously unreported within the literature.
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4.9 Summary

Once again moderate to excellent isolated yields (> 88 %) were obtained when
undertaking the synthesis of isotopically modified biphenyl derivatives under
continuous flow at sufficient levels of throughput (> 4.2 mghr™") for the purposes
of isotope labelling. This was a pleasing result and although the conditions differed
somewhat when compared to those reported in the literature, the heating regime
was more robust with respect to long term use. In addition the Pd EnCat™40
149 catalyst proved itself viable for long term use with minimal leaching observed
(0.002% w/w) and a high re-usability, employed for a total of ~ 150 hr without
any noticeable decrease in activity, an observation that is attributed to the minimal

catalyst degradation observed in a flow system compared to a batch reactor.
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CHAPTER 5

CONCLUSIONS

5.1 Summary

A number of continuous flow reactions have been presented which were optimised
using isotopically unmodified starting materials to the point where it was possible
to undertake isotope labelling, in high yield, demonstrated by the substitution of

small molecular precursors for their deuterated isotopologues.

In order to demonstrate the feasibility of using micro reactor systems for isotope
labelling, the successful acetylation and methylation of phenols was repeated
under optimised conditions by the substitution of acetyl chloride 58 and Mel
47 for their tri-deuterated equivalents (D3)acetyl chloride 59 and (D;)Mel 106
respectively. In all but one case, the methylation of 4-nitrophenol 62, high conver-
sions (> 92.3 %), corresponding to isolated yields of > 92 % and throughputs of
> 6.6mghr™" were obtained. The deuterated compound (D3)acetyl chloride 59
was also employed to bring about the synthesis of isotopically modified secondary
amides which were once again optimised to achieve conversions > 95.0 %, iso-
lated yields of > 92 % and throughputs of > 7.6 mghr~". The residence time for
the aforementioned flow syntheses was of the order < 12.0s indicating the expe-
dient nature of undertaking synthesis within micro reactor systems. Additionally,
the successful incorporation of deuterium isotopes into a number of biphenyl

derivatives was also achieved by the substitution of phenylboronic acid 20 for
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the penta-deuterated compound, (Ds)phenylboronic acid 152. Repeating the
successfully optimised experiments in this way furnished excellent conversions
of > 90.0% and isolated yields of > 88 % at levels of throughput in the range
4.2mghr! to 6.1mghr™".

The practice of undertaking the work presented herein demonstrates the real
life applicability of using, and continuing to develop, flow techniques for syn-
thesis involving isotopes on an extremely cost effective scale. Resulting yields
were high (88 % to 98 %) and achieved at excellent throughputs (4.2 mghr™" to
26.6mghr™') demonstrating that continuous flow technology has a great deal to
contribute to the many areas of science that rely upon the use, or synthesis of,

isotopically modified compounds.

The labelling procedures presented herein offer superiority over traditional synthe-
sis techniques as the developed methods allow the use of stoichiometric quantities
of reagents to produce high yields, provide a highly contained reaction system and
allow the reactions to be undertaken using generic methodology for numerous
derivatives. Whilst commercially produced devices capable of undertaking small
scale flow synthesis with isotopes are not currently available, this work has clearly
demonstrated the potential of applying this technology to the manufacture of
such units, which would result in significantly reduced costs (when compared
with alternative automated synthetic units currently available), and dramatically

alter the many areas of science that rely on such techniques.

5.2 Future Work

A theme that has been referred to throughout is the need to develop in-line clean
up protocols whereby an isotopically labelled compound would be delivered in a
suitably pure state its application. For the reactions presented herein there are of
many ways to achieve this which are dependant upon the end use. For example,
when considering the methylation of sodium aryloxides, the only by-product is
NaCl and the product contains a small percentage of un-reacted starting material.

In order to obtain the isotopic target in pure form the implementation of an
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in-line purification protocol is necessary. One option is a phase separation ‘chip’,
capable of dissolving the NaCl in an aqueous stream, and achieving separation
of the two immiscible laminar flow streams. The solvent could then be sepa-
rated from the organic portion under high vacuum, leaving behind the enriched
isotopically modified target molecule. Practically however the resolution of con-
trol that is required to achieve this within pressure driven systems is difficult to
achieve since perturbations caused by the pulsed nature of the driving technology
require correction to obtain a truly efficient separation. In such cases coupling
to a preparative HPLC or bringing about chromatographic separation by other

techniques could provide the simplest method of on-line purification.

5.2.1 Potential Applications

The acetylation and methylation reactions that were optimised using micro reactor
systems are well suited to undertaking isotopic labelling with more than just
deuterium. In particular isotopologues of Mel 47 are often employed as a tool
for radiolabelling since ['*C]Mel 45 may be rapidly prepared after cyclotron
bombardment of a suitable target. Thus it should be a simple task to undertake
the synthesis of many important radiolabelled molecules by employing the micro
reactor systems optimised for deuterium labelling. As the radiolabelled precursor
is prepared in much lower concentrations than the example reactions herein
were optimised for, the migration to lower concentrations should, theoretically

produce analogous results.

In contrast it should be noted that the continuous flow systems, C1 and Ca,
presented within Chapter 4 are mainly useful for syntheses involving stable
isotopes as the holding volume within the reactor column is much larger, when
compared to the other micro reactor systems that were developed herein (e.g.
300.0 pl* ¢f 1.4pl"). As a direct consequence of this, the ‘priming time’ required
to ensure a stable and high yielding synthesis of isotopically modified compound
is much greater, as is the residence time at the optimal flow rate (30 min at

10 plmin™"). Therefore, the ability to carry out time dependent carbon-carbon

*Calculated as an average based on five weights when the column was filled with MeOH.
fCalculated as an average volume of all the micro reactors detailed within Appendix A.
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couplings on the nanomolar scale, as would be required in order to undertake
a radiosynthetic preparation, is somewhat diminished. In order to make these
reactions suitable for synthesis on this scale it is suggested that the method be
transferred to a micro reactor based system which incorporates a packed bed
channel, capable of holding the catalyst and affecting transformations to an
equivalent extent. In lieu of this, the developed methodology is well suited
to situations where a large isotopic mass increase is required since coupling of
(Ds)phenylboronic acid 152 to an aryl iodide will furnish a product which is 5 Da
heavier than its isotopically unmodified isotopologue, a more than acceptable
increase in molecular weight in a number of situations, as was discussed earlier

within Chapter 1.

The use of isotopes to undertake biosynthetic studies serves to highlight that within
this particular area of research it is advantageous to have the ability to generate a
ready supply of structurally diverse labelled molecules from less expensive labelled
precursors, with which to perform biosynthetic evaluation. It may be envisaged
that in the future this need will be met with the use of combinatorial micro
reactors which would facilitate a diversity of labelled compounds at speed and

low cost, greatly enhancing the productivity of such studies.
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CHAPTER 6

ExPERIMENTAL DETAILS

6.1 Materials

(D3)Mel 106 (+99 % D) was purchased from Acros Organics (Loughborough,
UK). All other reagents were purchased from Sigma Aldrich (Gillingham, UK).
NaH 78 (60 % as a suspension in mineral oil) was washed with hexane prior
to use whilst 4-methoxyphenol 67 (98 %), 4-methoxyaniline 122 (98 %) and
1-(3-aminophenyl)ethanone 123 (> 99 %) were recrystallised from DCM/hexane
prior to use. 4-Phenoxyphenol 69 was recrystallised from ether/hexane. All other
chemicals were of suitable purity (> 99 %) to be used as received and stabiliser
free, anhydrous THF (99.9 %, H,O < 0.002 %) was used when carrying out
micro reactor acylations. Solvents used for micro reactions of amines were puriss
grade (> 99.5 %) over molecular sieves (H,O < 0.005 %) purchased from Fluka
(Gillingham, UK). MeCN and DMF used for all other micro reactions were of
purity > 99.0% with a water content of < 0.3 %. All other solvents were HPLC
grade purchased from Fischer Scientific (Loughborough, UK). Water purity was
5MQ ecm ™, prepared by reverse osmosis and ion exchange using an Elgast (High
Wycomb, UK) water purifier fitcted with an Option 4 cartridge. Pd EnCat™40 149
had a specified Pd loading of 0.46 mmolg™" and a 174 pm particle size. Crown
white borosilicate glass pre-coated with chrome and photoresist manufactured by

TELIC (Valencia, USA) was used to fabricate all micro reactors employed herein.
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6.2 INSTRUMENTATION AND APPARATUS

6.2 Instrumentation and Apparatus

Elemental analysis was carried out using a Fisons Carlo Erba Instruments EA1108
elemental analyser manufactured by CE Elantech, Inc. (Lakewood, USA). Infra-
red spectra (thin film, DCM) were recorded on a Paragon 1000 FT-IR spec-
trometer manufactured by Perkin Elmer, Inc. (Massachusetts, USA) in the range
4000cm™" to 500 cm ™" and peaks (Ap.,) reported in wavenumbers (cm ™). NMR
spectra were recorded on a Jeol GX400 spectrometer manufactured by JEOL (UK)
Ltd. (Welwyn Garden City, UK) operating at room temperature in solutions of
trichloro-deuteriomethane (CDCl;) doped with trimethylsilicon (TMS, 0.03 %)
as an internal standard. Chemical shifts are quoted in parts per million (ppm)
and coupling constants in Hertz (Hz). Mass spectra were recorded on a Varian
GC CP-3800 coupled to a Varian MS Saturn 2000 manufactured by Varian,
Inc. (Oxford, UK) with a CP-Sil 8 (30 m) Zebron ZB-5 column manufactured
by Phenomenex (Macclesfield, UK) using He (99.9999 %) as the carrier gas.
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements were
made at A = 340.46 nm using a Perkin Elmer Optima 5300DV instrument. The
melting point (mp) of compounds are reported uncorrected and were recorded
using Gallenkamp (UK) melting point apparatus. Characterisation and naming

of all compounds is reported in accordance with the current Royal Society of

Chemistry (RSC) and IUPAC guidelines. '’

The GC-FID used for the routine analysis of biphenyl and its derivatives was
a Shimadzu GC-17A manufactured by Shimadzu UK Ltd. (Milton Keynes,
UK) equipped with a CP-Sil 8 (30 m) Zebron ZB-5 column manufactured by
Phenomenex using He as the carrier gas and a 50 : 50 mix of air and hydrogen
as the detector fuel. In all other cases the HPLC set up used for experimental
analysis was a Shimadzu (LC-10AD) pump coupled to an in-line Shimadzu
DGU-14A degasser and an appropriate HPLC column. Analyte detection was
carried out at A = 254 nm using a Polymer Laboratories LC 1210 UV/Vis detector

manufactured by ICI Instruments (London, UK).

Unless otherwise stated the syringe driver was an MD-1001 connected to a MD-
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1000 syringe pump controller which were manufactured by Bioanalytical Systems,
Inc. (West Lafayette, USA) and could operate at set flow rates ranging between
lplmin™ to 20 plmin~". The syringe pump used for the flow reactions of biphenyl
and its derivatives was a Harvard PhD 2000 manufactured by Harvard Apparatus
Ltd. (Edenbridge, UK) whilst the column heater was a 7971 Jones chromatog-
raphy column heater manufactured by Jones Chromatography Ltd. (Hengoed,
UK). The dimensions and characteristics of all micro reactors used may be found
within Appendix A. PEEK™ tubing (360 pm o.d., 150 pm i.d.) used to connect
the micro reactors and syringes was purchased from Anachem (Luton, UK).
Glass luer lock syringes, HPLC fittings (*/16"”), PTFE tubing (584 pm i.d., '/,5”
0.d.) and female-female luers were all purchased from Supelco (Gillingham, UK).
Ominfit connectors and O-rings were purchased from Kinesis (Cambridge, UK).
The thermocouple (2063750) used to monitor heated micro reactions was manu-
factured by RS components (Corby, UK). The optical microscope used for micro
reactor imaging was an Axiovert SI00 manufactured by Carl Zeiss Microlmaging
Inc. (Welwyn Garden City, UK) fitted with a 20x magnification lens and a
coupled CCD camera. The automatic mixing carousel used to undertake small
scale batch studies was a Stuart Rotator SB2 manufactured by Bibby Sterilin Ltd.
(Stone, UK).

6.3 Instrumental Methodology

6.3.1 GC-MS

All compounds were analysed with an injector volume of 1l at a temperature
of 200°C and He flow rate of Imlmin~'. Oven temperature was set to 50°C
for 4.0 min and then increased to 250°C at a rate of 30°Cmin~"' and held for
9.3 min with a 3.0 min filament delay. The injector volume was set to 1l in all

cases and the ion range of the mass spectrometer was set to 50 Da to 650 Da.
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6.3.2 GC-FID

Reactions involving biphenyl derivatives were monitored using an injector volume
of 1l set to 250°C using He as the carrier gas at a flow rate of Imlmin~". The
oven temperature was set to 50 °C for 5 min then increased at a rate of 10°C min™"

to 250°C where it was held for a further 5 min.

6.3.3 HPLC

Method A A Jupiter 10pm C18 300A (4.6mm x 250 mm) column manufac-
tured by Phenomenex was used to conduct all analyses at room temperature
in isocratic mode using MeCN and water in a 9 : 11 ratio as the mobile phase,
delivered at a flow rate of 1.5 mlmin™'. Samples were introduced through a 20yl

sample loop.

Method B Analysis was conducted using a 5 pl sample loop at room temperature
using a Jupiter 10um CI8 300 A (4.6mm x 250 mm) column manufactured by
Phenomenex, run in isocratic mode using MeCN and water in a 7 : 3 ratio as

the mobile phase delivered at a flow rate of 1.5mlmin~".

Method C Using a Prodigy 5pm ODS-2 (4.6mm x 250 mm) column, manu-
factured by Phenomenex, analysis was carried out at room temperature in isocratic
mode with MeCN containing 0.1% TFA and water as the mobile phase, delivered
in a ratio of 9 : 1 at a flow rate of 2.0mlmin~". A 20 pl sample loop was used for
the analysis of acetamide derivatives and a 5l sample loop was used to analyse

benzamide derivatives.

6.4 Batch Procedures

General Procedure 1: Washing NaH

Sodium hydride 78 (~ 2g, 50.0 mmol) as a 60 % dispersion in mineral oil was

added to hexane (30.0 ml), the mixture stirred and then the solvent decanted.
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The process was repeated 5 times and the remaining solvent removed in-vacuo
to afford the dried NaH 78 (typically ~ 1.13 g, 94.2 %) which was stored under

nitrogen.

General Procedure 2: Acetylation of Phenols
OH o
O Jow Y
THF
R c R = °
58

Dried NaH 78 (2.00eq.) was added with care to a stirred mixture of phenol
adduct dissolved in THF (5.0 mlmmol™). Upon complete addition the mixture
was stirred for 15 minutes and acetyl chloride 58 (2.00eq.) added dropwise. The
mixture became hot and was allowed to stir for a further 15 hours. Volatiles were
removed in-vacuo and the crude product dissolved in DCM (100.0 ml), washed
with water (3 x 50.0ml) and the organic portion dried over MgSOy. Filtration
and evaporation of the DCM i#n-vacuo afforded the corresponding phenyl acetate

derivative.

General Procedure 3: Benzoylation of Phenols

0
OH o)
, BuLi 79 ﬁ
34 THF o
R R

BuLi 79 (1.00eq.) as a solution in hexanes (2.5 M) was added to a stirred solution
of phenol derivative in THF (5.0 mlmmol ™) under nitrogen. Benzoyl chloride
34 (1.05eq.) was added after 15 min and stirring was continued for a further 3 hr.
After this time the solvent was removed in-vacuo, DCM (150.0 ml) added and
the resulting solution was washed with brine (100.0 ml) and water (3 x 100.0 ml)
before drying over MgSOy. Filtration and subsequent concentration in-vacuo

afforded the corresponding phenyl benzoate derivatives which were recrystallised

from hot MeOH.
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General Procedure 4: Preparation of Sodium Aryloxides

OH O Na*
X
NaH 78 ‘
—_—
DCM
=
R R

Sodium aryloxides were prepared by the addition of dried NaH 78 (0.24g,
10.0 mmol) to a stirred solution of phenol derivative (10.1mmol, 1.0leq.) dis-
solved in DCM (50.0 ml). Upon precipitation (~ 5 min) filtration and washing
with DCM (3 x 50.0 ml) afforded the corresponding sodium aryloxides in excel-

lent yield which was then dried under vacuum prior to storage under nitrogen.

General Procedure 5: Methylation of Phenol Derivatives

O Na* (6]
\ \
‘ £ Mel47 s
/
R R

Mel 47 (1.10eq.) was added to a stirred solution of sodium phenoxide derivative
in DMF (10.0 mlmmol™"). Stirring was continued for 1 hr after which time water
(50.0 ml) was added. The solution was extracted with hexane (3 x 50.0 ml) and
the washings combined before further washing with water (2 x 50.0ml). The
organic extract was dried over MgSQOy, filtered and the solvent removed in-vacuo

to afford the corresponding methoxybenzene derivative.

General Procedure 6: Acetylation of Amines

o)
: ] : L
o NH Et;N 63 n N
+ - - H
o THF
R R
58

Et;N 63 (1.00eq.) was added to a stirred solution of amine dissolved in THF
(23.0mlmmol™) and after 15 min acetyl chloride 58 (1.10eq.) was added with

care. After 2 hr of continued stirring at room temperature the solvent was removed

134
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in-vacuo, DCM (150.0ml) added and the resulting mixture washed with sat.
NH,CI solution (3 x 50.0ml). The organic layer was dried over anhydrous
MgSOy, filtered and concentrated in-vacuo. Subsequent recrystallisation from
DCM/hexane or ether/hexane (for aliphatic derivatives) yielded the corresponding

amide, confirmed by comparison with data in the literature.

General Procedure 7: Benzoylation of Amines

R R )J\
n NH2 n N Ph
+ — - H
cl Ph Pem
R R
34

Benzoyl chloride 167 (1.00eq.) was added to a solution of amine in DCM
(30.0mImmol™) and the mixture was stirred for 2hr. The resulting ammo-
nium salt precipitate was removed by filtration and organic solvent then removed
in-vacuo. The remaining residue was recrystallised (DCM/hexane) to afford the

corresponding benzamide product.

General Procedure 8: Preparation of Lithium Aryloxides

OH O Li*
//J:::::::[// BuLi 79
THF
R R

Lithium aryloxides were prepared as ready to use solutions in the following way;
a solution of BuLi 79 (2.50M in hexanes, 0.4 ml, 1.0 mmol) was added to a
solution of phenol derivative (1.0 mmol) in anhydrous THF (9.4 ml) under an
inert (N,) atmosphere. The resulting 0.10 M solution was allowed to stir for 5 min

and was used immediately without further treatment or purification.

General Procedure 9: Synthesis of Deuterium Labelled Phenyl Ethers

O Na* (e}
o,
+ CDsl106 —— >
MeCN
R R
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Freshly prepared and dried sodium phenoxide derivative (1.0 mmol) was dissolved
in MeCN (50.0 ml) and (D3)Mel 106 (75 pl, 1.2 mmol, 1.20 eq.) was added. The
mixture was stirred under reflux for 3 hr, the solvent removed #n-vacuo and the
crude product then dissolved in ether (150.0 ml). This was washed with dilute

NaOH 100 (3 x 200.0ml), dried over MgSOy, filtered and concentrated 77-

vacuo to afford the corresponding, purified phenyl ether product.

6.5 Micro Reactions

General Procedure 10: Acetylation of Lithium Aryloxides

o Li* o N o) R!
N — h
] o aL THE A / o

R!=CH, 58
R1=CD, 59

(a) A solution of lithium phenoxide derivative prepared in THF (0.10 M) was
introduced to micro reactor S3 (Figure 44) through inlet A and acetyl chloride 58
solution (0.10 M, THF) was introduced to inlet B using two 1000 pl syringes. The
resulting product stream was collected from the outlet (C) viz a 5cm length of
PEEK™ tubing and analysed using HPLC method A by comparison to prepared
synthetic standards. The procedure was optimised by evaluating 10 pl samples

over a range of flow rates (20 plmin™" to 1plmin™").

(b) Once optimised (Dj)acetyl chloride 59 was employed and with the syringe
pump set to a flow rate of 20 plmin~" the product stream directed into a flask for

sufficient time to obtain ~ 50 mg of product for characterisation. The solvent

A9 s3

Figure 44. The micro reactor used to synthesise phenyl acetate derivatives.
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was then removed in-vacuo, the crude product combined with DCM (50.0 ml)
which was washed with water (3 x 50.0ml), dried over MgSOy, filtered and
removed in-vacuo to afford the corresponding isotopically substituted phenyl

acetate derivatives which were analysed without further purification.

General Procedure 11: Methylation of Sodium Aryloxides

O Na* O
Rl
+ Rll .
MeCN
R R

RI=CH, 47
R'=CD; 106

(a) Utilising set up T1-R,U (Figure 45) a solution of sodium phenoxide derivative
(0.10 M in DMF) was introduced to inlet A of T1 and a solution of Mel 47 (0.10 M,
DMEF) into inlet B. The outlet of Tt was connected viz a 5cm length of PEEK™
tubing to the inlet R;U. Heating viz a hot plate was undertaken by placement of
the reactors into a shallow silicon oil bath. The final solution was collected from
the outlet (C) of RyU via a 5cm length of PEEK™ tubing and 10 pl samples were
analysed using HPLC by comparison to synthetic standards over a range of flow

rates (20 plmin™ to 1plmin™").

(b) Under optimised conditions (20 plmin~", 100°C) Mel 47 was employed
and the product stream collected for sufficient time to afford ~ 50 mg of product.
The micro reactor set up was flushed with water (1.0 ml), acetone (1.0 ml) and
DMEF (1.0 ml) every 1.5hr to prevent channel blockages caused by precipitates.

Post collection sat. brine solution (50.0ml) was added and the mixture was

A
T1 R;U

Figure 45. The set up employed in the synthesis of phenyl ethers.
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washed with hexane (3 x 20.0ml). The combined organic extracts were further
washed with water (2 x 20.0ml), dried over MgSOy and concentrated in-vacuo
to afford isotopically substituted phenyl acetate derivatives which were analysed

without further purification.

General Procedure 12: Acetylation of Amines

R fe) )k
. NH, N Et3N 63
MeCN/THF
R cl R!

Rl CH, 58
=CD; 59

(a) Micro reactor set up T1-T2 or T1-S3 (Figure 46) was used for the preparation
of amides by introducing solutions of amine (0.1M) and Et;N 63 (0.1M) in
MeCN into micro reactor T (inlets A and B). The outlet of this micro reactor was
connected viz a 2.5 cm length of PEEK™ tubing to one inlet of a second micro
reactor, either T2 or S3, where acetyl chloride 58 was also introduced (inlet C).
The resulting product stream was collected from the outlet (D) viz a further 5cm
length of PEEK™ tubing and 10 pl samples analysed using HPLC by comparison

to synthetic standards at a variety of flow rates (20 plmin™" to 1plmin™").

(b) Upon substitution of isotopically unmodified acetyl chloride 58 with its
tri-deuterated isotopomer 106 it was necessary to run the system at 20 pl min™"
for a sufficient amount of time in order to prepare ~ 20 mg of product for char-

acterisation. Post collection the reaction products were concentrated in-vacuo,

A

T1

S3
T1

T2

C C

Figure 46. The micro reactor set ups employed to synthesise secondary amides.
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dissolved in DCM (25.0 ml) and washed with sat. NH,Cl solution (3 x 30.0 ml).
Drying over MgSQOy, filtration, concentration in-vacuo and recrystallisation

(DCM/hexane) afforded the final product for characterisation.
General Procedure 13: Synthesis of Biphenyl Derivatives

R PdEnCat™ 40 149 R
TBAM 151
+ R1— B(OH), >
Toluene/MeOH

R=Ph 20
R=(Ds)Ph 152

(a) A micro capillary column (3 mm i.d. x 10 mm length) was packed with Pd
EnCat™40 149 (0.35g) and secured at the outlet with an Omnifit® connector,
containing a small plug of cotton wool. PTFE tubing was attached to the connec-
tor allowing for collection from the outlet and the column inlet was interfaced to
a syringe via another Omnifit® connector and further length of PTFE tubing. A
column heater was employed to apply heat to the column, which was held in place
by aluminium blocks. The reaction mixture consisted of phenylboronic acid 20,
the iodobenzene derivative and TBAM 151 (0.05M in 9 : 1 toluene/MeOH) and
was infused through the column at flow rates ranging between 200 pl min™" and
10 plmin~" at temperatures ranging from 70°C to 100°C. In order to optimise

the reaction conditions 50 pl samples were collected from the reactor outlet and

analysed by GC-FID.

(b) The synthesis of deuterium substituted biphenyl derivatives was achieved
by substituting phenylboronic acid 20 for its penta-deuterated isotopologue
(Ds)phenylboronic acid 152 and operating the set up described above under
optimal conditions (10 plmin~, 100°C). The syringe driver was run for the
required amount of time to synthesise ~ 20 mg of product, with the column
being flushed with a 9 : 1 mixture of toluene/MeOH for a further 60 min post
reaction. Following this the reaction solvent was removed in-vacuo and the
residue dissolved in DCM (50.0 ml), washed with water (3 x 50.0ml), dried
over MgSOy and evaporated to dryness under vacuum. Without any further

purification successful synthesis of the resulting product was then confirmed
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using conventional analytical techniques.

6.6 Preparation of Synthetic Standards

4-Nitrophenyl acetate 6512

O
T e
O
OoN

Following general procedure 2, 4-nitrophenol 62 (3.84g, 27.6 mmol) NaH 78
(1.32g, 55.2mmol) and acetyl chloride 58 (3.9ml, 54.9mmol) were reacted
which, upon recrystallisation (DCM/hexane), formed 4-nitrophenyl acetate
65 (3.04g, 61%) as faint yellow crystals; mp 78 -80°C (lit.,'*! 78 —79°C); 9y,
(400 MHz; CDCly; TMS) 2.35 (3H, s, CHs), 7.29 (2H, d, / 9.3, 2 x ArH)
and 8.28 (2H, d, 7 9.3, 2 x ArH); 9, (100MHz; CDCly; TMS) 21.1 (CHs),
122.5 (2 x CH), 125.3 (2 x CH), 145.2 (C,), 155.4 (C,NQO,) and 168.4 (CO);
"z (EI) 182 (M* +1, 23 %), 181 (5), 139 (12), 109 (20) and 43 (100); GC-MS
R; = 9.9min, HPLC (method A) R = 3.5 min.

Y -

Following general procedure 2, phenol 61 (3.45g, 36.7 mmol) was reacted with
NaH 78 (1.77 g, 73.8 mmol) and acetyl chloride 58 (5.2ml, 73.1 mmol) to afford
phenyl acetate 70 (4.84g, 97 %) as a light yellow oil; d,, (400 MHz; CDCls;
TMS) 2.29 (3H, s, CH3), 7.08 (2H, my, 2 x ArH), 7.22 (1H, m,, ArH)
and 7.37 (2H, my, 2 x ArH); d. (100 MHz; CDCl;; TMS) 21.1 (CHj3), 121.6
(2 x CH), 125.8 (CH), 129.4 (2 x CH), 150.7 (Cy) and 169.5 (CO); ™/z (EI)
137 (M* +1, 62%), 136 (58), 94 (100), 65 (13) and 43(1); GC-MS R, = 7.7 min;
HPLC (method A) R, = 4.2 min.

Phenyl acetate 7016164
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4-Methoxyphenyl acetate 7115166

According to general procedure 2, 4-methoxyphenol 67 (3.75g, 30.2mmol)
was reacted with NaH 78 (1.45g, 60.4 mmol) and acetyl chloride 58 (4.3 ml,
60.5 mmol) to yield 4-methoxyphenyl acetate 71 (4.47 g, 89 %) as a light amber
solid; mp 28-29°C (lit.,'” 32°C); 9;, (400 MHz; CDCl3; TMS) 2.28 (3H, s,
CH3), 3.80 (3H, s, OCH3), 6.89 (2H, d, / 9.0, 2 x ArH) and 7.00 2H, d, /
9.0, 2 x ArH); 9. 100 MHz; CDCl;; TMS) 21.1 (CH3), 55.6 (OCH3), 114.5
(2 x CH), 122.3 (2 x CH), 144.2 (C,), 157.3 (C,) and 169.1 (CO); ™/z (EI) 167
(M* +1, 100 %), 166 (20), 124 (70), 108 (40) and 95 (2); GC-MS R, = 9.1 min;
HPLC (method A) R, = 5.8 min.

4-Methylphenyl acetate 7257170

feag

According to general procedure 2 4-methylphenol 68 (3.60g, 33.3 mmol) was re-
acted with NaH 78 (1.63 g, 68.0 mmol) and acetyl chloride 58 (4.8 ml, 67.5 mmol)
to afford 4-methylphenyl acetate 72 (4.04g, 81%) as a light yellow oil; 9y
(400 MHz; CDCl3; TMS) 2.28 (3H, s, CH3), 2.34 (3H, s, CH3), 6.88 (2H,
d, /9.0, 2 x ArH) and 7.00 (2H, d, / 9.0, 2 x ArH); d. (100 MHz; CDCls;
TMS) 20.9 (CHj), 21.1 (CH,), 121.3 (2 x CH), 130.0 (2 x CH), 135.5 (Cy),
148.5 (Cy) and 169.8 (CO); ™/z (EI) 151 (M* + 1, 20%), 150 (13), 108 (100), 80
(13) and 43 (13); GC-MS R, = 8.4 min; HPLC (method A) R; = 5.8 min.
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4-Phenoxyphenyl acetate 73

sUsad

Following general procedure 2 the reaction of 4-phenoxyphenol 69 (4.08g,
21.9 mmol) with NaH 78 (1.05g, 43.8 mmol) and acetyl chloride 58 (3.1ml,
43.8 mmol) was undertaken to afford 4-phenoxyphenyl acetate 73 (3.50 g, 70 %)
as a pale yellow oil; Found C, 73.89; H, 5.50 C,;4H,,03 requires C, 73.67;
H, 5.30%; v,,./cm™! 3030, 2924, 2864, 1611, 1584, 1510, 1456, 1292, 1254,
1177, 1111, 997, 956, 817 and 703; 9,; (400 MHz; CDCl;; TMS) 2.29 (3H, s,
CHS,), 6.93 (2H, my, 2 x ArH), 7.00 (2H, d, 7 9.0, 2 x ArH), 7.05 2H, d, /
9.0, 2 x ArH), 7.11 (IH, m,, ArH), 7.34 (2H, m,, 2 x ArH); d. 100 MHz;
CDClj; TMS) 21.0 (CH3), 118.8 (2 x CH), 119.5 (2 x CH), 122.7 (2 x CH),
123.4 (CH), 129.8 (2 x CH), 146.0 (C,), 154.8 (C,), 157.1 (Cy), 169.6 (CO);
"z (EI) 229 (M* +1, 7 %), 228 (10), 186 (100), 158 (10); GC-MS R = 11.3 min;
HPLC (method 6.3) R; = 0. min

Phenyl (D;)acetate 74"7"'72

N o CDs
T
/ (@]

According to general procedure 10b the micro reactor system was run for 180 min
to afford phenyl (D3)acetate 74 (46 mg, 93 %) as a light yellow oil; 9,; (400 MHz;
CDCl3; TMS) 7.00 (2H, my, 2 x ArH), 7.14 (1H, m,, ArH) and 7.30 (2H,
my, 2 X ArH); d. 100 MHz; CDCl3; TMS) 20.4 (CDs, sep, / 20.0), 121.5
(2 x CH), 125.8 (CH), 129.4 (2 x CH), 150.6 (C,) and 169.4 (CO); ™/= (EI)
140 (M* +1, 88 %), 139 (75), 95 (100) and 66 (11); GC-MS R, = 7.5min; HPLC
(method A) R, = 4.8 min.
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6.6 PREPARATION OF SYNTHETIC STANDARDS

Phenyl benzoate 88'7%

O
©/o 88

The reaction of phenol 61 (0.94g, 10.0 mmol) with BuLi 79 solution (4.0 ml,
2.5M, 10.0 mmol) and benzoyl chloride 34 (1.2 ml, 10.5 mmol) was carried out
according to general procedure 3 which afforded phenyl benzoate 88 (1.03 g, 52 %)
as a single, clear cubic crystal; mp 66—68°C (lit.,"* 68—70°C); 9,; (400 MHz;
CDCl;5; TMS) 7.23 (2H, my, 2 x ArH), 7.28 (1H, m, ArH), 7.44 (2H, m,,
2 x ArH), 7.52 2H, m,, 2 x ArH), 7.64 (1H, m,, ArH) and 8.22 2H, m,,
2 x ArH); o, (100MHz; CDCl;; TMS) 121.7 (2 x CH), 125.8 (CH), 128.5
(2 x CH), 129.4 (2 x CH), 129.6 (C,), 130.1 (2 x CH), 133.5 (CH), 150.9 (C,)
and 165.1 (CO); ™/z (EI) 199 (M* + 1, 1%), 198 (2), 106 (23), 105 (100), 94 (10)
and 63 (1); GC-MS R, = 10.2min; HPLC (method B) R, = 3.9 min.

4-Methoxyphenyl benzoate 897

According to general procedure 3, 4-methoxyphenol 67 (1.24 g, 10.0 mmol) was
reacted with BuLi 79 solution (4.0 ml, 2.5M, 10.0 mmol) and benzoyl chloride
34 (1.2ml, 10.5 mmol) to afford the corresponding product, 4-methoxyphenyl
benzoate 89 (1.65g, 73 %) as fine white needles; mp 85-88°C (lit.,'”” 87-88°C);
dy; (400 MHz; CDCl3; TMS) 3.81 (3H, s, OCH3), 6.93 (2H, d, /9.0, 2 x ArH),
712 2H, d, / 9.0, 2 x ArH), 7.49 (2H, m,, 2 x ArH), 7.62 (1H, m,, ArH)
and 8.19 (2H, my, 2 x ArH); d. (100 MHz; CDCl;; TMS) 55.6 (CH3), 114.5
(2 x CH), 122.4 (2 x CH), 128.5 (2 x CH), 129.6 (C,), 130.1 (2 x CH), 133.5
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(CH), 144.4 (C,), 157.3 (C,) and 165.5 (CO); ™/z (EI) 229 (M* + 1, 10 %), 228
(37), 106 (15), 105 (100), 94 (3) and 63 (1); GC-MS R, = 11.2 min, HPLC
(method B) R; = 3.8 min.

4-Methylphenyl benzoate 9077177

JOR

Following general procedure 3, 4-methylphenol 68 (1.08 g, 10.0 mmol) was re-
acted with BuLi 79 solution (4.0ml, 2.5M, 10.0 mmol) and benzoyl chloride
34 (1.2 ml, 10.5 mmol) to afford 4-methylphenyl benzoate 90 (1.54g, 73 %) as a
white crystals; mp 69-71°C (lit.,'”> 71-72°C); 9, (400 MHz; CDCl3; TMS)
2.38 3H, s, CH,), 7.10 (2H, d, / 8.4, 2 x ArH), 7.23 (2H, d, / 8.4, 2 x ArH),
7.51 2H, m,, 2 x ArH), 7.63 (1H, m,, ArH) and 8.21 (2H, m,, ArH); o.
(100 MHz; CDClj; TMS) 20.9 (CHj3), 121.3 (2 x CH), 128.5 (2 x CH), 129.7
(Cop), 130.0 (2 x CH), 130.1 (2 x CH), 1335 (CH), 135.5 (C,), 148.7 (C,) and
165.4 (CO); ™/z (EI) 213 (M* + 1, 10 %), 212 (9), 105 (100), 76 (2) and 64 (1);
GC-MS R, =10.9min; HPLC (method B) R; = 4.6 min.

4-Phenoxyphenyl benzoate 91

_ o
X ‘ o) 91
0

Following general procedure 3, 4-phenoxyphenol 69 (1.86¢g,10.0 mmol), BuLi 79
solution (4.0 ml, 2.5M, 10.0 mmol) and benzoyl chloride 34 (1.2 ml, 10.5 mmol)
were reacted to afford 4-phenoxyphenyl benzoate 91 (1.87g, 65%) as white
needles; mp 96-99°C; Found C, 78.37; H, 4.89 C,oH,403 requires C, 78.61;
H, 4.86%; Vue/cm™ 3061, 1732, 1589, 1488, 1449, 1263, 1263, 1242, 1184,
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6.6 PREPARATION OF SYNTHETIC STANDARDS

1082, 1061, 1022, 870, 811, 785, 740 and 706; d,; (400 MHz; CDCl;; TMS) 7.05
(2H, my, 2 x ArH), 7.07 2H, d, / 9.0, 2 x ArH), 7.13 (1H, m,, ArH), 7.19
(2H, d, /9.0, 2 x ArH), 7.36 2H, my, 2 x ArH), 7.52 (2H, m, 2 x ArH),
7.65 (1H, my, ArH) and 8.22 (2H, my, 2 x ArH); d. (100 MHz; CDCl5; TMS)
118.8 (2 x CH), 119.6 (2 x CH), 122.8 (2 x CH), 123.4 (CH), 128.6 (2 x CH),
129.4 (Cy), 129.8 (2 x CH), 130.1 (2 x CH), 133.6 (CH), 146.3 (C,), 154.8 (C,),
157.2 (Cy) and 165.3 (CO); ™/z (EI) 291 (M* + 1, 11%), 290 (45), 105 (100) and
63 (1); GC-MS R, =15.2min; HPLC (method B) R, = 6.3 min.

4-Nitrophenyl benzoate 927

Oﬁ
/©/ e 92
0N

2

According to general procedure 3, 4-nitrophenol 62 (1.39 g, 10.0 mmol), BuLi 79
solution (4.0 ml, 2.5M, 10.0 mmol) and benzoyl chloride 34 (1.2ml, 10.5 mmol)
were reacted to afford 4-nitrophenyl benzoate 92 (1.25g, 52 %) as pale yellow
crystals; mp 137-138°C (lit.,'”® 132-133°C); 9, (400 MHz; CDCl3; TMS) 7.41
(2H, d, / 8.8, 2 x ArH), 7.53 (2H, m, 2 x ArH), 7.67 (1H, m,, ArH), 8.19
(2H, my, 2 x ArH) and 8.31 (2H, d, J 8.8, 2 x ArH); 9. (100 MHz; CDCl;
TMS) 122.6 (2 x CH), 125.2 (2 x CH), 128.5 (C,), 128.8 (2 x CH), 130.3
(2 x CH), 134.2 (CH), 145.4 (C,), 155.7 (CO) and 164.2 (C,); ™/z (EI) 244
(M*+1, 2%), 243 (1), 105 (100), 77 (8), 63 (6) and 51 (5); GC-MS R, = 12.6 min;
HPLC (method B) R, = 3.7 min.

4-Methoxyphenyl (D;)acetate 93
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6.6 PREPARATION OF SYNTHETIC STANDARDS

The micro reactor system was run according to general procedure 10b for 148 min
to afford 4-methoxyphenyl (D3)acetate 93 (48 mg, 95 %) as a solid; mp 27-31°C;
Found C, 64.09; H, 6.24 CoH,;D30; requires C, 63.89; H, 5.96 %; V. /cm ™!
2955, 2837, 1752, 1507, 1229, 1195, 1061, 1030 and 828; d,; (400 MHz; CDCl;;
TMS) 3.73 (3H, s, OCH,), 6.86 (2H, d, / 9.0, 2 x ArH) and 6.98 (2H, d,
7 9.0, 2 x ArH); 3. (100MHz; CDCly; TMS) 20.2 (CDs, sep, J 19.9), 55.5
(OCH3), 114.4 (2 x CH), 122.3 (2 x CH), 144.2 (C,), 157.3 (C,) and 169.9
(CO); ™Iz (EI) 170 (M* +1,100 %), 169 (29), 125 (37), 95 (2) and 64(4); GC-MS
R; = 8.9min; HPLC (method A) R, = 4.4 min.

4-Methylphenyl (D;)acetate 94

o CDs
T w
o)

In accordance with general procedure 10b the micro reactor system was run
for 163 min to afford 4-methylphenyl (Dj)acetate 94 (47 mg, 93 %) of light
yellow oil; Found C, 70.65; H, 6.67 CoH,D30, requires C, 70.56; H, 6.58 %;
Vma/cm™ 3037, 2921, 1757, 1508, 1232, 1198, 1061 and 816; 9,; (400 MHz;
CDCl;; TMS) 2.33 (3H, s, CH3), 6.96 (2H, d, J 8.4, 2 x ArH) and 7.16 (2H,
d, J 8.4,2 x ArH); &, (100 MHz; CDCly; TMS) 18.9 (CDs, sep, / 20.0), 19.3
(CH3), 119.7 (2 x CH), 128.4 (2 x CH), 133.9 (C,), 146.9 (Co) and 168.2 (CO);
"z (EI) 154 (M* + 1, 75%), 153 (45), 109 (100), 81 (3) and 63 (3); GC-MS
R; = 8.2min; HPLC (method A) R, = 5.8 min.

4-Phenoxyphenyl (D;)acetate 95

QLY

The micro reactor system was run in accordance with general procedure 10b for

108 min to afford 4-phenoxyphenyl (D;)acetate 95 (48 mg, 96 %) of product as
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6.6 PREPARATION OF SYNTHETIC STANDARDS

a faint yellow oil; Found C, 72.92; H, 5.22 C,;HyD;0O3 requires C, 72.71; H,
5.23%; v,,./cm™! 3064, 3045, 1759, 1588, 1499, 1487, 1222, 1184, 1058, 857,
833, 753 and 692; d,; (400 MHz; CDCl5; TMS) 6.98 (2H, d, / 9.0, 2 x ArH),
6.99 2H, my, 2 x ArH), 7.03 (2H, d, / 9.0, 2 x ArH), 7.07 (1H, m, Ar H),
7.31 2H, my, 2 x ArH); . (100 MHz; CDCl;; TMS) 20.4 (CDs3, sep, / 20.0),
118.8 (2 x CH), 119.5 (2 x CH), 122.7 (2 x CH), 123.4 (CH), 129.8 (2 x CH),
146.0 (Cy), 154.8 (Cy), 157.2 (Cy), 169.6 (CO); ™/ (EI) 232 (M* + 1, 35 %),
231 (34), 187 (100), 153 (10), 127 (3), 90 (1), 78 (2) and 64 (10); GC-MS
R; = 11.1min; HPLC (method A) R, = 12.0 min.

4-Nitrophenyl (D;)acetate 96

OH o (0] CDs3
Et;N 63 T
Q/ + )k MeCN/THF /©/ 0
O,N Cl t-Bu 0N 96

62 59

Following reaction optimisation with isotopically unmodified acetyl chloride 58
micro reactor set up S1-S2 (Figure 47) was employed to synthesise 4-nitrophenyl
(D3)acetate 96. Solutions of 4-nitrophenol 62 and Etz;N 63 (0.1M, MeCN) in
500 pl syringes were introduced to inlets A and B of S1, the outlet of which was
connected via 5cm of PEEK™ tubing to the inlet of S2. A solution of (D3)acetyl
chloride 59 (0.05M, THF) was introduced to inlet C from a 1000 pl syringe
and the product stream collected from the outlet (D) of S2 viz 5cm of PEEK™
tubing. The set up was run for 272 min and the resulting final solution freed of
solvent in-vacuo, the residue dissolved in DCM (50.0 ml), washed with water

(3 x 50.0ml) and dried over MgSO,. Removal of the solvent in-vacuo afforded

A9 Sq

S2

Cc

Figure 47. The reactor set up used to synthesise 4-nitrophenyl (D3)acetate 96.
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6.6 PREPARATION OF SYNTHETIC STANDARDS

4-nitrophenyl (D3)acetate 96 (46 mg, 92 %) as an off white solid; mp 78—80°C;
Found C, 52.33; H, 3.70; N, 7.50 CoH,D303 Requires C, 52.17; H, 3.83; N,
7.61%; v,,,./cm ™! 3114, 3886, 1762, 1520, 1347, 1204, 1158, 1060, 743 and 695;
dx (400 MHz; CDCl;; TMS) 7.20 (2H, d, / 9.3, 2 x ArH) and 8.17 (2H, d,
79.3,2 x ArH); 9. (100MHz; CDCl; TMS) 20.3 (CDs, sep, / 20.0), 122.4
(2 x CH),125.0 (2 x CH), 145.2 (Cy), 155.3 (CoNO,) and 168.3 (CO); ™/z (EI)
185 (M* +1, 18 %), 184 (17), 142 (100), 123 (53), 63 (82) and 46 (49); GC-MS
R; = 9.8 min; HPLC (method A) R; = 4.6 min.

°
101

Following general procedure 5, sodium phenoxide 80 (0.58g, 5.0 mmol) was
reacted with Mel 47 (0.3 ml, 5.5 mmol) to afford methoxybenzene 101 (0.38 g,
70%) as a colourless oil; 9, (400 MHz; CDCl;; TMS) 3.80 (3H, s, OCHj3),
6.91 2H, m,, 2 x ArH), 6.94 (1H, m,, ArH) and 7.29 (2H, m,, 2 x ArH);
d. (100 MHz; CDCl;; TMS) 55.1 (OCH3), 113.9 (2 x CH), 120.6 (CH), 129.4
(2 x CH) and 159.5 (Cy); /= (EI) 109 (M* + 1, 16 %), 108 (100), 91 (1) and 63
(4); GC-MS R, = 6.4 min; HPLC (method A) R; = 5.5 min.

Methoxybenzene 1017718

(D;)Methoxybenzene 107 '¢"18>

0
b,
107

Following general procedure 9, sodium phenoxide 80 (0.12g, 1.0 mmol) was
reacted with (D3)Mel 106 (75pl, 1.2mmol) to afford (Ds)methoxybenzene
107 (79 mg, 71%) as a clear oil; 9, (400 MHz; CDCl;; TMS) 7.00 (2H, my,,
2 x ArH), 7.04 (1H, m,, ArH) and 7.38 (2H, m,, 2 x ArH); d. (100 MHz;
CDCly; TMS) 54.0 (OCDs3, sep, / 21.5), 113.7 (2 x CH), 120.5 (CH), 129.3
(2 x CH) and 159.4 (Cy); ™= (EI) 112 (M* + 1, 13%), 111 (100) and 63 (2) ;
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6.6 PREPARATION OF SYNTHETIC STANDARDS

GC-MS R, = 6.4min; HPLC (method A) R = 5.7 min.

1-Methoxy-4-nitrobenzene 108'%

o
\
108
OoN

2

General procedure 5 was followed by reacting sodium 4-nitrophenoxide 102
(0.81g, 5.0 mol) with Mel 47 (0.3 ml, 5.5 mmol) to afford the product, 1-methoxy-
4-nitrobenzene 108 (0.15g, 19 %), as a faint yellow solid; mp 49-51°C (lit.,'*"
52-54°C); 9y, (400 MHz; CDCl3; TMS) 3.92 (3H, s, OCH3;), 6.96 (2H, d, /
9.3,2 x ArH) and 8.22 (2H, d, / 9.3, 2 x ArH); d. (100 MHz; CDCl;; TMYS)
55.9 (OCH3), 114.0 (2 x CH), 125.9 (2 x CH), 141.6 (C,) and 164.6 (CoNO,);
[z (EI) 154 (M* + 1,17 %), 153 (100), 123 (80), 91 (27) and 63 (30); GC-MS
R; = 9.4min; HPLC (method A) R; = 5.4 min.

1,4-Dimethoxybenzene 10984718

o
109
\O

Sodium 4-methoxyphenoxide 103 (0.73g, 5.0 mmol) was reacted with Mel
47 (0.3ml, 5.5mmol) in accordance with general procedure 5 to afford 1,4-
dimethoxybenzene 109 (0.49 g, 72 %) as a white crystalline solid; mp 51-53°C
(lit.,’8” 49-52°C); 9, (400 MHz; CDCl;; TMS) 3.77 (6H, s, 2 x OCH3) and
6.84 (4H, s, 4 x ArH); 9. 100 MHz; CDCl5; TMS) 55.7 (2 x OCH3), 114.7
(4 x CH) and 153.8 (2 x Cy); ™/=z (EI) 139 (M* + 1, 12%), 138 (100), 95 (22)
and 63 (5); GC-MS R, = 8.2min; HPLC (method A) R, = 5.1min.

1-Methoxy-4-methylbenzene 110'%*

°
110
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Using general procedure 5, sodium 4-methylphenoxide 104 (0.65g, 5.0 mmol)
and Mel 47 (0.3 ml, 5.5 mmol) were reacted to give I-methoxy-4-methylbenzene
110 (0.45g, 73 %) as a coloutless oil; d,; (400 MHz; CDCl;; TMS) 2.28 (3H, s,
CHj), 3.76 (3H, s, OCH3), 6.79 (2H, d, / 8.7, 2 x ArH) and 7.07 2H, d, /
8.7, 2 x ArH); d. (100 MHz; CDCl;; TMS) 20.4 (CH3;), 55.2 (OCH3), 113.6
(2 x CH), 129.8 (C,), 129.8 (2 x CH) and 157.4 (C,); ™z (EI) 123 (M* + 1,
14 %), 122 (100), 107 (5), 91 (5), 76 (1) and 63 (2); GC-MS R, = 7.2 min; HPLC
(method A) R, = 7.7 min.

1-Methoxy-4-phenoxybenzene 111'%

o
111
(@]

According to general procedure 5 the reaction of sodium 4-phenoxyphenoxide
105 (1.04 g, 5.0 mmol) with Mel 47 (3.4 ml, 5.5 mmol) was undertaken to afford
1-methoxy-4-phenoxybenzene 111 (0.86 g, 86 %) as a colourless oil; 9, (400 MHz;
CDCl;; TMS) 3.80 (3H, s, OCH3), 6.88 (2H, d, / 9.0, 2 x ArH), 6.94 (2H, m,,
2 x ArH), 6.98 (2H, d, / 9.0, 2 x ArH), 7.04 (IH, my, ArH) and 7.29 (2H,
my, 2 X ArH); 9. (100 MHz; CDCl3; TMS) 55.6 (OCH3;), 114.8 (2 x CH),
117.6 (2 x CH), 120.8 (2 x CH), 122.4 (CH), 129.6 (2 x CH), 150.1 (C,), 155.9
(Co) and 158.5 (Cy); ™=z (EI) 201 (M* + 1, 29%), 200 (100), 185 (27), 171 (1),
129 (12) and 95 (4); GC-MS R, = 10.6 min; HPLC (method A) R, = 17.8 min.

1-(D;)Methoxy-4-methoxybenzene 112'°

o)
cp,
112
\O

The micro reactor set up described in general procedure 11b was run for 177 min
to afford 1-(D;)-methoxy-4-methoxybenzene 112 (46 mg, 92 %) as a white crys-
talline solid; mp 52-55°C; 9, (400 MHz; CDCl3; TMS) 3.68 (3H, s, OCH3)
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and 6.75 (4H, s, 4 x ArH); d. (100 MHz; CDCl;; TMS) 54.8 (OCD3, sep, /
21.5), 55.7 (OCH3), 114.6 (2 x CH), 114.7 (2 x CH) and 153.7 (2 x Cy); "/=
(EI) 142 (M* + 1, 9%), 141 (100), 95 (6) and 63 (3); GC-MS R, = 8.2 min;
HPLC (method A) R, = 5.0 min.

1-(D;)Methoxy-4-methylbenzene 113"

o
e,
113

In accordance with general procedure 9 sodium 4-methylphenoxide 104 (0.13 g,
1.0mmol) and (D3;)Mel 106 (75pl, 1.2mmol) were reacted to afford 1-(D3)-
methoxy-4-methylbenzene 113 (85 mg, 68 %) as a clear oil; d,; (400 MHz; CDCl3;
TMS) 2.30 (3H, s, CH,), 6.82 (2H, d, / 8.4, 2 x ArH) and 7.10 (2H, d, / 8.4,
2 x ArH); d. (100 MHz; CDCl;3; TMS) 19.7 (CH3), 53.7 (OCDj, sep, J 21.9),
113.0 (2 x CH), 129.1 (C,), 129.2 (2 x CH) and 156.8 (C,); ”/z (EI) 126 (M* +1,
12%), 125 (100), 107 (5), 87 (4), 76 (2) and 63 (1); GC-MS R, = 11.0 min;
HPLC (method A) R, = 7.8 min.

1-(D;)Methoxy-4-phenoxybenzene 114

o)
cp,
114
o)

General procedure 11b was followed with the micro reactor set up being run
for 123 min to afford 1-(D3)-methoxy-4-phenoxybenzene 114 (46 mg, 92 %) as a
clear oil; Found C, 77.04; H, 6.21 C,3HyD30, requires C, 76.82; H, 5.95 %;
Umaxlcm ™! 3042, 1590, 1487, 1293, 1225, 1163, 1109, 995, 957, 870, 840, 758
and 692; d,; (400 MHz; CDCl;3; TMS) 6.79 (2H, d, / 9.3, 2 x ArH), 6.86 (2H,
my, 2 X ArH), 6.90 (2H, d, / 9.3, 2 x ArH), 6.95 (1H, m,, ArH) and 7.20
(2H, my, 2 x ArH); d. (100 MHz; CDCl3; TMS) 54.1 (OCDg, sep, J 21.9),
114.1 (2 x CH), 116.9 (2 x CH), 120.1 (2 x CH), 121.7 (CH), 128.9 (2 x CH),
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149.4 (Cy), 155.2 (Cy) and 157.8 (Cy); /= (EI) 204 (M* + 1, 30 %), 203 (100),
149 (2) and 64 (3); GC-MS R = 10.5min; HPLC (method A) R, = 17.1min.

Methyl benzoate 1179%'%?

o o

/
OH KOH 99 S o)
+ Meld7 ——— -~ ‘
DMSO
115 Z 17

Powdered KOH 99 (1.20eq.) was stirred in DMSO (20ml) for 20 min and
benzoic acid 115 (0.61g, 5.0 mmol) was then added. Stirring was continued for a
further 30 min upon which time Mel 47 (0.6 ml, 10.0 mmol, 2.00eq.) was added.
The reaction flask was covered and after an additional 2 hr stirring water (100.0 ml)
was added and the mixture washed with EtOAc (3 x 20.0 ml). The combined
organic extracts were then further washed with water (4 x 150.0 ml), dried over
MgSOy, filtered and removed of solvent in-vacuo to afford methyl benzoate 117
(0.47 g, 69%) as a clear oil which was analysed using GC-MS method A and
HPLC method A; 9, (400 MHz; CDCly; TMS) 3.88 (3H, s, CHy), 7.40 (2H,
my, 2 X ArH), 7.51 (1IH, my, Ar H) and 8.01 (2H, m, 2 x ArH); d. (100 MHz;
CDCl;; TMS) 52.0 (CH3), 128.2 (2 x CH), 129.4 (2 x CH), 130.0 (C,), 132.8
(CH) and 167.0 (CO); ™/z (EI) 137 (M* +1, 45 %), 136 (15), 105 (100) and 63
(1); GC-MS R, = 7.8 min; HPLC (method A) R; = 4.9 min.

N-Phenylacetamide 12541

H
N
Y 125
(@]

The reaction was carried out in accordance with general procedure 6 using aniline
15 (0.7 ml, 7.4 mmol), Et;N 63 (1.0 ml, 7.4 mmol) and acetyl chloride 58 (0.6 ml,
8.1mmol) to give N-phenylacetamide 125 (0.27 g, 27 %) as a fine white crys-
talline solid; mp 114—116°C (lit.,'* 113-114°C); 9,, (400 MHz; CDCl3; TMS)
2.18 (3H, s, CH3), 7.10 (1H, m, ArH), 7.31 2H, m, 2 x ArH), 7.36 (1H, brs,
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NH) and 7.50 (2H, m,, 2 x ArH); . (100 MHz; CDCl;; TMS) 24.6 (CH,),
119.9 (CH), 124.3 (2 x CH), 129.0 (2 x CH), 137.9 (C,) and 168.3 (CO); ™/
(ED) 136 (M* + 1, 30%), 135 (84), 93 (100) and 65 (6); GC-MS R; = 9.5 min;
HPLC (method C) R, = 1.6 min.

N-(Phenylmethyl)acetamide 12617

(0]

N

126

According to general procedure 6 phenylmethanamine 55 (0.8 ml, 6.7 mmol),
Et;N 63 (0.9ml, 6.7 mmol) and acetyl chloride 58 (0.5ml, 7.4 mmol) were
reacted to afford NV-(phenylmethyl)acetamide 126 (0.13 g, 13 %) as white crystals;
mp 60-62°C (lit.,"”® 61-63°C); d,; (400 MHz; CDCl;; TMS) 2.02 (3H, s,
CHS,), 4.43 (2H, d, / 5.6, CH,), 5.85 (1H, brs, NH), 7.28 (3H, my, 3 x ArH)
and 7.34 (2H, my, 2 x ArH); . (100 MHz; CDCl;; TMS) 23.3 (CH;), 43.8
(CH,), 127.5 (CH), 127.9 (2 x CH), 128.7 (2 x CH), 138.2 (C,) and 169.8
(CO); ™z (EI) 150 (M* +1, 100 %), 149 (35), 106 (90), 91 (20), 77 (6) and 51
(5); GC-MS R, = 9.8 min; HPLC (method C) R, = 1.5 min.

N-(4-Methoxyphenyl)acetamide 127"

H
N
Y
O
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The reaction was carried out in accordance with general procedure 6 using 4-
methoxyaniline 122 (0.75g, 6.1 mmol), EtsN 63 (0.8 ml, 6.1 mmol) and acetyl
chloride 58 (0.5 ml, 6.7 mmol) to afford N-(4-methoxyphenyl)acetamide 127
(0.21g, 21%) as a white crystalline solid; mp 127-128°C (lic.,"* 130-130.6°C);
dx (400 MHz; CDCl;; TMS) 2.15 (3H, s, CH3), 3.78 (3H, s, OCH3), 6.85
(2H, d, /9.0, 2 x ArH), 7.19 (1H, brs, NH) and 7.38 (2H, d, / 9.0, 2 x ArH);
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d. (100 MHz; CDCl3; TMS) 24.3 (CH3), 55.5 (CHj3), 114.1 (2 x CH), 121.9
(2 x CH), 130.9 (Cy), 156.4 (C,) and 168.1 (CO); ”/z (EI) 166 (M* + 1, 100 %),
165 (90), 119 (16) and 108 (20); GC-MS R; = 10.6 min; HPLC (method C)
R; =1.5min.

N-(3-Acetylphenyl)acetamide 128

o}

H
N
T

O

The reaction was carried out in accordance with general procedure 6 using 1-(3-
aminophenyl)ethanone 123 (0.76 g, 5.6 mmol), Et;N 63 (0.8 ml, 5.6 mmol) and
acetyl chloride 58 (0.4 ml, 6.2 mmol) to afford N-(3-acetylphenyl)acetamide 128
(0.16g, 16 %) as white crystals; mp 127-129°C; 9, (400 MHz; CDCl3; TMS)
2.22 (3H, s, CH3), 2.61 (3H, s, CH3), 7.41 (1H, brs, NH), 7.43 (1H, m,,
ArH), 7.70 (1H, m,, ArH), 7.90 (1H, m, ArH) and 7.99 (1H, m,, Ar H); o,
(100 MHz; CDCl3; TMS) 24.6 (CH3), 26.7 (CH3), 119.2 (CH), 124.2 (CH),
124.5 (CH), 129.4 (CH), 137.7 (C,), 138.4 (C,), 168.5 (CO) and 197.9 (CO);
[z (EI) 178 (M* + 1, 48 %), 177 (100), 135 (55), 120 (70), 87 (15) and 63 (15);
GC-MS R, = 8.2min; HPLC (method C) R, = 1.6 min.

N-N-(2-Phenylethyl)acetamide 129"

N
X W/
‘ 129

= O

According to general procedure 6 2-phenylethanamine 124 (0.8 ml, 6.1 mmol),
Et;N 63 (0.8 ml, 6.1mmol) and acetyl chloride 58 (0.5 ml, 6.7 mmol) were re-
acted to afford /V-(2-phenylethyl)acetamide 129 (0.51g, 51%) as a white crys-
talline solid; mp 53-54°C (lit.,”"" 53.5-54.0°C); 95, (400 MHz; CDCl;; TMS)
1.93 (3H, s, CH3;), 2.81 (2H, t, / 7.0, CH,), 3.52 (2H, q, / 7.0, CH,NH), 5.50
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(1H, brs, NH), 7.19 (2H, m,, 2 x ArH), 7.24 (1H, m,, ArH) and 7.32 (2H,
my, 2 x ArH); . (100 MHz; CDCl;; TMS) 23.3 (CHj;), 35.6 (CH,), 40.6
(CH,), 126.5 (CH), 128.6 (2 x CH), 128.7 (2 x CH), 138.8 (C,) and 170.0
(CO); ™/z (EI) 164 (M* + 1, 100%), 163 (24), 104 (37) and 65 (6); GC-MS
R; = 10.1min; HPLC (method C) R, = 1.5 min.

N-Phenylbenzamide 1302°%2%

The reaction was carried out according to general procedure 7 using aniline
15 (0.5ml, 5.1mmol) and benzoyl chloride 34 (0.6ml, 5.1mmol) to afford
N-phenylbenzamide 130 (0.37 g, 37 %) as fine white crystals; mp 163-165°C
(lit., 2% 163.0-163.5°C); 9, (400 MHz; CDCl;; TMS) 7.16 (1H, my, ArH),
7.38 2H, my, 2 x ArH), 7.50 (2H, m,, 2 x ArH), 7.56 (1H, m,, ArH), 7.65
(2H, my, 2 x ArH), 7.79 (1H, brs, NH) and 7.88 (2H, m,, 2 x ArH); d.
(100 MHz; CDCl3; TMS) 120.2 (2 x CH), 124.6 (CH), 127.0 (2 x CH), 128.9
(2 x CH), 129.1 (2 x CH), 131.9 (CH), 135.0 (C,), 137.9 (C,) and 165.7 (CO);
[z (EI) 198 (M*+1, 46 %), 197 (100), 105 (68) and 51 (4); GC-MS R = 11.4 min;
HPLC (method C) R, = 1.8 min.

N-(Phenylmethyl)benzamide 131%%°

131

According to general procedure 7 phenylmethanamine 55 (0.5 ml, 4.7 mmol)
and benzoyl chloride 34 (0.6 ml, 4.7 mmol) were reacted to afford the product,
N-(phenylmethyl)benzamide 131 (0.11g, 11%), as fine white crystals; mp 106—
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107°C (lit.,2°° 106—107°C); 9,, (400 MHz; CDCly; TMS) 4.64 (2H, d, / 6.0,
CH,), 6.46 (1H, brs, NH), 7.31 (1H, m,, ArH), 7.35 (4H, m,, 4 x ArH),
7.42 2H, m, 2 x ArH), 7.50 (1H, m,, ArH) and 7.79 (2H, m,, 2 x ArH);
d. (100 MHz; CDCl3; TMS) 44.1 (CH,), 126.9 (2 x CH), 127.6 (CH), 127.9
(2 x CH), 128.6 (2 x CH), 128.8 (2 x CH), 131.5 (CH), 134.4 (C,), 138.2 (C,)
and 167.3 (CO); ™z (EI) 212 (M* + 1, 26 %), 211 (100), 105 (96), 77 (80) and 51
(28); GC-MS R, = 12.5min; HPLC (method C) R, = 1.6 min.

N-(4-Methoxyphenyl)benzamide 132727

In accordance with general procedure 7 4-methoxyaniline 122 (0.54 g, 4.4 mmol)
and benzoyl chloride 34 (0.5 ml, 4.4 mmol) were reacted to afford the product,
N-(4-methoxyphenyl)benzamide 132 (0.22 g, 22 %), as white crystals; mp 160—
161°C (lit.,**® 158 —160°C); 9, (400 MHz; CDCl;; TMS) 3.81 (3H, s, CH,),
6.91 2H, m,, 2 x ArH), 7.47 2H, m,, 2 x ArH), 7.54 (3H, m,, 3 x ArH),
7.76 (1H, brs, NH) and 7.86 (2H, m, 2 x ArH); d. (100 MHz; CDCl;; TMS)
55.5 (CHj), 114.2 (2 x CH), 122.1 (2 x CH), 127.0 (2 x CH), 128.7 (2 x CH),
131.0 (Cy), 131.7 (Cy), 135.0 (CH), 156.6 (C,) and 165.6 (CO); ™/ (EI) 228
M* +1,15%), 227 (93), 105 (100), 77 (57) and 51 (19); GC-MS R, = 14.1min;
HPLC (method C) R, = 1.7 min.

N-(3-Acetylphenyl)benzamide 1332°02%°

ZT

]

o) 133
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The reaction of 1-(3-aminophenyl)ethanone 123 (0.56 g, 4.2 mmol) with benzoyl
chloride 34 (0.5 ml, 4.2 mmol) was carried out according to general procedure 7
to afford NV-(3-acetylphenyl)benzamide 133 (0.28 g, 28 %) as faint pink crystals;
mp 110-111°C (lit.,*"° 108°C); 9, (400 MHz; CDCl3; TMS) 2.61 (3H, s, CH3),
7.49 (3H, my, 3 x ArH), 7.57 (IH, m,, ArH), 7.73 (1H, m,, ArH), 7.91 (2H,
my, 2 X ArH), 8.07 (1H, m,, ArH), 8.17 (1H, m,, ArH) and 8.19 (1H, brs,
NH); 9. (100 MHz; CDCl3; TMS) 26.7 (CHj;), 119.6 (CH), 124.4 (CH), 124.8
(CH), 127.1 (2 x CH), 128.8 (2 x CH), 129.4 (CH), 132.1 (CH), 134.6 (C,),
137.8 (Cy), 138.5 (Cy), 165.9 (CO) and 197.9 (CO); /= (EI) 240 (M* +1, 10 %),
239 (65), 105 (100), 77 (57) and 51 (15); GC-MS R = 15.6 min; HPLC (method
C) R; = 1.7 min.

N-(2-Phenylethyl)benzamide 13492"!

H
h
©/\/ o 134

Following general procedure 7, 2-phenylethanamine 124 (0.6 ml, 4.4 mmol) was
reacted with benzoyl chloride 34 (0.5 ml, 4.4 mmol) to afford the product, N-(2-
phenylethyl)benzamide 134 (0.27 g, 27 %) as fine white crystals; mp 116—117°C
(lit.,”* 116-118°C); 9, (400 MHz; CDCl;; TMS) 2.94 (2H, t, J 7.0, CH,),
3.73 (2H, q, / 7.0, CH,NH), 6.15 (1H, brs, NH), 7.25 (3H, my, 3 x ArH),
7.33 (2H, m,, 2 x ArH), 7.40 2H, m,, 2 x ArH), 7.48 (1H, m,, ArH) and
7.68 (2H, my, 2 x ArH); d. (100 MHz; CDCl;; TMS) 35.7 (CH,), 41.1 (CH,),
126.6 (CH), 126.8 (2 x CH), 128.5 (2 x CH), 128.7 (2 x CH), 128.8 (2 x CH),
131.4 (CH), 134.7 (Cy), 138.9 (C,) and 167.4 (CO); ™/z (EI) 226 (M* +1, 10 %),
225 (40), 134 (20), 105 (100), 77 (46) and 51 (18); GC-MS R; = 12.9 min;
HPLC (method C) R, = 1.8 min.
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N-Phenyl(D;)acetamide 135

H
N CDs3
T 135
0

Micro reactor set up T1-S3 was employed in accordance with general procedure 12
for a total of 145 min to afford NV-phenyl(D;)acetamide 135 (18 mg, 92 %) as fine
white needles; mp 114-115°C; Found C, 69.76; H, 6.97; N, 10.11 CgHsD3;NO
requires C, 69.54; H, 6.57; N, 10.14%; v,,,./cm™~' 3300, 3196, 3137, 3080,
1667, 1599, 1434, 1320, 759 and 694; d,, (400 MHz; CDCl;; TMS) 7.10 (1H,
my, ArH), 7.25 (1H, brs, NH), 7.32 (2H, m,, 2 x ArH) and 7.50 2H, m,,
2 x ArH); 3 (100 MHz; CDCly; TMS) 24.0 (CDs, sep, / 19.5), 119.9 (CH),
124.4 (2 x CH),129.1 (2 x CH), 137.9 (Cy) and 168.4 (CO); ™/ (EI) 139 (M* +1,
30%), 138 (63), 94 (100) and 65 (7); GC-MS R; = 9.5min; HPLC (method C)
R; = 1.6 min.

N-(4-Methoxyphenyl)-(D;)acetamide 136

H
N CD;
o)
\O

General procedure 12 was followed using micro reactor set up T1-T2 for 119 min
to afford N-(4-methoxyphenyl)-(Ds)acetamide 136 (20 mg, 98 %) as a white crys-
talline solid; mp 128-129°C; Found C, 64.54; H, 6.70; N, 8.27 CoHgD3;NO,
requires C, 64.26; H, 6.59; N 8.33 % v/,,,../cm™" 3266, 2835, 1646, 1605, 1512,
1334, 1246, 1027 and 840; 9,, (400 MHz; CDCl,; TMS) 3.78 (3H, s, OCHs),
6.83 (2H, d, / 9.0, 2 x ArH), 7.39 (2H, d, / 9.0, 2 x ArH) and 7.65 (1H, brs,
NH); 9. (100 MHz; CDCls; TMS) 23.5 (CD3, sep, J 19.5), 55.5 (CH3), 114.1
(2 x CH), 122.0 (2 x CH), 131.0 (C,), 156.4 (Cy) and 168.6 (CO); ™/z (EI) 169
(M* +1,30%), 168 (100), 124 (33) and 108 (15); GC-MS R.. = 10.6 min; HPLC
(method C) R, = 1.8 min.
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N-(3-Acetylphenyl)-(D;)acetamide 137

o

CD;

) L

o

Micro reactor set up T1-S3 was run for 111 min according to general procedure 12
to afford NV-(3-acetylphenyl)-(D3)acetamide 137 (18 mg, 92 %) as white crystals;
mp 126-127°C; Found C, 66.54; H, 6.12; N, 7.95 C,,HgD3;NO, requires C,
66.65; H, 6.15; N, 7.77 %; v, /cm ™ 3351, 2923, 1672, 1593, 1547, 1432, 1273,
792 and 687; 9y, (400 MHz; CDCl5; TMS) 2.60 (3H, s, CH3), 7.42 (1H, my,
ArH), 7.68 (1H, m,, ArH), 7.96 (1H, m,, ArH), 7.99 (1H, brs, NH) and
8.02 (1H, my, ArH); d. (100 MHz; CDCl;; TMS) 23.8 (CD3, sep, / 19.3), 26.7
(CHj;), 119.2 (CH), 124.1 (CH), 124.6 (CH), 129.3 (CH), 137.6 (C,), 138.6 (C,),
168.9 (CO) and 198.1 (CO); ™/z (EI) 181 (M* + 1, 75 %), 180 (100), 136 (30),
121 (57) and 64 (5); GC-MS R, = 8.3 min; HPLC (method C) R, = 1.6 min.

N-(Phenylmethyl)-(D;)acetamide 138

O

N )J\cos
H

General procedure 12 was followed using micro reactor set up T1-T2 for 131 min to
afford N-(phenylmethyl)-(D3)acetamide 138 (20 mg, 98 %) as a white crystalline
solid; mp 63-64°C; Found C, 71.17; H, 7.67; N, 9.15 CoHgD3NO requires
C, 71.02; H, 7.28; N, 9.20 %; v,,./cm ™! 3293, 3087, 2928, 1627, 1552, 1454,
1320, 746 and 694; 0, (400 MHz; CDCl3; TMS) 4.44 (2H, d, J 5.6, CH,),
5.74 (1H, brs, NH), 7.28 (3H, m,, 3 x ArH) and 7.34 (2H, m,, 2 x ArH);
9. (100 MHz; CDCly; TMS) 22.6 (CDs, sep, / 19.5), 43.8 (CH,), 127.6 (CH),
127.9 (2 x CH), 128.7 (2 x CH), 138.2 (C,) and 169.9 (CO); ™/ (EI) 153
(M* +1,100%), 152 (25) and 107 (45); GC-MS R, = 9.8 min; HPLC (method
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C) R; = 1.5min.

N-(2-phenylethyl)-(D;)acetamide 139

H
N CD;
T 139
0

Micro reactor set up T1-T2 was run for 120 min in accordance with general
procedure 12 to afford /V-(2-phenylethyl)-(D3)acetamide 139 (19 mg, 96 %) as
white needles; mp 53—54°C; Found C, 72.49; H, 8.33; N, 8.31 C,,H,;,D3sNO
requires C, 72.25; H, 7.88; N, 8.43 %; v,,,,,/cm™" 3291, 3086, 2930, 1646, 1558,
1451, 1314, 748 and 700; d,; (400 MHz; CDCl;; TMS) 2.82 (2H, t, / 7.0, CH,),
3.52 (2H, q, / 7.0, CH,NH), 5.50 (1H, brs, NH), 7.20 (2H, m,, 2 x ArH),
7.24 (IH, my, ArH) and 7.32 (2H, my, 2 x ArH); d. (100 MHz; CDCls; TMS)
22.6 (CDs, sep, / 19.4), 35.6 (CH,), 40.6 (CH,), 126.5 (CH), 128.7 (2 x CH),
128.8 (2 x CH), 138.9 (C,) and 170.1 (CO); ”/z (EI) 167 (M* + 1, 100 %), 166
(30) and 103 (11); GC-MS R, = 9.6 min; HPLC (method C) R, = 11.5 min.

4-Nitrobiphenyl 161

B(OH)2 I PdEnCat™ 40 149
X TBAM 151 O
+
‘ _ Toluene/MeOH A
20 O,N 159 161
O,N

A mixture of phenylboronic acid 20 (0.61g, 5.0 mmol), 1-iodo-4-nitrobenzene
159 (1.25g, 5.0mmol) and TBAM 151 (8.2 ml, 20 % in MeOH, 5 mmol) were
combined with a 9 : 1 mixture of toluene/MeOH (100 ml). Pd EnCat™40 149

(0.1g) was added and the mixture held at reflux for 24 hr after which time the
volatiles were removed in-vacuo. The residue was subsequently dissolved in DCM
(150 ml), washed with water (5 x 200ml), dried over MgSO, and evaporated
to dryness in-vacuo. The resultant crude product was then recrystallised from

DCM/hexane to afford the product, 4-nitrobiphenyl 161 (0.55g, 55 %), as an
160
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orange crystalline solid; mp 112-114°C; Found C, 72.61; H, 4.64; N, 6.74
C12HoNO, requires C, 72.35; H, 4.55; N 7.03 %; v,,,/cm ™! 1597, 1517, 1350,
854, 740 and 699; 9,, (400 MHz; CDCl;; TMS) 7.60 (3H, m, 3 x ArH), 7.68
(2H, my, 2 x ArH), 7.73 (2H, d, / 9.0, 2 x ArH) and 8.28 (2H, d, / 9.0,
2 x ArH); o (100 MHz; CDCl3; TMS) 124.1 (2 x CH), 127.4 (2 x CH), 127.8
(2 x CH), 129.0 (CH), 129.1 (2 x CH), 138.3 (Co,NO,), 147.0 (C,) and 147.8
(Co); ™= (EI) 200 (M* + 1, 16%), 199 (100), 183 (33), 169 (51), 153 (41), 142
(30), 126 (6), 115 (14), 102 (3), 89 (2), 77 (2) and 63 (3); GC-MS R; = 11.1min;
GC-FID R, = 24.0 min.

(D5)Phenylbenzene 162>

Following general procedure 13 for 250 min using reactor C2 afforded the product,
(Ds)phenylbenzene 162 (18 mg, 88 %) as white crystals; mp 69—71°C (lit.,**
63-66°C); 9, (400 MHz; CDCl;; TMS) 7.37 (1H, my, ArH), 7.46 2H, m,,
2 x ArH) and 7.63 (2H, my, 2 x ArH); d. 100 MHz; CDCl3; TMS) 126.6
(3 x CD, t, J 23.8), 127.1 (2 x CH), 127.2 (CH), 128.2 (2 x CD, t, J 23.8),
128.7 (2 x CH), 141.0 (Cy) and 141.2 (Cy); ™/= (EI) 160 (M* +1, 14 %), 159 (100),
142 (1), 131 (2), 105 (1), 90 (2), 78 (1), and 66 (2); GC-MS R, = 9.2 min.

1-Methoxy-4-(D;) phenylbenzene 163"
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Employing reactor C2 in accordance with general procedure 13 for 211 min af-
forded 1-methoxy-4-(Ds)phenylbenzene 163 (19 mg, 97 %) as a pale yellow solid;
mp 84-85°C; 9, (400 MHz; CDCl;; TMS) 3.85 (3H, s, CH3), 7.00 (2H,
d, /9.0, 2 x ArH) and 7.55 (2H, d, / 9.0, 2 x ArH); d. (100 MHz; CDCl;;
TMS) 55.4 (CH,), 114.2 (2 x CH), 126.1 (CD, t, ] 24.6), 126.3 (2 x CD, J
24.6) 128.1 (2 x CH), 128.2 (2 x CD, J 24.6), 133.8 (C,), 138.2 (Cy) and 159.2
(Co); ™z (EI) 190 (M* +1, 22%), 146 (23), 119 (8), 92 (2) and 65 (2); GC-MS
R; =10.4 min.

1-Methyl-4-(D)phenylbenzene 164"

Reactor C2 was run for 231 min in accordance with general procedure 13 to
afford 1-methyl-4-(Ds)phenylbenzene 164 (19 mg, 96 %) as a yellow solid; mp
44-46°C; 9, (400 MHz; CDCls; TMS) 2.32 (3H, s, CHj3), 7.18 (2H, my,
2 x ArH) and 7.42 (2H, m,, 2 x ArH); d. (100 MHz; CDCl;; TMS) 21.1
(CHs), 126.4 (CD, t, ] 24.1),126.5 (2 x CD, t, J 24.1), 127.0 (2 x CH), 128.2
(2 x CD, t, J 24.1),137.0 (C,), 138.3 (Cy) and 141.0 (Cy); ™/= (EI) 174 (M* +1,
17 %), 173 (100), 157 (8), 116 (2), 92 (2) and 65 (1); GC-MS R, = 9.8 min.

4-(Ds)Phenylbenzonitrile 165

165
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Using reactor C2 general procedure 13 was followed for 217 min to afford 4-
(Ds)phenylbenzonitrile 165 (18 mg, 91%) as a pale brown crystalline solid; mp
84-86°C; Found C, 85.58; H, 5.64; N, 7.40 C,;H4D;N requires C, 84.74; H,
4.92; N 7.60%; V,p/cm™! 3164, 2886, 2170, 1609, 1399, 865, 788, 712 and
540; 9, (400 MHz; CDCl5; TMS) 7.61 (2H, d, / 8.4, 2 x ArH) and 7.66 (2H,
d, J 8.4, 2 x ArH); 9. (100 MHz CDCly; TMS) 110.9 (C,CN), 118.9 (CN),
126.8 (2 x CD, t, J 24.5), 128.3 (CD, t, J 24.5), 128.6 (2 x CD, t, J 24.5),
132.6 (2 x CH), 138.2 (C,) and 145.6 (Cy); ™= (EI) 185 (M* + 1, 69 %), 184
(100), 156 (9), 129 (3), 89 (2) and 65 (3); GC-MS R = 10.7 min.

1-Nitro-4-(Ds)phenylbenzene 166

In accordance with general procedure 13 reactor C2 was run for 196 min to afford
1-nitro-4-(Ds) phenylbenzene 166 (20 mg, 99 %) as pale brown crystals; mp 110—
112°C; Found C, 70.68; H, 4.64; N, 6.60 C,,H,DsNO, requires C, 70.57; H,
4.49; N 6.86%; Vyp/cm™1 1597, 1511, 1346, 1112, 859, 744, 695, 554 and 4438;
dy (400 MHz; CDCls; TMS) 7.76 (2H, d, / 9.0, 2 x ArH) and 8.32 (2H, d, /
9.0, 2 x ArH); d. (100 MHz; CDCl;; TMS) 124.1 (2 x CH), 126.9 (2 x CD, t,
]24.2),127.8 (2 x CH), 128.4 (CD, t, ] 24.2),128.7 (2 x CD, t, ] 24.2), 138.6
(CoNO,), 147.1 (Cy) and 147.6 (Cy); /= (EI) 205 (M* + 1, 17 %), 204 (100), 188
(20), 174 (34), 157 (19), 146 (19), 119 (5), 107 (1), 93 (2) and 65 (3); GC-MS
R, = 11.2 min.
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APPENDIX A

REacTOR CHARACTERISTICS

The following Appendix provides a reference of the most significant characteristics
of the the micro reactors and PEEK™ tubing used for the work contained within
this thesis. Detailed listings are provided within Section A.5 which follows the

example calculations below.

A.1 Dimensions and Characteristics

In order to clarify the methods of calculation employed, which give rise to the
data given in Section A.5, example calculations using the dimensions of micro
reactor TT are given below. The mask width was 50 pum and flow rate taken as
1plmin™ for all calculations. The channel length, ., refers to the channel which

has one of its end points connected to the other at a 90° angle.

According to Figure 48 which illustrates an ideal isotropically etched channel the
depth, 0., may be calculated as half of the difference between the mask width, w,

and the measured channel width, w, as follows:

oc = Ya(w — wy) (34)
=% x (201 X 10~°m — 50 x 10~ m)
=755x10"°m = 75.5pm

From this is then possible to calculate the cross sectional area, 4., which will be
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equal to half the area of a circle with radius » = o, plus the product of the depth,

0., and the mask width, w, as follows:

Ac = (wy00) + (Vamo?) (35)
= (50 x 107°m x 7.55 x 10 m) + (V2 X 7 x (7.55 x 107> m)?)
= (3.78 x 1077 m?) + (8.95 x 107 m?)
=1.27 x 107 m? = 12729 pm?

Thus the volume of the micro reactor channel, V,, is the product of its length, Z,

and the cross sectional area, A, given by:

‘/c = Ach (36)
=127 x 1078 m? x 0.02m
=255x%x107"m> =2.55 x 107" dm = 255nl

In order to determine the surface to volume ratio (%) the wetted perimeter, ©,,

of the channel cross section must first be calculated, as shown below:

O, =w. + W, + o, (37)
=201 x10°m+50 x 10 °m + (r x 75.5 x 10~°m)
= 4.88 x 10~*m = 488 um

The surface to volume ratio, %, may then be calculated by dividing the product

I
I
I
I
I
I
I
I
I

Figure 48. Schematic diagram illustrating the relationship between mask width (w;,), channel
width (W) and channel depth (o), employed for the calculation of characteristic micro reactor
variables.
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of the wetted perimeter, O, and channel length, L., with the channel volume,

V., in the following way:

S/V _

(38)

Ve

488 x10*m x 0.02m

75 X100 2745m™" = 382.7cm ™!

The linear flow rate, @,, may also be calculated using the cross sectional area, A,

for a given flow rate, @,, demonstrated below for a flow rate of 1plmin~!, which

is equal to /g9 X 1077 m?s™:

O, =— (39)

Ygo x 1079 m3s7!

137 %10 =131x107°ms ™" = L.3lmms™"'
. m

Finally the residence time, R, at a given flow rate is simply calculated by dividing
the mixing channel length, L, into the linear flow rate, @,:

L

D,

. 0.02m
“131x10 7 ms!

Rr = (40)

=15.24s

A.2 Reynolds Numbers

Equation 22 provides a way to calculate Reynolds numbers for cylindrical ge-
ometries however in the case of an isotropically etched micro reactor channel it
is necessary to derive the hydraulic diameter, J,, as a function of the area and

wetted perimeter. Since the cross sectional area of a circular tube, A, is given by:
2
Ay = Yand, (41)

where 0, is the diameter (m) and the circumference, or wetted perimeter, O, is
given by:
@, = nd, (42)
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combination of the two equations gives rise to the modified expression for the

diameter of a no-circular cross section, d., to be:

(sc = (43)

By substituting this expression into Equation 22 Reynolds numbers for the

micro reactors were calculated. As an example the Reynolds number for DMF

(p = 0.949gml™") within micro reactor Tt at a flow rate of 1plmin™' may be
determined as follows:
dde) @,
Re(DMF) = % (44)

_ 949kgm ™3 x (LZxI02ncy o 131 % 10 P ms! o

9.2 x107* kgm_1 s7!

All of the Reynolds numbers quoted within this Appendix were calculated in an

analogous way using their related values.

A.3 Back Pressures

Back pressures were calculated using Equation 30, introduced in Section 1.2.5.

The following example calculation is the pressure change across the mixing

channel of micro reactor Tt when DMF is infused at a flow rate of 1plmin™:

(I)VTII‘C@C4
p= e
2nA A (30)
Yo x 1077m3s™ x 9.2 x 107 %kem"s! x 0.02m X (4.88 x 10~%m)*
P- 5

2xmx (127 x 1078 m?)4
= 106kgm_ls_2
(45)
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A.4 Fourier Numbers

Fourier numbers for all micro reactors and PEEK™ tubing have been calcu-
lated using Equation 24 and the diffusion coefficients of acetic acid in EtOAc
(2.18 x 102 m?s! at 20°C) and aniline 15 in benzene (1.97 x 10~ m?s~! at
25°C) as examples. The value for the time, #, used in the calculations was taken
as the residence time, Rr, at a volumetric flow rate, ®@,, of 1plmin~" and the
characteristic distance as half of the channel width, w.. The following example
uses the values previously determined for micro reactor Tt and the diffusion

coefficient of acetic acid in EtOAc.

Dt DRr

* T (w)?

(46)

0 =

218 X 1077 m?s7! x 15.24s

(100.5 x 10 °m)? =33

Further Fourier numbers provided within the following section were calculated

in an analogous way.

A.5 Micro Reactor Data

The data given below for each micro reactor has been calculated using the methods
outlined above based on a mask width, w,, of 50pm. Where more than one
channel is present in the design the channel lengths, L., given refer to the mixing
channels (i.e. the distance from the point of confluence between two channels
which are 90° apart and the end of the adjoining channel, or point at which
another channel intersects). Related values were calculated assuming an overall
flow rate of 1plmin™" for ease of scaling, against which the residence times of
micro reactors were determined. Solvents for which Reynolds numbers (Re) and
back pressures (P) are given were selected based upon the occurrence within the
text, and are provided to confirm the laminar profile of reagent streams when

mobilised through the micro reactors described.
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Micro Reactor T1

——)
Width ....... 201pm
Height....... 76 pm
Length....... 2.0cm
Volume ...... 255nl
Op v 488 pm
Acovoiiiiii. 12729 pm?

Micro Reactor T2

——
Width ....... 158 pm
Height....... 54 pm
Length....... 1.5cm
Volume ...... 109 nl
O vovvnnnn.. 378 um
Ac oo 7280 pmz

Solvent 1 (cPas) Re P (Pa)

DMF 092 0.14 106
MeCN 037 029 42
THE 055 022 63
H,0 089 0.15 103

Surface/Volume Ratio. ....... 384cm™!
Linear Flow Rate............. 1.3mms™!
Residence Time.............. 15s

Fo Acetic acid in EtOAc ...... 3.3

Fo Aniline 15 in Benzene..... 3.0

Solvent 1 (cPas) Re P (Pa)

DMF 092 0.18 265
MeCN 037 038 107
THE 055 029 158
H,0 089 020 258

Surface/Volume Ratio......... 519cm™!
Linear Flow Rate............. 2.3mms™!
Residence Time.............. 7s

Fo Acetic acid in EtOAc ...... 2.3

Fo Aniline 15 in Benzene..... 2.1
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Micro Reactor S1

Width ....... 150 pm
Height....... 50 pm
Length....... 12.1cm
Volume ...... 778nl
Op vovnnn.. 357 pm
Ac oo, 6427 pm

Micro Reactor S2

Width ....... 176 pm
Height....... 63 pm
Length....... 12.1cm
Volume ...... 1136l
Op vovnnn.. 424um
Ac ool 9384 pm

Solvent 1 (cPas) Re P (Pa)

DMF 092 0.19 2814
MeCN 037 040 1132
THE 055 030 1682
H,0 089 021 2734

Surface/Volume Ratio........ 556cm™!
Linear Flow Rate............. 2.6mms™!
Residence Time.............. 47s

Fo Acetic acid in EtOAc ...... 18.1

Fo Aniline 15 in Benzene..... 16.3

Solvent 1 (cPas) Re P (Pa)

DMF 092 0.16 1230
MeCN 037 033 494
THE 055 025 735
H,0 089 0.18 1195

Surface/Volume Ratio......... 452cm™!
Linear Flow Rate............. 1.8 mms™!
Residence Time.............. 68s

Fo Acetic acid in EtOAc ...... 19.2

Fo Aniline 15 in Benzene..... 17.3

185



A.5 Micro REacTtOorR DAaTA

Micro Reactor S3

Width ....... 170 pm
Height....... 60 pm
Length....... 23.6cm
Volume ...... 2043 nl
Op v 408 pm
Ac oo, 8655 pm?
Micro Reactor R;U
Width ....... 195 pum
Height....... 73 pm
Length....... 45.1cm
Volume ...... 5359 nl
O vvvvii. 398 pm
Ac oo 11882 pm2

Solvent 1 (cPas) Re P (Pa)

DMF 092 0.17 2858
MeCN 037 035 1149
THE 055 026 1709
H,0 089 0.18 2777

Surface/Volume Ratio........ 472cm™!
Linear Flow Rate............. 1.9mms™!
Residence Time.............. 123s

Fo Acetic acid in EtOAc ...... 37.0

Fo Aniline 15 in Benzene..... 33.4

Solvent 1 (cPas) Re P (Pa)

DMF 092 0.15 2759
MeCN 037 030 1110
THF 055 023 1649
H,0O 089 0.16 2681

Surface/Volume Ratio......... 398 cm™!
Linear Flow Rate............. l.4mms™!
Residence Time.............. 322s

Fo Acetic acid in EtOAc ...... 73.7

Fo Aniline 15 in Benzene..... 66.6
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Micro Reactor oT

I
Width ....... 150 pm
Height....... 50 pm
Length....... 0.7cm
Volume ...... 45nl
Op vovnnn.. 357 pm
Ac oo, 6427 pm?

PEEK™ Tubing

0
Id........... 150 pm
Length....... 1.0cm
Volume ...... 177 nl
O; v, 471 pm
Aroiennnl. 17 672 pm?

Solvent 1 (cPas) Re P (Pa)

DMF 092 0.9 163
MeCN 037 040 66
THE 055 030 97
H,0 089 021 158

Surface/Volume Ratio. ....... 556cm™!
Linear Flow Rate............. 2.6mms™!
Residence Time.............. 3s

Fo Acetic acid in EtOAc ...... 1.1

Fo Aniline 15 in Benzene..... 1.0

Solvent 1 (cPas) Re P (Pa)

DMF 092 0.5 12
MeCN 037 030 5
THE 055 023 7
H,0O 089 016 12

Surface/Volume Ratio ........ 267cm™!
Linear Flow Rate............. 0.9mms™!
Residence Time.............. 11s

Fo Acetic acid in EtOAc ...... 4.1

Fo Aniline 15 in Benzene..... 3.7
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APPENDIX B

CHN ANALYSIS

There follows reproduction of an email received on 21%* September 2006 from
the engineer, Paul Hemming of Exeter Analytical Limited (UK), who services
the CE440 combustion analysis instrument, housed within The Department of
Chemistry at the University of Hull. It explains how to calculate the expected
CHN values for a compound that contains a mixture of hydrogen and deuterium

atoms when undertaking combustion analysis using the CE440.
THE ANALYSIS OF DEUTERIUM COMPOUNDS ON THE CE440
e INTRODUCTION

The hydrogen atom and molecule are an important part of theoretical chem-
istry. The fundamental differences between hydrogen and deuterium or their
compounds stem from their differences in mass. This in turn affects their funda-
mental vibration frequencies and hence their zero point energies, these plays an

important role in the identification of deuterium compounds.

The determination of the deuterium content of a partially deuterated substance
can be made by mass spectroscopy, infra red spectroscopy or density measurement

(after conversion to water).
e PROCEDURE

You will note that at no time did we mention the CE440 as a means of determining
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the deuterium content of a partially deuterated compounds. This is simply
because the CE440 is unable to differentiate between hydrogen and deuterium.
The CE440 measures both hydrogen and its most common isotope deuterium as

hydrogen.

To calculate the relevant amounts of hydrogen and deuterium in a compound
via CHN analysis on the CE440 you have to make some assumptions that could
be wrong and hence this calculation should only be carried out if all parties

concerned are aware of this.
Hydrogen has a mass of 1.0078  Deuterium has a mass of 2.0141

As a good approximation any hydrogen determined via the CE440 that is in fact
deuterium needs to be doubled in value. It actually calculates out to be 1.9985

but for this illustration we shall use 2.

As an example if a compound had the theoretical values of C 55.10% H 4.20 %
N 8.20% and D 2.10 % when the analysis were carried out and if the compound
is likely to be pure we would in ideal circumstances find C 55.10% H 5.25%
and N 8.20 % if this were the case it would be a reasonable assumption to assume
that the compound is likely to be pure and to calculate the content of D, to do

this we would do the following calculation.
D content = (% H found — % Theoretical H content) x 2 (47)
For the above example this would, in ideal circumstances, be:
(5.25 — 4.20) x 2 = 2.10 (48)

which, in this case, represents the theoretical content of deuterium.

Under these circumstances this is likely to be an accurate representation of the
deuterium content but CHN analysis alone is not enough to be sure that this
assumption is correct. It is possible to obtain CHN analysis figures that agree
with theoretical values for a specific compound but unfortunately there is no

guarantee that this is the only compound that these figures agree with you could
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have another pure compound that has the same theoretical figures or an impure
compound with the same figures. To confirm the structural determination of
a compound CHN analysis must be used in association with other analytical
techniques such as NMR and mass spectroscopy. A simple analogy is that of a

jigsaw, until you have all the pieces the picture is not complete.
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