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Abstract

An online mass spectrometry method has been developedototor, model and
optimise continuous flow reactions. ifhmethod makes use afualpiston pumps,
tubular reactor block, Vici sample actuatan Advion Compact Mass Spectrometer
(CMS) and other analytical systerns investigate a varietgf chemical sygms based

on their need for process improvemdrll reaction automation employ&dATLAB ,

the Snobfit algorithm, along with Modde DoE software.

Online mass spectrometry has advantages over other analytical techniquessas it ha
shorter acquisition timeg2-60 s) low chemical sensitivity~13 mol%) and chemical
identityas well as the potential to provide quantitative informatiothis work, eaction
guantitation has been explored using four chemical systehexe each ofiem was
monitored by a variety of analytical techniquegh the overall ainbeingto examinef

on-line mass spectrometoan be used fagquantitativeanalysis.

For all cases investigated, process improvements were made whilst also determining
optimal operating conditions to improve conversions, yields or selectivities as well as
looking at reaction waste reduction. Flow chemistry and the work conducted has shown
how waste can be reduced for certain reactions when compared to more traditional
approachesThis method relies on machine learning, full process automation and quick
process analytical technology to determine optimum conditions as well as build large
reaction data sets. Large data sets were created using a hybrkiri@tiE composite
circumscriled orthogonal design.

Mass spectrometry provided valuable reaction information and has the potential for
reaction quantitation depending on the required application, reaction system and
ionisation settings. Compound thermal stability can be problematiP@l+ mode

whilst ion suppression is problematic in ESI+ mode. Still a versatile analytical tool,
on-line mass spectrometry was found to be inherently quantitative.

The continuoudlow-on-line-MS-self-optimisation platform was used to investigate
variety of differentreactionsto show veratility of the MS system. These reactions are

summarized below.
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1) An N-Boc deprotection of AZD5634Schemel) for optimisation and process
scaleup, with achieved conversions >95% and scgleto pilot and commercial
scale using ofine mass spectrometry).
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Schemd. Reaction scheme for the deprotection 4DA634 using D as reagent. Bproducts

of 'butanol (as HO is in large excess) and carbon dioxide are also formed.

2) An N-Boc deprotection reaction using a hybrid Dkigetic model for optimisation

and large data set generation, with achieved conver8i0%>Scheme2).

0
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Scheme2 Reaction scheme for the deprotection of -Bog(Pbf}fOH using HO as reagent.

By-products ofbutanol (as HO is in large excess) and carbon dioxide are also formed.

3) An SVAr reaction of AZD4547 for product selectivity and yield improvement, with
achieved conversion of ~38% and DP yield of ~3@¢themes).

~_0._0
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Schem& Reaction scheme for th@/ reaction to form AZD4547 in continuous flow.

Page V¥



4) The synthesis and aptisation of FeN-heterocyclic carbeneomplexes using an
electrochemical method for use in aHChydroxylation reaction(Scheme4).
Optimum electrochemicatonditions of either 7 \And4 minutesresidence timeor

2.5 Vand15 minutegesidence were achieved

- .o
R H X R .. M _| n* X
\N+§< N/\N_RZ n+ R1
N-R2 + Mg 0 5H’ ~ + Moy — N7\ _ge
3J§< -0ohRy RS ~
R R4 R3
R* R4

Scheme4 Electrochemical reaction performed in continuous flow to generatdNHFE
complexes, monitored by-dine mass spectrometry.
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Chapter 1

1. Introduction

The work presented irthis thesisdemonstrate®iow new technologiesin particular
continuous flow techniqueand on-line analysis and optimisation approaches, can be
used to improve traditional chemical syntheses. Cursgnthetictechniques can be
slow, inefficien{ hazardousand problematicwhen scalingup. The focuf this work
wasto monitor a variety of reactionsompleed in continuous flow, using elime mass
spectrometry (MS), modelling the data to form a more complete reaction profile and
ultimately optimise the proces®©n-line MS as a quantitative tool for reaction
optimisationhas been developed

This chaper introducs the essential conceptfsatare involved inperforming chemical
transformations ircontinuous flow process Namely, the setip of continuous flow
reactorsthe online monitoring through process analytical technolalifferent methods

in which a flow reaction may be optimised and finally how a continuous flow process
can be applied to industry faddressing the issues s¢aleup associated with bath

processes

1.1. Concepts of Continuous Flow Methodologies

Inlet holes

W+ >
PR

Vs

Outlet hole " Stirrer Bar

U

Figure1 Left: example of aontinuous flow reactgrA + B continuously pumped separately, mix

I

Flow reactor Flask Reactor

and react within the thin reactor tubing. Right: flask reactor traditionally usedyinthesis

A+ B mix and react in the same reactore batch at a time.

Performing @iemistryin a continuous fashion & relatively new techniqui® the fine
chemical and pharmaceutical industri€antinuous flow chemistry can be defined as
performingchemical transformations in tuldpgpeswith constah additionof reagents

via pumps through a reactoFigure1).! This method of synthesis has been coined flow
Page p



Chapter 1

chemistry.These assemblies can become more advanced, employing sample switching
devices and process analytical technoldgymake sampling quicker and easier.
Traditional sampling methods are usually arout manually by allowing the exit tube

to collect thestreamin a sample vial before analysis can take placdireét The sample

loop allows automatic sampling to be carried out and is automataadllysed by any
process analytical techniques empldy€&he continuous flow systemresented in this
thesis mde use of several separate pieces of equipment in a modular fashion allowing
apparatusto be swapped out if the intended use necessitates a unique piece of

apparatus?

1.1.1. Fluid Control Systemsfor Continuous Flow Reactors

Precise fluid control is important for an automated continuous flow process as it regulates
the length of time the stream resides within the reactor (residenceatmch€pntrad the
stoichiometry oftwo or more reagent streamghich are to becombined.In most
examplesthis control is provided by pumps which create a pressure at the inlet end of
the system allowing reagents to be hydrodynamically pumped to the outlet which is at a
lower pressuré This means the pump must be able to achieve a pressure which is always
above that of the outlet even under the employment of a pressure regulatiergtool
backpressure@egulator®

There are severdlypes of units which may be used for liquigligdery; syringe,
peristaltic,piston gear or masflow controllers(Table1).® Each type of pump may be
connected to aatnputer systemysingan RS232 control board, to help automate the
system. Direct and precise control allows flow rates to be changed either byidntrel
computer or using algorithms designed to take control of the chemical system. Being
able to controthe pumps in this way is the first step in creating a fully cldsed system

which can selbptimise through a feedback loop.
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Tablel Summary of different types of pumps which can be usedritinuous flow chemistriExamples of each pump type are provided below each head given

in brackets.
Pump Type Advantages Disadvantages Flow Rate Accuracy
Syringe7 1 Lower flow rates therefore use fc 1 Nol/little back pressure usage. I Mechanical parts, reliable flov
(Harvard A microreactors. 1 Single syringe pumps lower volume. rates below 0.05 mL mih
HPLC pump1 1 Mechanical components away fro
SyrDos 2) reaction.
1 Multiple syringe pumps to pump larc
volumescontinuously.
1 Improved safety due to no hazardc
reagent accumulation.
Pistor? 1 Higher pressure systems%00bar). 1 Blockage with precipitates or slurries. Electronic flow rates from
(Jasco PU980) 1 Single piston; Cheap and simple. 1 Lower lifespan of mechanical component pressure transtter. Can l00se
9 Dual piston; more stable flow profile 1 Single piston; pressure spikes & flo accuracy at low rates, below 0.(
low cavitation, grear reproducibility of pulses. mL min™. Reliable at higher flow
flow rate. 1 Dual Piston; moving parts, greater chance rates.
failure.
Peristaltic’ 1 Pumping slurries without blockage ai 1 Lower lifespan of mechanical component Mechanical parts but relies on
(VapourTec fouling of the pump. 1 Lower back pressure usage.
E-Series) 1 Wide configuration variety.
1 Selfpriming.
I Precise pumping measurements.
Gear® 1 Can handle a wide range of viscosities I Cannot pump solids or slurries. Very reliable flow rates over widi
(Gorman-Rupp 1 Less sensitive to cavitation. 71 High cost. range.
G Series) 1 Easy to maintain and rebuild. 1 Lower lifespan ofmechanical components
1 Selfpriming. 1 Can be noisy.
Mass Flow 1 High accuracy and reliability. 1 High cost. Very reliable flow rates over
Controllers™* T Pump liquids and gases. T Problems with low density gases. wide range.
(Brooks Coriolis 1 Not for solids orslurries.

QMB Series)
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1.1.2. Continuous Flow Reactor Types

Traditional batch chemistry exploits widely available reaction vessels to h@csants,
reagents and solvents in a singleparate reactat each stage of the proce€sice the
reaction has been completed the desired product is removeshgiisation if asolid,

liquid separation if in the liquid state or directly transferred to the next stage in the
synthesis route.flthe product requires further transformation then a nessel
containing reactants, reagents and solvents is prepared and the procedure repeated until
the final desired product created. Batch reactor vessels can occupy volumes from a few
millilitres, allowing synthesis of milligrams of product, to ten thousand litre tank reactors
capable of producing tonnes of prodtrct® Although these types of reactor vessels have
been used for hundreds of years they have not always been ideal for certain reactions
which may evolve gases, generate reactive intermetfiaesause excess heat energy

to be dispelled rapidl{? Large scale reactor vessels typically contain a pressure relief
valve and a rupture disk which bursts at a specific pressure tatirthe volume of gas

is too great for the relief valve to handle (depresatias is too slow) then the rupture

disk bursts to relieve the pressurée latter two issues are, generally, more problematic

at larger scale as continuous stirred tank reactor (CSTR) vessels have a much higher
volume compared to the surface area ofit®sel. The nature of these reactor vessels is

to rapidly stir the contents to ensure complete mixing, so the reaction can progress to
completion in the lowest time possible whilst maximising the final yield of desired
product. The high mixing potential mdave an adverse effect if a reactive intermediate

is generated causing a cascade reaction to occur incredibly fast throughout the vessel and
will often generate a large exotherm leading to reaction runaway. Other problems may
also arise with adding cheaails to the tanks through inlet ports at the top of the vessel.
Semibatch reactors are much like typical batch reactors, using a single stirred tank for a
chemical reaction, but are modified to allow reagent addition and/or product removal at
any point n timel’'® Semibatch processes are designed to increase the ety
handling of hazardous chemicals) associated with large scale industrial processes by
charging the tank vessel from a safe distance using large addition vessels attached to the
tank. However, when adding reactive species to a reaction in one go or Ueltars,
macromixing can have a significant effect on the reaction uniformity in the vessel. A
build-up of reactive species may occur in isolated places, again potentially dispelling

heat and causing reaction runaway.
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New technologies may have a remarkabffect on improving large scale chemical
processes in terms of safety, efficiency and sustainability. its simplest form
continuous flow chemistry uses tubes as
reactants, reagents and solventstigh at a set rate. This means that separate pumps can
be used to ensure reagents are kept separate until mixed in the tubular reactor and creates
a level of modularity to the system.

A team from NovartiMIT2° demonstrated use afew flow technology where an
endto-end synthesis of the pharmaceutialg, aliskiren hemifumara(&igure2), was
createdcombining 3 reaction stages, queing/ workup, isolation and purification.
Subsequently, this led to the reaction being seafegdroducing 10@ hr! and delivering

the final stage as tablet®ntaining112 mg of the synthesised compound, aliskiren
hemifumarateThis continuous flow method requirad4.36 L reactor, 1 hr reactidime

and only 48 hr processing timké.carried out as a batch process this series of reaction
would use a 1500 L reactor, each batch would take 48 hr, processed for 300 hr using 21

different operations.

OH H O
00O )<( osno. s,
NH (0] 0]
\O 2 (0]
11

Figure 2 Aliskiren hemifumarate drug compound synthesised by the NeMimigroup using

an endto-end continuous flow proce&s.

Similarly, a single step synthesis with quench and separation was used for thetiprod

of dipherhydramine hydrochloridérigure 3) in continuous flowwith a final output of
2.4ghrt.21 The process was developed to minimise waste, reduce purification steps and
reduce the owvall productiontime. This API is widely usechs an antihistamine for
allergy reliefand is made in quantities of 100,000 kg yvorldwide. Although this
reaction was completed on a small scale, 120t shows the diversity and applicability

of continuaus flow to the pharmaceutical industry.
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O

Chlorodiphenylmethane

é@

N,N-dimethy}t2-hydroxylamine

—

ill_'rglllﬂ Diphenhydramine
hydrochloride
NaOH, KO

Figure 3 Continuous flow synthesis of diphenhydramine hydrochlgtide.

Continuous flow methds can belescribed asany small batch reactions (plug flgi)
being carried out simultaneously within the deviEgre 4). Thesedevicesare much
smaller in volumébdut still allow sufficient time for the chemical reaction to occur in the
reactor systeri®?® The residence time, the time the reactants spend in the reactor
(equivalent to reaction timeis a function of the total flow rates of all pumps used and

the reactor volumé®

Changing concentration giroducts

Lower Higher

v

Flow direction

Next volume segment

Figure4 Diagram of a plug flow system showing how segments are independent from each other.

a (1)
T 0

Wheret is the residence timé, is the overall quantity of material to pass through the
reactor (reactor volume) ari@is the overall flow rate of material at steady state. Using
this method ensures a tailored residence time for each specific reaction which greatly

increases reactioroatrol. Steady state must be guaranteed in a continuous flow reaction
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as this dictates when the reaction is in a state of none varying conditions in order to

achieve reliable resul{&igure5b).

Yield at steady state

T Flat line shows

| steady state

. /
= /’
3~
5 | /
° | J

'1 )/T//' T y T L] T T T X ! . » ;
Overall Yield Time (min)

Figure5 Steady state of a system in a continuous flow reactor and the difference between steady

state and overall conversion.
1.1.3. Mixing in Flow Reactors

Smaller reactor volume®ducediffusion distancegor reactantsyhich allows mixing
to be better controllepotentially including a static mixegndoccur perprdicular to
the flow direction. Smallediameterchannelsesult in largesurface areéSA) to volume
(V) ratios which is shown in the comparison below for a flask reactor, tank reactor and

flow reactor.

1 Surface area for a 100Lnround bottomedflask reactor(d = 65 mm) ca.
132.7cn, 8:6 surface area to volume ratio

1 Surface area for a 1 L tank reactor (d = 11 cm, h = 11cen$70.2 cm, 4:7
surface area to volume ratio

1 Surface area for a 10 nflow reactor( 1/ 32 0 | Dga.0.h98 em, P50 m)

surface area to volume ratio

A larger SA:V indicates bettdreat transfer rategnabling more efficienbeating and
cooling thereforeasierprocessdntensification?32>Macromixing and accumulation of

reactive intermediates are limited in flow reactdsstter heat transfeallows better
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control of highly exotlermic reactionsminimising reaction runaway and greatly
improving the safety of certain proces$é3Mixing within a micro reactor is generally
more rapid than a batch reactor because of their small ehsina.The plug flow nature

of flow reactors mearthat mixing longitudinally (in the direction of flow) is minimized
permitting radial mixing to @minate. Asradial mixing is dominant, the subsequent
O6plugdé and previous 0 p htlyof dne anethecand havemp | e t
effect on each otheFigure4).1?’

Extent of mixing, given by Reynolds numbers, Ban be changed and tailored using
variousmixers. Static mixergFigure6) join different fluids together whether mixing two
liquids, two gases, dispersing gas into a liquid or blending two immiscible liquids
together.

Radial Mixing

Figure 6 Exampleof a static mixer used forontinuous flow processes. Left: indicates a mixer
which splits the flow stream in half several times before reforming the streams in a different
order. Further radial mixingred triangleg helps the create Eddy currents and ensure a more
homogeneus solutiorf®

Mixing can be separated into three different regimes depending on their Reynolds
number: laminar (<2000), transitionalO@0-4000) and turbulent (>4000) ubular
continuous flow systems, which only u§eor Y mixing pieces exhibit laminar flow
regimesand those with static mixers typically can berfd in the transitional regime
Another parameter which plays a large role in the mixing within a microreactor is the
Damko6hler numbera). The Damkohler number is a dimsgonless number which is
described by the ratio of the rate of reaction to the rate of mass transfer by diffusion. If

Da < 1 thenmixing can be said to be >95% homogenous and can be fulfilled before the
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reaction occurs. Conversely,0f > 1, mass transfer dominates tif@v streanmforming
concentration gradients within the reactor. This may have greater effects on the overall
selectivityof reaction if there is a competitive side reaction whschighly influenced
by mixing 2°

The performance and extent of mixing can be visualised by a residence time distribution
(RTD). RTDs are geful as moleculespend different times in the reacwhich affects

the product distribution at the end of the reactor. An fdbDa flow reactor)s measured
using a tracere.g.a UV-active substanceyhich is injected into the reactor at time, t=0,
flowed through the reactor and through a detector at thewdrae it is detected by
UV-Vis spectroscopyAt t=0 the tracer will show a sharp peak but once passed through
the detector, a peakhich is longe and shallower, bustill with the same area, witle

observedFigure?).
Sharp peak as injected.
2 -

s

E

S

8

= Diffusion  causes peal
© broadening when detisd.

0 : ] — ~

T T l
0.0 0.1 0.2

Time (min)

Figure 7 Residence time distribution example. At t=0 the tracer example will show a sharp peak.

Upon detection after passing though the reactor the tracer will spread out creating the curve
seen on the right.

This pattern shows ideal behaviour within the flow tegany deviation from this curve
suggests the reactor is behaving beyond id&zdk tailing suggests the reactor contains
a dead volumeThe lengthening of the peak is indicative of 8teeam front moving
faster than the edges of the flow stream, d@ufittional forces on the ligjd from the

reactor walls.The deviation from an ideal RTD for a flow reactor can be due to
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turbulence, diffusion or a nemniform velocity profile. f more than one peadccurs,
then it may suggest a parallel pathway toekit exists or strong reactor circulatiéh.

1.1.4. Using Flow for Elevated Temperature & Pressure

In general, reactions carried out in continuous flow have been shown to reduce the overall
waste, incease the energy efficiency afprocess and give a greater output of new
compounds In addition it enablesreactionsto operate athigher pressures and
temperatures above the boiling point of the solvenbr even at much cooler
temperature$? 2° As previously mentioned, reaction away is a potential problem

larger scale batch reactions where @#eV ratio is small. Theminiaturised dimensions

of micro-flow reactors improve the performance of the reacttbnsugh more efficient

heat transfer reducing the likelihood of runawApy excess buildip of heat will be
transferred from the internal volume of the system to the atmosphere mdiptdkgd by

the heat transfer coefficienty] which allows the calculation of heat transfer ratgs (

Heat transfer rate is directly proporal to the surface area of the reactor, and so heat
dissipation is faster when the surface area is larger. This relationship can also be used
when cooling the reaction. Much faster cooling will occur when the surface area is large
meaning any excess heande rapidly balanced through rapid cooling of the redétor.

Many reactions carried out in the lab are typically carried oatrdtient conditions and

never go beyond the boiling point of the solvent as high temperatures and pressures can
greatly increase the hazards of the process. Being able to operate a reaction above the
boiling point of the solvent in use, and therefore &atgr than atmospheric pressure,

can have beneficial effects on the reacbymeducing the overall time of the proceks

is possible to run reactions in a batch reactor at higher temperatures but necessitates
higher boiling solventsvhich may complica future process stages such as workup and
product purification. Fine tuning of reaction pressure can easily be done in flow processes
using abackpressurgegulator (BPR). Constant pressure (spring) BPRs keep the entirety
of the upstream system undeset pressure and cannot be changhbdst variable BPRs

can be employed to change the pressure of the system
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1.1.5. Transferring Sample from Reactor to Analytical Tool

Reactiors can easily be automated using pumps and flow techniqueséutuch easier
to optimise when directly linked to an analytical technidqreaction samples are taken,
and a feedback loop generated using a sample switching daegtcator) The sample
actuaor has two parallel flow streamsacting as an interface between reaction and
analysis. Theeaction passes into a set internal voluvhere the device is then triggered
(at a set rate) and a spectrum taken using contact clasurennection to a computer
(Figure 8). Contact closure automatically ststhe online techniquekeeping the cycle
flowing as the algorithm progress@is samplecan be transferred to HPLC or GC for
separation, then to MS fgreakm/z characterisation or directly into the MS for direct

characterisation in real time.

Home Position Injection Position Home position
Position A Position B Position A
Carrier/ Carrier/ Carrier/
Mobile Phase Sample Mobile Phase Samnle Mobile Phase Sample
‘ Vent/ ’/ Vent/ \ ‘
Analysis \\ / Waste  Analysis \\ / Waste  Analysis \ / Vent/ Waste
w ~ w e A S e
N X R T N W
" Sample \f -
. 7 \ / \ /

Unused
Slot

Figure 8 Sample loop diagram showing the two parallemflstreams before sampling (left,
position A home positionand after the triggering of the sample loop (right, positiginigction
position. The black le indicates thenalytical technique mobile phase and the red line the

sample streanmOnceinjected the valve turns back to position A, home postion.

1.2. Continuous Flow Process Analytical TechnologiedATs)

Automating or optimising a process requirggaithnsto generaga feedback loop. This
loop relies on the output function frgpnocessanalytical techologywithout the need to
manually transfer it for offine analysis. O#line analysisallows a process to be

continuously monitadby extracting a portion of the flowolume whilst inline analysis
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monitors the entire flow streardirectly. Each technique offers its own advantages and
disadvantages depending on the intended applic&®hsaid optimisatiorasreactants
products, intermediates and impurities can bensi realtime allowing live yield
calculations, kinetic data and the search for optimum conditbs determinedVany
techniques are available and provide unique insights into continuous processes. A

summary of each technique is showTable2.33

Each chosen analytical method has specific aims which must derntdb be effective

either for qualitative data, quantitative data otbot

(i) To minimise the delay between tbample takemand results being available
in the correct form which can be read and evaluated by the employed

algorithm against the set experiment objective

(i) To increase and maximise the observability of differentesysstates. For
chemical synthesis these different states correspond to qualitative
identification of molecules (analysis of their structure) and quantitation of

reaction composition.

Point (i) ensures the experimental system isidletand a steady stream of data is being
collected and evaluated. Performing large numbers of experiments with very small
guantities of reaction sample is key to differentiating between automated continuous flow
reactions compared to traditional develagmand optimisation strategies. Point (ii) can

be much more difficult to achieve accurately but is critical for algorithmic discovery and

reaction optimisation procedurés.
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Table2 Outline ofprocess analytical technigeesedfor continuous flow process gng quantitative detail on reaction composition and qualitative information
on substituents. Each techniggigesvarying detail in different acquisition timég. some can givéataon steadystate whilst others detail of concentratitn.

Technigue  Information Type Sensitivity / mol% Acquisition Speed /s Limitations
Mid-IR Chemical identity, concentratior ~10? ~1 Short fibres. Intolerant to water.
Solid, liquid or gas samples
Near-IR Chemical identity, concentration ~10? ~1 Less informative than MR, tolerant to
water.
Raman Chemical identity, crystaktructure, ~10? ~1-100 Fluorescence masking Raman signal

concentration. Solid or liquid sample Potentially to individual
molecules in the case (

SER(R)S

UV-Vis Chemical identity, concentration ~104 <1 Limited number of species.

NMR Molecular structure, 1.D. of unknow ~10° ~10 At present flow method is limited in sensitivit

compounds, concentration and resolution due to low field.

GC Concentration ~10° 10-1500 Typically i slow. Cannot |.D. unknowr
compounds. Difficult tautomate.

HPLC Concentration ~10° 200-1500 Long method development times. Must
combined with MS for proof of moleculs
identity.

MS or Chemical identity, concentration ~108 5-20 Requires cheminformatics expertise. MS/}

MS/MS is more informative, but few proces
instruments on the market. Difficult methc
development on more advanced systems.

Process N/A Pressure Temperature Sensor fouling

Sensors pH Sensor fouling

Conductivity Requres specific idline cell
Viscosity Difficult for in-line, requires dilution
Dynamic light scattering Underdeveloped

Ultrasound

Page [L4



Chapter 1

1.2.1. Spectroscopic Analytical Techniques

Spectroscopic analysis a nondestructive technique whichllows reactions to be
saeeredin-line. Spectroscopic techniqug@sovide energy to the samplaa photons of

different wavelengttight causng bonds in the analyte to bend, stretmhyucleito spin.
1.2.1.1. Fourier Transform Infrared Spectroscopy

FT-IR is a spectroscopic techniqudich is norrinvasve and nordestructivebecause
the infraredinterfacedoes not interfere with the reactidhFT-IR offers very rapid
acquisition timesand can quantify the concentrations of different compounds in the
readion. Concentration can be mapped accurabelyause peak intensitypsoportional

to the concentration of the analytBough requiresalibrationusinga standard. Infrared
spectroscopyffers advantages to optimisation if the reaction does not coltasge

levels d impurities or byproducts and if the peaks are ctnvoluted.

Flow in—l ,—» Flow out

Incident IR Reflected IR
radiation radiation

Figure 9 Diagram outlining the flow cell of a Fourier transform infraredline flow detector.

The flow stream enters at one side, fills the cell and makes direct contact with the ATR crystal
before exiting. The incident IR radiation passes through the cellraathctswith the edge of

the flow stream.

Skilton et al®® used FFIR to optimise the reaction of-pentanol,22, with dimethyl

carbonate to form pentylmethylethé3, (previous work used GLC). FIR analysis
significantly reduced the analysis time from Bbnutesto 3.2 minutesdue to the
increased sampling ratd the FTIR. This technique allowetheasurement athemical

yields (>99%) when the reactor was at steady state. It was also necessary to calibrate the
FT-IR instrument usingn-line GLC which reduced the initial speedvantage of FIIR.
However, with the use of FIR the volume of chemicals used was significantly reduced

and a much wider image of the experimental space was permitted.
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/ e

OH /\/\/OMG
-CO,

-MeOH
\\\\\\\ ////1;:;H

Schemes The reaction betweedimethyl carbonate (DMC) andgdentanol,22, along with
competing side reactions which occur at different temperatures.

Extensive work has been completed in the Ley group usiige IR as an analytical
tool for continuous flow chemicgrocessingThis technique has been used to monitor
fluorinatiors®”, chlorcsulfonylationg®, prepare benzamide derivatives for the
pharmaceutical sectér measure CO conceations during methoxycarbonylatidfis

prepare arylmagnesium reagents awil' among others.
1.2.1.2. Raman Spectroscopy

Raman spectroscofflrigurel0) relies on the manipulation of bonds within the molecule
where energy from a laser beam causes them to bend and stretchinfirailes] Raman
monitorslight scatteringasall molecules give unique pattesa Raman spectroscopy can

be used to monitaeactionprofile or changes in morphology of crystalline materfats

Raman Raman
scattering scattering
Flow out<—‘ T; Flow in

Figure 10 Schematic of a flow Raman spectrometer. The flow stream passes into the flow cell
beneath a quartz glass pane. The Raman laser beam passes istiedime where the light is

scattered and detected.
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Wor k compl etetd* dhgws hGmaRamanispectroscoman be used to
monitor the synthesis and crystallisation of Omeprazole. The final reaction stage,
oxidation of the sulphide, was monitoréd the formation ofthe desired product and
sideproduct sulphoneScheme6). Omeprazole isidely usedfor severalconditions

affecting the gastrointestinal tract.
\

0 N 0 0
S { TR
N
H
Omeprazole Sulphone side-product
1.6 1.8

Schemes Synthesis route for the formation of Omeprazole usiAg@Raman spectroscopy
with a sulphone sidproduct produced?

The quantitative abilityof Ramanspectroscopywas tested usingifferent exraction
wavelengths (785 & 1064 nnipr each reaction specieBormation of the sulphone
directly influences the purity of the Omeprazole after isolatlwerefore it was important
to develop a sufficient and reliable method, usintine RamanCurrentmethodologies
useoff-line HPLC for reaction quantitation, but this far slowerthan inline Raman
Comparative ofline measurements by LSPE/NMR we completed on aliquots of the
reaction mixture. Their method allowed maximum yield and satisfactoitymfrthe
desired isolategrroduct, but lower yields were observed using longer reaction times as
increasd sulphonelevels were detecte@®uccess during ihwork saw the procedure
scaledup andtransferred to the pilot plant for kiscale synthesis wist using inline
Raman rather than efine HPLC.

1.2.1.3. UV-Vis Spectroscopy

Miniaturisation of U\Vis spectrometers has allowed adaptise inflow. Light source,
fibreoptic cables, flow cell and detector comprise a typical setup similar to a traditional
UV-Vis instrument. The flow cell is a machined, stainless steel block with entry and exit
for the flow stream along with flow entry for the soe Figurell). The light path allows

the incident beam (from the lamp transported using fibre optic cables) to pass across the
flow stream at a set d@tce and into the detector where sample absorbance or
transmittance can be measured ultimately transferring data on sample concentration as

given by the Beetambert law*®
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This equation shows absorbance as a function of the lights initial intensdgd by its

final intensity equation A.

5 &¢é'Q (equ.A)

Absorbance can also lsalculated from the sample using path length (), concentration

(c) and molar absorptivity), equation B.

o - D (equ.B)

U\-Vis Light

Flow
direction

Figure 11 Diagram of a UWVis flow cell used for idine UV-Vis spectr@copy. The flow stream

moves perpendicular to the light beamhich passeshrough fibre optic cables across the
reaction stream and to the detector.

Guntheret al*® monitoredthe formation of monomeric azo dyes using a segmented flow
microflow reactor with UWVis spectroscopy from 350 850 nm (visible light region

only). Intline analysis allowed each dye formation to be nweil as well as indicating

the concentratiorof each. This technique proved usefal the characteriation of

segment properties, such as size and shape. Different sized segments possessed different
residence times and therefore different absorbancado¥W maximum absorbance was

observedit suggested that the segment size was smaller than the diameter of tubing used.
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1.9 1.10

H,CO Q H5CO O
N§N0r N§N8F4'
Me O
O N\ENHSOL{ Ni\\NHSO"’-

1.1 1.12

Schemer Diazoniumsalts used to form azo dy@s segmented flow using-lime UV-Vis to
monitor their formatiorf®

In-line UV-Vis spectra are highly dependentaetectorenvironment wheresimperature
fluctuations can cause differences in the electronics within the detector changing
background noise and potentially reducing accuracy and sensitivity of the analysis. The
concentration of the flow stream may also affect the quality of spéagtaly absorbent
sampéseasily exceed the detector linearfjyving inaccurate data. This may be fixed by
changingflow cell path lengttor use ofa dilution pump before the flow celCalibration
samples must be taken before reaction monitdorggt reliable reaction conoiations

of all components in the system. This is not always ideal if the reaction produces complex

reaction mixturegnd response factors are unknown
1.2.1.4. Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NM$&pectroscopys a powerfultool for chemists in the
determination of species synthesised in reactiBesichtop NMR instrumens can be
integrated into continuous processéfering reaitime databy allowing the flow stream

to enter and exit the instrumemtigure 12). Application of magnetic field induce spin
interactions between nuclei in the compouvitere they cambsorb or emit radiation
Nuclei relax via emissin of energyand relaxationdepend on the NMR frequency
giving asignal proportional to the concentration of the analgeful for conversion and
yield calculationswithout calibration. NMRspectroscopysupplies data quickly and
constantly as the reactistream passes through the core of the instrument and gives an

accurate identification of different compourfdg/ 48
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A\

Figure 12 Schematic of d@enchtop flow NMR device. The samples mix and flow through the
flow cell to the permanent magnet where the analyte, impurities cpeidieicts are detected.
The flow stream flows out of the spectrometer to collection.

New benchtop instruments have limited rest@n and a moréime andinvestment to
setup, typically a minimum of 24 hrs for thestrument to equilbrat& hese problems
mean pectrawill be complex providing less usefulnformationaboutreagent signals
with large levels of peak overlap

Sanset d.2°used aSpinsolveNMR spectrometeto optimise different reactions in flow
using variousNMR techniques before attempting a full sefftimisation. Initially, a
condensation reactiolwas monitoredo form an imine 32, (Scheme8) using reagent
flowrate control 2D NMR techniques such as HSQC, HECTOR and C@®8h used
to see spectrdetail from a continuous flow proce$&elf-optimisation for the formatio
of 32 using the NeldeMead (modified) simplexmaximisedthe output yield, with a

maximum of 79 %.

o NS
H +
NH,

1.13 1.14 1.15

Scheme The use of iine NMRspectroscopyo probethe formation of an imin€&.
Currently,bench top NMR spectrometers are not only limited by their resolbtibare

far less time and cost efficient for pharmaceutical and fine chemical industry use.
However, use during a continuous flow process certainly reducesmnibetaken to
sample compared to elifie sampling and also aitost compared to large volume

transfer lines to higherequencyNMR spectrometersCurrentlow field systems may
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not benefit indusir as a very high concentratiarf sampleis needed to oveomne the
low sensitivity and resolution of the instrumentg 60 - 83 MHz many signa will
overlap with ones which may be of interest for the reaction carried~muir€13).

H NMR /\ ﬂ
60 MHz '

L W L

Parsley seed Essential Oil

ppm——- , ' ' ‘ - * : - : '
100 90 80 70 60 50 40 30 20 10

Figure 13 A comparison of a 60 MHaenchtop NMR spectrometeand a 300 MHz NMR
spectrometer in thtH NMRspectraof parsley seed essential 6il.

New advances have been able to adapt existing NMR spectromitefiequencies of
300900 MHz, to use with continuous flow reactors by addition of a flow probe. This
enables flow reactions to be carried out if higbotation or sensitivity is needed. The
downside to this method is the capital investment in the flow probe and taking the flow
reactor to the NMR spectrometérew laboratoriesre equipped to have the relevant
safety procedures necessary for a flow reactio beperformedclose to an NMR
instrument. The type of reaction may also limit the use of a flow NMR device as only
liquid samples may be analysed efficiently as gaseous media may not be analysed if

insufficient mixing has occurred.
1.2.2. Separation Analytical Techniques
1.2.2.1. Gas Chromatography

Gas chromatography (G@anbe used as an dime techniqueo monitor continuous
flow processegFigure 14). GC allows analysis of volatile compounds and gaseous
species from reactionsuited to species that vaporise above 350 °C.

Identical to operationff-line, aportion of the flow streans injected angbasses through

columnusing a mobile phas@hesamplesepaates,and each individual peagkdetected
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by the chosedetector. With use in a sedfptimisation process the peak area is used to
determine the yield.

Sample from
Flow Reactor

Carrier gaﬁ Oven
A

Figure 14 Diagram of an odine gas chromatograr(GC). The sample from the flow reaction is

lon flow

;
E Detector

Hydrogen flame

injected into the GC from a sample switching device before being separated on the heated
capillary column, ionised and detected.

Parrottet al>°ran an optimisation of a bimolecular dehydration reaction of ethfriél,

to diethyl etherl.18, o aalannina as a catalyss¢hemed) using irline GC to monitor

the reaction. GC results had to be read and convertbthdy. AB before a yield could

be determinedlhe high volatility of the reagents helped facilitatdine sample transfer

from thein-line sample loop to the injector and ovéaximum yield totalled 68 % (0.4

mL min?, 212 bar, 340 °C) from a minimum of 0 %.-Gme GC also helpeih finding

a small plateau region in which all fact

04\ 1.17

-H/(
HO ~— -HO SN 1.18
1.16 W& l -EtOH

= 1.19

Schem®T h e u-slemina ih thedxdehydration of ethanal16to diethylether1.18%°
GC separatevolatile compoundsanda detector is needed in order to quantify the final
amount of analyte. Many of these are compound specific but may include; flame

lonisation, electrgkic or thermal conductivity, electron captwete. Similarly to HPLC,
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GC can make use of other analytical techniques for structural characteresgtimass
spectrometry.

1.2.2.2. High Performance Liquid Chromatography

High pressureliquid chromatography (HPLC) isnaanalytical techniqueoffering
numerousadvantages fooptimising reactions(Figure 15). HPLC generally has much
slower acquisition times than spectroscopic methods but can be used during
seltoptimisation. Chromatograre show distinctive and quantifiable peaks each
compound elutedghown by retention timavith each peak relating to each compound
However,like GC, HPLC must have a detector to beadjtative so compounds can be
identified making it moreadvantageousith prior knowledge of the reactio@alibration
ensuregjuantifiable results to assist calculatmiitoncentration of peak&/V-detection

is typically uised necessitating@romophoren the compound being detected

From Flow Reactor 3

Waste

N
N\

Collection

Figure 15 Diagram of an ofline high-performance liquid chromatograntPLC). The sample
from the flow reaction is injected into ti#PLC from a sample switching device before being
separated on the HPLC column and detected via a UV detector.

McMullen and Jenséh®? studied various reactions using -thm HPLC to aid
optimisation. HPLC can distinguish between regimd $erecchemically different
compounds and slight differences between reagent and product structuremasict
missedvia spectroscopi@nalysis Low concentration reactions may be completed and
sampled idine to directly separate each componemnton-line (for more concentrated
samples)which requires the use of a sampkectuator(1.1.5 to switch a portion of the

reaction into a parallel streato flow into the HPLC for separationOn-line

™S

measur ement s ar e not seen as 6r eal t i me
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between 2 and 2@inutes depending on the number of components needing to be
separated. Due to this it may be necessary to ushmique which has a quick
acquisition time and both low sensitivity and high resolution.

1.2.3. Mass Spectrometry as a Process Analytical Tool

Mass spectrometry (M@nd continuous flow have, only recently, been used together to
monitor reactions in redalme. Benchtop MS relies on compound polarity for ionisation

to occur; he most common techniques are electrospray ionisation (E58.9 and
atmospheric pressure chemical ionisation (RRC.3.3. For a compound to be deted

it must be ionised to either positive or negativestate Detection measures the
massto-charge ratiorfi/2 of gaseous ions in the systémmmakea plot of signal intensity
againstm/z Thetechniquescans over a range of/zto isolate each sepaedy.

1.2.3.1. General Theory of Mass Spectrometry

MS, in general, delivers unique analyte specificity because each species is structurally
based upon its detectedzgiving accurate identification of unknown compountere
are two modesf MS, ESI and APClwhere thesample is first nebulised, then desolvated

before being ionisedeparate@nd detectedrigure16).

Flow Reactor MS lonisation Chamber Mass Selection & Detection

N . _— m/z .
Nebulisation Desolvation Tonisa tion 3 Detection
Separation

Figure 16 General process bematic for the ionisation and detection of species, from the

reaction system (left), by a mass spectrometer. The output total ion chromatogram (TIC) and
mass spectra are shown directly on the computer in real time (right).

The power of MS detection is gnénabled if the correct ionisation technique is used to
get the reaction solution into ionised particBeth ionisation modewere usediuring

this PhD projectand bothcangive apositive or negativeharge Deciding on which

mode to use largely relies the polarity of the analyte and the composition of the matrix.
1.2.3.2.  Electrospray lonisation

lon generation from electrospray ionisati@$() begins with the production of charged
eluent droplets at the very tip of the ESI needle. The flow stream is fed by a mobile phase

eluent which is sprayed directly into the ionisation chamber of the MS at atmospheric
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pressure. Either positive or negativa igeneration can be selected, depending on the
analyteof interest. In positive mode voltage is induced between the capillary needle
(anode) and aperture plate (cathode). This causes aupudéipositively charged eluent

at the tip of the needle wthicis periodically repelled and attracted to the oppositely
charged aperture plate. In negative mode, the opposite process occurs. The capillary
needle acts as the cathode whilst the aperture plate is the anode. Negatively charged
eluent particles dominatéhe needle tip and travel electrophoretically towards the
aperture>®

Upon application of the voltage, betwethe needle and aperture, the buifd of ions

occurs (either positive or negative) to the point where repulsive forces match the forces
of the surface tension of the eluent. The balance between these forces is known as the
Rayleigh instability limit. Wha the repulsive forces exceed the surface tension of the
eluent a cone shaped meniscus is formed called the Taylor cone. This cone allows a
continuous spray of charged droplets to migrate from the surface towards the aperture,
hence the term electrosprdyiqurel7). Subsequently, between the capyllip and the
aperture, desolvation of the charged analyte species occurs. As the solvent evaporates it
effective radius decreases whils$ charge stays constant. This brings into effect the
Rayleigh instability limit as the repulsive fordestween likecharged particles overcome

the surface tension of the eluent and undergo a Columbic cascade explosion forming
much smaller charged droplets. lons in the charged droplet are then able to evaporate

from within the solvating media to form gasepdisarged analyte iortg.>°

Taylor cone

_ Aperture
Needle tip

¢Coulombi¢ explosion
= 0 @ n+ + 4
+ 35 +
v @ ++ ) n+ + of
+
. * @ +
+ + At +
e *
T+

Solvent evaporation

+ve -ve
Power

Supply

Figure 17 A schematic showing the mechanism of ion formati@ectrospray ionisatior*
ESl is a highly versatile method of analyte ionisation and is very useful for a wide range

of molecular weight compounds and can ionise anything which will form m@nnio
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solution. lonisation is preferential to molecules that contain groups which can accept a
charge, typically heteroatoms like N, S and O atoms, molecules containing these can be
analysed by ESI. This also means that any molecules that can accepexigengrge
induction may also be analysed with ESI. lon formation using ESI relies greatly on the
pH of the mobile phase and the pKa value of the analyte and follows principles of
acid-base theory. However, being sensitive to pKa means ESI is moreivgensit
contaminants such as alkali metals or basic compounds andoit a&good ionisation

technique for uncharged, ngolar compound&3>°°
1.2.3.3. Atmospheric Pressure Chemical lonisation

Atmospheric pressure chemical ionisation (APQt)ljses a corona discharge to form
ions reying on the formation ofa mobile phaselasna. Charge transfer processes
dominate ion generatiomhich reduceshe needo preform charged eluent specidde
sample isxebuliedbefore being heated into the gaseous phase to form an analyte solvent
vapour This vapour (the bulk being solvent) ieeh bnisedvia corona discharge through
proton addition (positive mode) efa proton abstraction or electron capture (negative
mode).Charged solvent molecules proceed to chemically ionisgaeous analyteia

either protonation or deprotonation toqatuce the required charged species ready for
detection Figure18). The flow of ions is transported to the aperture via the carrier gas

and does not kg on a potential differere between the sample feed and the MS sample

cone>3°°
and
vapour
Gas tube mount Needle tip
/ )To mass analyse
[
Nebuliser gas  Vapouriser heating block Collision region

Plasma region
Figure 18 Diagram showing the ionisation process of solvent and analyte using an APCI
source®’
In positive ion mode, APCI ionises gaseous analyte molesudeproton tranfer or
charge exchange. EgtionC outlines the ionisation of species if analyte (M) has a larger

proton affinity than solventS).
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o YO ©0 O Y (equ.C)
Equation D shows how ionic species are formed if both M and S have similar proton
affinities.
0O YO © 0 Y O (equ.D)
If a charge transfer processcurs,then ionic speies are formed as shown in ajon
E.
0 " op® Y (equ.E)

In negative ion mode, charged species are produced by either proton @xtoacti
electron capture. E@tion F outlines the ionisation of species if solvent (S) has a larger
proton affinity than analyte (M).

o Y O ©0O O Y (equ.F)

Anions produced in MS from APCI can also help form other negative spewegkh
anion(A°) attachment, eqtionG.

O 0 © 0 o (equ.G)

In negative APCI mode, gaseous molecular analyte species may be ionised through
an electrorcapture process as showrequationH.

0 Q O00D (equ.H)
APCI is ausefulionisation technique and is widely used in industoge to its lower
sensitivty to chemical interferences mialg it arugged reliableandefficient ionisation
process,particularly compared to ESI. The benefit of carrying out ionisations at
atmospheric pressure is that all gases in the ionisation chamber undergo collisions with
the surrounding carrier gas {Ninducing a cascade reactiondacharging more of the
sample matrix. This method of ionisationn®st efficient for molecules which have
lower polarity, low molecular weight and any other molecule which is unsuitable to be
ionised by ESI. As APCI seshigh temperaturetvaporisesamgdesit is unsuited to
thermally unstableanalytes APCI is a soft ionisation technique producing very few
fragments of analyte but instead an intense moleculasigpral.>3°°
On-line MS requires minimal sample from the reaction and is abf@dvide detailed
structural information and isotopic information about reagents, intermediates, products
and impurities. Sampling time is very rapid, and data are constantly recorded as both a
total ion chromatogram and mass spectrum. However, MS ig podan suppression as
analyte ions compete for ionisation with side products, impurities or molecules in the

mobile phase. Although MS gives detailed information it cannot differentiate between
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regioisomers, relying on compound mass, so further techsgheuld be employesig.

HPLC or MS/MS. Mass spectra can be simple but have the potential to be complex if
species are prone to fragmentation. Gaseoushasd reactions can cause groups to
dissociate, interact or cluster higher mass adducts; such*asrMd ions or solvate
molecules Different combinations of these phenomena may also oecgr a
fragmentation reaction followed by formation of a‘aduct.

Onrline MS (4000 MiD, Mosaic Systems) was employed by Brisébwl>® to monitor

a Hofmann rearrangemensc¢hemel0) which is widely used irthe pharmaceutical

industry.

O

S NH
/©)J\NH2 Oxidant /©/N\C¢ H,O + HCI /@/ 2
—_— O »
R R -CO, R

1.20 1.21 1.22

Schemd0 A generic reaction schenfier the Hofmann rearrangement from a benzamid2Q

to an isocyanate intermediatk,21, before the desired aniling,22, is formed?®

The current batch proced$sr the Hoffmann rearrangement reactiproduces large
guantiiesof impurity, increasing upon scalgp andredudng overallprocesgobustness.
The group hoped to improve the selectivity, increase the yield and provide aiohast
process in flow compared to batdenchtop, onrline MS overcame sample transfer
problems as the reaction wdsectly connectediia a massrateattenuator (MRA)to
continuously transfesamplefor analysis Dilution via makeup flow improved sarple
compatibility with electrospray ionisation (ESI). ESWasused and mass spectra were
collected from 106800 m/z The group aimed to monitor the consumption of reagents
and the formation of impurities and products over several temperafusssallscde
reactor chip (100 pLyvas usedvith syringe pumps to introduce reactants to the reactor
to explore the effect of the sampling make flow and how it affected the MS data
output. Varying compositions of makeap flow (MeCN and HO) were studiedwith
different additives (formic acid, TFA and a mixture of formic acid and sulfamethazine)

in varying amountsTable3).
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Table3 An outline of the makep flow compositions explored by Bristow et?al.

Ratio MeCN:H20 Additive Concentration/ %
1 50:50 Formic acid 0.1
2 20:80 Formic acid 0.1
3 50:50 TFA 0.05
4 20:80 HCOOH & sulfmethazine 0.1 & 5 pgmL?

Reproducibilitywasevaluatedvith flushing of the reactomultiple times between each
runusingmakeup flow in row 4 of Table3. From 20i 50 °C, the size afeactant peak,

1.20 was observed to decrease whilke isocyanate intermediat&,2], increased
Subsequentlyamine formation was monitored.22 with the addition of 2 M HCas

well asthe production of chlorinated impurities in the reacfomihis work outlined that

MS can be successfully coupled to a flow reactouriderstandeactions and to gain
knowledge of side product amahpurity formation If the reaction was too concentrated
anunderestimate of the sample matrix is made due to inefficiencies during ionisation and
due todetector saturation. This experimental process only provides information on how
to use MS systems qualitatively and fails to slimmquantitativeability.>®

Browneet al.investigatedusinga miniature MS instrumena 3500 MiD miniature MS
(Microsaic Systems)as an osline reaction monitoringdol usinga Unigsis FlowSyn
system (20 mL reactor volume) with a sample loop (5 pL) which switched between the
reactor flow and thé1S makeup flow (5050 MeCN : H2O with 0.1 % formic acid}®

The group aimed to show how rapid MS data acquisition is, how it can screen starting
materials, intermediates and products amdrall tooptimise the formation of benzgn

via diazotisation of anthranilic acid and cycloaddition to fuf@&themell). Flow
conditions werechosen as accumulation of one reactive intermediate presents an

explosion risk particularlywhencrystallised

@ 0 0
-CO,, -N, @
oH 'BUONO o / ©| Om
N, Diazotisation Nt o-Elimination Diels-Alder
2 2 Reaction
1.23 1.24 1.25 1.26

Schemell Reaction scheme leading to the formation otehdoxidel,4-dihydronaphthalene

via diazotisation, ortheelimination and DielsAlder reactions.
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Initial studies aimed to characterise each reagent and product. It was determined that a
collisiorrinduced loss of water forming a positive ion with lowarzwas dominant

rather than the produat/z Runs of the reagents at 25 °C and 50 °C were performed to
see the difference in overall MS composition. Other peaks from induced losses of species
such as Mand other reactive intermediates occurred during ionisation. Optimisation of
flow parameters were made by detailing a cumulative spectrum of selected peak
intensities. Observations showed that starting material was minimised at a temperature
of 50 °C withmaximization of the product peak. Samples of the crude flow mixture at
both 25 °C and 56C, were taken and analysed usinglofé LCMS, giving 1.4x10and

2.5x10 respectively showing the product yield is 79% greater than at the lower
temperature. Therpcedure was repeated using-8jgethylfuran on a 5 mL scale to
reduce the amounts of reagents used. This system was again scoped to see reagent and
product peaks at different temperatures to see the growth of the product peak at the higher
limit of 50 °C.

Online MS in this system created a picture of starting materials, products and reactive
intermediates essential in the reaction from direct and rapid analysis. The peak height of
products in the MS corroborate with calculated yields fromlio& LCMS analysis
although no further work to fully calibrate the system to calculate yields from MS spectra
was carried out. Rapid analysis of MS was not combined with algorithms to optimise and
understand the chemical system. Further research is still neealettirio fully develop
continuous flow processes with -tine MS that is calibrated and can be applied to

multiple reaction pathways.

1.3. Optimisation Techniques Used for Continuous Flow Reactions

Process optimisatiois paramount to academia and industtyew reactions consist of

many factorsoftenrequiring maximum possible values to be foupdyductyield and

selectivity or conversion oSM, to name a few.Parameter optimisation through

minimisationmay also be completed if important to the proaegsside-product yield,

E-factor or cost.

There @ numerous process optimisation methods from the simplest

onevariableat-a-time, to the more complexxperimental design and even the use of

computercontrolledalgorithms. The use of sdiarning algorithmsarecent approach

in the optimisation of chemicalystheses has beenmade possibleby new flow
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technologies and miniaturised process analytical technoléfyiddethods of
selflearning supersede traditional ewariableat-a-time approacks making this
optimisationa methodnany chemistare likely torely on in the future.

1.3.1. One-Variable-at-A-Time

T h e -d¢adableatat i r@VAT) optimisationapproach is the most wedhown and
exploited method toptimise synthetic reactismnduses,as the name suggessngle
variables (whilst keeping all other variables consfacihanged iteratively giving a series
of reactions.Basic paternsand trendscan be seen relating to the changed variable
potentially findingconditions for the highest yieléHowever, there are sevedabwbacks

of this approachOVAT necessitates many more runs to ensure siteNaisof precision

as other optinsation techniqueOV AT alsostruggles to form cleastimates between
variableinteractions and becausé&/@T relieson singles dctor changs thee may be
factors that are ovieroked which can lead tmue optimal settings being missét

Table4 Factors and levels for the hypothetical optimisation céactionmethod®

Factor Levels
Reactor Temperature °C 100 and 250
Reaction Concentration/ M 0.2and 0.4
Residence Timémin 2 and 280

Table 4 outlines a theoretical experimental -sgt to illustrate VAT further.
Optimisation begins by performirtgvo experiments using boteamperature§l00 & 250

°C) whilst keeping the concentration and residence towstantSubsequent data from
both experiments will show thi®ptimunreacton temperaturavhich issetat this value

for the nex experimentsThis process is repeated (changing either concentration or
resicence time) using the highest response from temperature experithisritapossible

to know whether a global optimum has been founéaesr combinations are missed
giving a lack of process informatiomemperaturanay have aprofound effect on the
outcane response over severakidenceimes If different starting pointare chosen
subsequent experimemtsay lead to a completely different conclusion for the optimal

combination of factorgFigure19).
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A
“True” optimum point B.
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OVAT optimum pomt A.
—»
Parameter X

Figurel90pt i mi sati on by probing changes in varia
points) to see how they affenitputi z 6. The s mal | span of the <co
ifA0 via the OVAT study is stildl di stant from

Reddy et al%3investigated bw reaction variablemfluenced the resolution of a racemic
mixture of sodium omeprazole5, (Scheme12).%® Initially, water content during
resolutionwas studied where it waldund that successful batches contained higher
volumesof water(1-2 mol). This led to arinvestigation of watecontentconductedat
the higher se of temperatures (380 °C) where noresolution was seedue to
precipitation of the Ti@andnone athe minimum content offater Subsequentlyt was
discovered that there was resolution at 0 °@r above 40 °Gismany impurities were
formed. Greates selectivity (>99% ee) was found to be betweemd@5C Screering
experiments wherearying moles of Ti(@Prk and D(-)-DET showed that the best ratio
to use wa$.5:1. Thisapproachincluded3 factors and took a minimum of 8 reactions to
find the most basiceactioninformation. Other optimisation approachean be used to
give ketter quality informationin fewer experiments, as well as give informatioowb

variableinteractionsand detailed reaction information plots
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NaNOOMe Ti(O'Pr)s, D-(-}DET, NaNOOMe
MeO /I\\ EtsN, L-(+)-Mandelic MeO /I\\

| X S” N acid, Acetone © X S N

/y /)
2N agq. NaHCO; | _N O <¢°
1.27 1.28

Schemd 2 Resolution oodium omeprazole to form (8))-omepraza.®
1.3.2. Design of Experiments

Chemical processanay be betterunderstoodisingdesign of experiments (DoEJ his
method uses prdefined experimental conditions generadbgdtatistical design software
to helpgenerate process and reactionodel.lt can detaivariable effectérom specified
outcome criteriaexperimental reproducibility, data predictability and how eaciable
may interact with one artber i.e. detailed process understandin@ther statistical
parametersare generated alorggde modelsrelaying far more detail than traditional
OVAT e.g.R?, Q2 residuals anceproducibility. Experimental resultare used tqoredit
other data points and firmhoptimumquicker andeasiebut may also hinder the process
if the data contains outliers or if values are missing.

DoE consists of four stagesach providing different informatioan the reactionfor
example a threedimersioral reactioni.e. three variablesSet points are displayed
throughout the spaceepresentingdifferent condition combinationso performand
maximise data outpditom the design®*

Figure20 outlines a sequential experimental design workflow which is used to identify

optimal operating conditionshd provide procesknowledge and understanding.

1 Scope: A fractional factorial design, requires prior process knowkedgeoose
factors important to the reaction. If unknown, then the scope can disregard factors
keeping important ondsased on relative error from reactions performed

1 Screen: Full factorial design, determines the main effects and variable
interactions fronall condition combinations and centre pointéaRd &, model
validity and reproducibility are determined. Variable linearity or curvature can be
estimated but not determined.

1 Optimisation: Several different desigegy. FCC, CCC Figure 20) and CCO,
applies quadratics models to fit a response surface. Measures the curvature of the
process to find maxima and minima. Expands the origima c r e e n 0

considering more design space for better accuracy.
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1 Robustness: A fraction factorial design over four levels surrounding the found
optimum. Ensures full validation of the optimumesting is ability to be targeted

repeatedly.

Robustness
(Is optimum reproducib)e

Scope Screen
(Model linearity or curvature, (Most important factors)
correct design space

Optimise

(Optimum operation conditiops

Figure 20 Sequential workflow of a design of experiments process to find the optimum operating
region for a chemical systefelow each cube is the level label which outlines the section of the

DoE and what that sections main outcomes are
1.3.2.1Factorial Designs

Calculaing the number of experiments faoactorial designs uses”, where n is the
number otthoservariablesand m is théevel (number ottonditions)for each parameter.

A 3-parametesystemeachwith 2 levels will need2® = 8 experimentsExperimentation
reailtsform a unique system model relating each response to the experimental conditions
via a mahematical expression (egtion ). These results are then ustddetermine
systencoefficients to calculate values for, x> and x% to solve the equatioandfind the

v al ue thefdesifed autput valudhe factorial design (FD) equation theoretically
represents the entire design space.

DO OO OO 00 OFOO OO OROO OprOoe  (eq.l)

Both model and equatioshow each factor in combination with one another from single
parameter effects to dual parameter effects and finally triplet parameter,effenis A
factor is significant to the process if its overall effect is greater than #melastl
deviation otherwise experimental errdominatesand the factor can be disregarded

It is important to include laindependent variableas missingvariables may cause
unknown variation in the model causing undesired effects in the output optimum.

For large numbers of variables fractional factorial design method (FFE9n be used
Thismethodis almostidentical toFD but reduces the number of conditions combinations

and therefore experiments needed for model gener&wrexample, if an FD approach
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with 7 parameterseach havingwo conditions was completed then there would be 2
experiments o028 in total®

FFD uses the rule™? wheremis the number of values,is the actual number of reaction
conditionsangi s t he nu mb gariablesé.g. Zivialgen forrd eaditions will
give a total of 8 experiment@(= 32, Z** = 8 run3.°® Model coefficient &asing or
confoundingcan sometimes be problemati lass informatioris providedupon ftup
thus fewerfactor level combinationsare createdcombining more complex terms
together Complex terms therefore cannot be estimated independentlye design
space Smpler terns are estimated independigrjust like when using aRD method so
can k& assumed to be major contribusqFigure21).%

A
X4

t—_

(-) (+)

Figure 21 Left Factorial design approach showing the simultaneous variation of fact@nsdx
X, towards the global maximufi.Right A 2 factorial design representation outlining each

corner experimental poirie.
1.3.2.2Central Composite Designs

Central composite deagns are advancedversionsof FDs, adopting several types to
optimise parameterinitial experimentgollow those created IRDs, 2"with corners and
centre pointsbut include further experiments localised around the face of the cube (for
3 factors). Corposite face centrecubic (CCF) methodinclude experimentdirectly on

the face of the cub@~igure22 - left). This design is helpful when the relationships of

factors in chemical processes &m®wn to be quadratqequation).

O O 00 OO OO0 O o (eqd)
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A central composite circumscribed (CCC) dedigs points surrounding the central point
positioned at equal length to that of trerer points from the centrunfihis creates a
spherical design space and offers a much greater understanding of the experimental area
due to its larger volume~{gure22 - right). The CCC approach is advantageousr a

CCF design as each axis has 5 different magdas of each variable. This allows the
design to offer a greater understanding for cubic factor interactions as it can map out

more detailed information on stronger graphical curvature.

Figure 22 Left A Composite Face Centredluic design representation outlining &periments

from the corners of the cube and 21experiments on the faces of the cube surrounding the
central experimental point. RighA Central Composite Circumscribed design representation
outlining 2' experimats from the corners of the cube and & experiments surrounding the

central experimental poinfhep oi nt s col oured orange represent
the cube®

1.3.3. Kinetic Profiling

Physical organic approaches and kinetic paramegarsbe used toptimise chemical
processs System modelsan becreatedand timeseries dataompiled from calculable

Kinetic parameters, such as activation energies, rate constants and riequilib
constant€? Availability of kinetic data allows thispproach to beisefulas multiple

factors carbe optimised simultaneously, howevprior knowledge must be sought to

help understand the procedure before optimisation, ultimately increasing the time and
cost of this method. Autoation is possible as computer progsazan be used to run
experiment$ through a feedback loemand automatically analyse the reaction, although
the program wil | n o iline analytieabtécioniques, which mighy t o
be used.This methodrequires data calculations and spectra interpretatiome

completed manually and input into the optimisation software before the reaction is fully
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optimised.This approachs oftenconsideredan open loop approach as each data point
needs to be calculad by hand before the change in the readimtem can be made. It

Is possible to automate this dagsponsebut an initial experimetal design needs to be
inputtedfollowed by best fit literature data and a kinetic maotel.

To aid thedesignof a chemical reactor, several kinetic parametersd to be considered;

heat, mass and component balances, heats of reaction and kinetics for each reaction
required to build a complete mod&f® The variables mentioned each allow kinetic
parametersactivationenergies and rate coefficients to be estimated using well known
theories either transition state theory or kinetic theory. Wherever possible, use of direct
experimental data is paramount to finding these parameters as accurately and efficiently
as possild. The kinetic models gained not only mean the possibility of -sgaf®
another, larger flow reactor but also other types of reactors which are still often used in
industry e.g. largscale batch CSTR ¢ntinuous stirred tank reactd¥).

The simplest way of finding kinetic data is to carry out reactions manually at different
temperatures and residence tin@milarly to OVAT)to span a large kinetic area and to
maximise tle data output for a model. Efficiency can be improved by automation of the
reaction conditions (usingomputercontrolled systems to automatically run a set of
predefined reactions) althoughmay need manual data mining, interpretation and model
fitting. New techniques are allowing chemists to adopt algorithms to automate the
reaction, and use data provided fromtgr@ke analysis, to interpret and model fit without

the reed of extracting data manuatfy.

Relevant and quantitative composition data from an analytical technique is essential to
perform a kinetic study on @action butcanoften be challenging to acquire. As with

other types of reaction optimisation there are a few different types of analysis which can
be used to get the data needed for a profile; extractiimé€df in-line and norinvasive.

Each one offers a different angler fanalysis of the chemical reaction and provides a
unique data set, but any can be used to give the information required to outline a kinetic
profile and other reaction parameters, such as activation energies and rate constants.
Extractive techniques (GGJPLC and orline MS) can be placed at any point on the
microreactor, utilizing a sample injector, with the potential of providing information
before, during and after the reaction to maximise the data output. Reactor design can be
a limiting factor whenticomes to forming a kinetic profile or optimising a reaction as

certain analyses can only be completed at specific points on the reactor. Some reactors
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allow sampling to be made at multiple points; before the reaction, on the reactor or after
the reactor,permitting a reaction profile to be formed where kinetic data can be
derived*?:5°

Kinetic data is widely used toainderstand aeaction mechanisticallyand gauge an
understanding of specific parameters of a system whicls elp understanding the
formation of byproducts and sidproducts. This is useful in ladrale synthesis as it
helps to gpand current knowledge for new reacis and find detailsthat may have
previously been missed due to limited resources or technology. New techniques for
determining this kinetic data allow parameters to be found and modeisrit quickly

and more effiently than traditional means. Continuous flow allows compéaction
systems to be deonvoluted and optimised using less mateaatl more forcing
conditions for alarger modelling area increasing the accuracy and reducing the
uncertainty of dataKinetic data can reduce the extent of side reactior@erspecific
conditions with a higher degree of operation certaiiiyg this datahatis essential when
scaling up a chemical process and new techniques, or the improvement of old techniques,

allow it to be sought much quicker and maczurately than in the pa$t’?
1.3.4. Algorithm Optimisation Techniques

Optimising a process using computer algorithms may be more beneficial than kinetic
means, namely algorithmaptimisation. @mputer algorithra use &et of rules followed

by calculationgo optimise the desired outpusing user defined variable boundameg.

a specific temperature rang€hese rulesallow flow reactions to be automatec.
automatically generate experimentsarry out each reaction analyseand perform
calculations without much human involvemeAtitomation requiregquipment to be
connected toa computer,so the algorithm can make hanges t o each e
parameter®.g.flow rate or temperaturés previously mentioned, this occurs through
generation of a feedback loof.?) and improves optimisationspeed and efficiency
because the algorithm drives the system away from a minimum output towards a global
maximum?3*

Algorithms can also be adapted to the need of the reaction if certain requirements are to
be met.The algorithm will only progress if all constraints and requirementsatisfied
e.g.maximisation of reaction yield badsolimiting reagent equivalency,ifor example,
thereagent is expensiv@&here arevariousalgorithms that can be uséalselfoptimise

reactiors but the mostommonare;Simplex,’2 NelderMead simplex (NMSIMY.2 super
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modified simplex (SMSIMY and the stable noisy branch and fit algorithm
(SNOBFIT)"®

1.3.4.1.Simplexand Modified Simplex Algorithms

Simplex algorithms first developed by Spendétyal’? are the most simplistic usdalr
response surface exploratighsurfaceequal to the number of conditions,is created
along with a polygolf n + 1 points’® Eachresponse is #n calculated and ranked from
lowest to highest. The midpoint betwe#re lowest andhe next ranked poistis
calculatedbeforea truereflection away from the lowest ranking pojr$ performedthis
provides the next conditions for further experimeamnd the procedurne repeatedintil
an optimum is foundRigure 23).”? Simplex isefficient for optimsation but does not
explore much of the design space and may get stuck in local méximee are any in

the experimental area

4 A A
(a) (b) G} (d)

v 4 v y \
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» ¢ »
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Figure 23 Simplex progression of afactor systeni temperature and pressure)(Formation

»

of the first simplex with ranked pointsl (lowest), 2 (middle) & 3 (highest) for the greatest
output- with the midpoint set for reflection. (b) Reflection of the first simplex and formation of
the second simplex with ranked points. (cd&reflection to form the third and fourth simplexes
through the vertices of the previous ones with ranked points regarding total degghtcolour
represents a newly generated simplex showing movements towards optimum cdfditions.
Adaption of the Simplex algorithm led to imgvements byNelder and Mead,
introducing a variable sized simplex, offey many advantage3he generategholygon
coudchangs i ze as the algorithm progremmed AL
in different directios and could contract repeatedly around an optimum pé&igu(e
24)."""® These new modifications led to further improvements by Retithl’4which
became known as the super modified simplex (SMSIM).
The SMSIM creates a new simplex by determining the worst response of the polygon,
the centre point of the shape and the reflected vertices, then the algorithm fits the data
responses to either a secesrdler polynomial curve or a Gaussian curve. The new curve
is also further extrapolated by a percentage factor of the polygon to give two different
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curves; a concave up curve or concave down curve. Either curve is evaluated and allows
the program to continue towards an optimum value. This procedure allows smfdex
have a much greater freedom of position on the experimental stftfice.

Reflection Expansion Out5|de. Inside . Shrink
Contraction  Contraction

Figure 24 Diagram showing the different modes the Nel§lierad simplex (NMSIM) can adopt
when searching for an optimuautput. R is the lowest ranking point in the simplex, P is the

mid-point of the previous simpléX.
1.3.4.2Stable Noisy Branch and Fit

Another algorithm whichcan be usedo selfoptimise processs is: dable noisy
optimisation bybranch and fif SNOBFIT). Coded inMATLAB by W. Huyer and A.
Neumaierit is designed to optimise constrained, expensive functions by combining
global and local searches by branch and fit metfods.

Userdefined values are set in the program interface before the optimum search begins.
The algorithm evaluates the number of points specified during each step before
progressing onto the next and creating successive surfegacb box within the
experimental grid. After this, the program fits polynomials to the calculated response
which allows a value for the output function to be determined. This process continues
until the global maximum has been fourieach cycle of expements has points
associated with it to boost the algorithms robustias; optimum point, a secondary
optimum, a point in close proximity to the optimum (to help improve the polynomial fit),
an explanatory point and a random scatter p@iigure25).

The SNOBFIT algorithm allows a large variety of different factors to be varied
simultaneously based upon the previous output feedback of tieeoanalytical
technique, and as random poiatge scouted, gives a much greater image of the reaction
field. Krishnadasaret al. used the SNOBFIT algorithm for the selptimisation of

fluorescent CdSe quantum dot nanoparticles usiAmen335 nm Nd:YAG laser and
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chargecoupled device (CCD) spectreter. They optimised their reaction for a function

of wavelength, converting the detected wavelength into a dimensionless quiantity
6di ssatisfaction coefficientd (DC), in or
value for the outpuf?

This algorithm is very useful at gaining detailed information about an experimental
surface as well as finding an optimum set of conditieng can be called both exploitive

and explorativealso known as branelithout-bound’® Normally algorithms proceed

like a branch and treee. main pathway of the algorithm is the primary branch of the
Aitreedo and any other exploratory steps a
with the primary branch without formally creating a sesamy branch from the current

point of interest and can randomly search other areas of the design space and see if the
main branch is one cont aiHoweverg SNOBRET isistillr ue o
prone to several problems which can make it haeeal with.

Each subsequent experiment is based on 1t
experiment it can throw the algorithm into the wrong area. This can typically be
overcome by making the algorithm more explorative so it can find its wain dut

slows down the optimisation speed. The SNOBFIT algorithm also does not have a
termination criteria buifin to the software meaning it will continue until the user stops

the optimisationThis has the potential to waste material when optimisicfeanical

reaction. If an optimum is found sooner than expected or during an overnight run the
program will continue.

SNOBFIT is useful for any function where constraints are placed upon them during
optimisatione.g.boundary conditins or a maximum yield output. There is the possibility

to restart an optimization using previously gained information if the conditions need to

be expandede. no loss of old information.
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SNOBFIT Timer ] Tempstable Tool On

Generates first set of
expenmental
conditions.

Checks to see if the
generated number of
experiments have
conditions.

* The repeat cycle symbol means the titled section repeats until all conditions are met and the set time has elapsed.
An inbuilt function is used which 'calls back' data from each device a certain number of times per minute to check set conditions are stable.

Figure 25 Flow diagram outlining the timers involved in the progression of M@BFIT algorithm or adaptions. Once the&®BFIT timer begins the program
generates conditions and progresses to the next timer where call back functions take over and monitor thereeriperaext timer is similar but monitors the
flow rates and checks the reactor has pumped for the correct volume/time before triggering the next timer to wait faC tAdélfhal timer occurs once the

HPLC is triggered and causes the program to waiHPLC method length before cycling back to the beginning.
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1.4. Industrial Usesand Scaleup of Continuous Flow Reactors

A typical batch reactor may offer difficulties in scaling up reactions from lab to plant
volumes meaning certain steps and rules must be followed in order to kigsulevels
of processsafety for workerand all risks are reduced to a minimum.
During the development of a pharmaceutical compaucan take at least ten years for
a new treatment to become available on the market from initial disc(Figyre26).8°
1 Initial discovery of target (natural products) generatgslarge catalogue of
molecules Initially 5 to 10 mgare neededbr primary testdollowed by 500 mg
to 1 g for activity, metabolismpharmacokinetic and selectivity studiesfore
lead targets needtaxicological profile (1i 2 g). Detailed toxicology studies
must be carried out and need between 5 and 30ig favotests.
1 Early process optimisation of a lead compoteqglires furtler scaleup (36500
g) for further toxicity andide producstudies,
1 Process scalep for pilot and commercigdroductionrequires a far larger scale
for use in clinical trial ready for approval and long term commercial synthesis

(kilograms totonnesy”’

%1’%‘54;‘5“/ —— 7

Figure 26 An autline of industrial synthesiscale Vial 1 shows a mass 510 mg, vials 2 & 3

show 500 m@ 1 g, vial 4 12 g, vial 5 between 5 and 30 g, vials 6 & 7 show 1 kg and 5 kg
respectively. Vials 1 4outlinet he di scovery secti oinewistsa phar
larger scale synthesis working towards a commercial process.
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The general synthessf a compoundcchanges for eachcale A discovery synthesis
typically makes use of highly reactive and hazardous reagegtsstrong bases,
non-environmentallyfriendly solventse.g. dichloromethane and reactants that may be
costly to buy in bulk. When creating a process synthesis, it is essentis¢ theap,
readily available, stable and nbtmazardous reactants, reagents and solvents as well as
taking all the relevant precautions for the process ftelf.

Currently industry favours batch procességcause of equipment awability (a
continuous flow reactor needs a large investmemganingthey are limitedin their
process variability Continuous processing can overcome many of the asstcia
disadvantages with batch processes in the pharmaceutical industry, providing advantages
from the start during the medicinal chemistry stage, where a flow route can be used with
minimal optimisation. This flow route can then be used in later stagesnwitd focus

on the optimisation of the product yields.

As safety is such a concern in industays researclbanbeuseful to create safe process

prior to scaleup. Lab scale processes typically utsesk reactos (100- 500 mL), large

scale 2550 L readors andcommercialLl000- 6000 L tank reactor® All reagents are
addedvia a manual inlet or from a reservoir and stirredtfe reaction duratiorHeating

in batch involves a heated jacket surrounding the tank or a heated coil within the reactor.
A flow process consists of all reagemtsseparate reservoirs connected to puwmias
convergent tubes that enter the reactor. A lmgpde flow device is heated astiw
smallerscale devics; in a heated oveor heating the platedirectly. Each microreactor

can be kepttaa different temperature depending on the reaéfion

Automated flow reactorallow new ways to quench react®ohemically or thermally
improvingreactionselectivity leadingo integrated workup procedurgdirectly after the
reactionimproving, simplifying and reducing cost$ work-up stajes®* Often workup

is not needed if reaction stages can be linkgettwer. Drect transfer from one stage

the nextalso simplifies theprocess routeThis can be completed using anlime
membrane separator to resolve biphasic reactions or by solvent reduction and subsequent
reaction.

Borukhovaet al® used a membrane separator to separate parallel reactions during the
formation of an API, cinnarizine and three other APIs. The reaction used benzhydrol and
HCI, before being quenched with NaOH, separated, basified and reacted with piperazine

and reacteddtform cinnarizine figure27). The membrane separators worked to remove
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the agueous phase and spteducts before the sequential reaction could oddse of
the separator made the reaction stages easier to handle and telescope subsequent
reactions. Idine separation also allowed the collection of pure products and their

immediate consumption to gain good yields of 82% and above.

NaOH NaOH MeOH

1.31

Figure 27 Continuous flow synthesis of cinnarizine and three other APIs where four
transformations convert the starting alcohol to their respective &PlIs.

Industrial processes are built up on several different factors that help the company
maximise therocesses efficiency in terms of cost and productiltityas been reported

that a full production of an active pharmaceutical ingredient (API) typically contains an
average of eight steps with each intermediate becoming the key reactant of the next
step® For a multistep synthesis, fine tuning the process or carrying it out in flow can
help improveoverall reaction yield. Often, large scale processes are more dilute
particularly later on in the proces#lore dilute solutions can help to reduce normally
harsh reaction conditions and can favour overall yield and selectivity when compared to
the highconcentration reactior¥§ Continuous flowbenefits reactions withangerousr

harmful internediatesby reducing accumulationSmall channel sizes reduce the
amounts of dangerous materigdsming acritical build-up limiting their harm

A significant part of largescale industrial developments is based upon the total cost of
the process which Isighly dependent on labour. Multistep batch syntheses take a much
higher work force to maintain and perform each step in the process. A continuous process
IS much more advantageous as many steps can be cut out and performed automatically

meaning an overatieduction to labour costs. Norbert Kockmann outlines a sqalef
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a lithium exchange reaction followed by a coupling reaction from the laboratory to pilot
plart.82 The scaleup to the pilot plant is initially operated by technicians and shift
workers.Progression seéle plant solely operated by the shift workers until the duration

of the experiments had elapsed. Subsequently, work was continued to see how the main
sections of the reaction would proceed when they were carried out in microreactors in

the laboratoryRigure28).82

Value-added
interms of Yield

Protection Li exchange Coupling Hydrol sis Centrifuge dryer
Microreactor | Microreactor  Microreactor | Microreactor Extraction Digtillation

Figure 28 Diagram to show the first four stages of a lithiation reaction carried out in
microreactors, followed by product extraction, distillation, cengétion and drying in batch
reactors®

Time is often a limiting factor in the fine chemical and pharmaceutical industries,
particularly for process optimisatiaf a compound; a flow process enables maximum
optimisation in minimal time.Continuous procges are highly automadble using
process analyticakchniqus and are simple methodto finding the best yield for the
desired compouneifficiently. Theycan also provid&arge volume®f useful information
including details about mechanisms, intermediates andprbgucts improving
efficiency, data richness and safdtijgh levels ofcontrol of reaction parameters allows
optimum conditions for reagent flow rates, reactor temperature and product yield can be
found within 24 h using minimal reagents and be implemented straight away without
direct human interferen&.Optimum conditions are generally transferable so quick
scalability of small scale processe$0s of gram$ to large scal@é 100s of gram$ can
happen on a case by case bésis.

There are several ways a continuous flow process can be scaled to increase the output of
desired product. First, the totaténnal volume of the reactor can be increased to allow

a greater amount of reactant to be fed through for reaction. This allowsupctebe
successfubnly if the dimensions of the reactor are kept constant so mass and heat
transfer are almost identicadnd as long as the residence time is kept constant at the
found optimum. With the increase in reactor volume the total flow rate is increased
maintaining residence time to improve reaction productivilgo known as

spacetime-yield (STY). STY is a mease of reactor productivity where spatime is
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the time required to process a single reactor volume based on the entrance conditions of
the reactof®

The second method a me d fi Nu mb e multiplg iddotical reactsrs to run the
reaction on the same scal@ parallel, using found optimum conditior¥€. This is
beneficial as the reactor has already been used and modelled but also increases
productivity of the reactioriThe thirdfinal method is to scaleut®® the reaction by
running the proess for longer in the same reactor again improving productivity
Improving reaction pductivity reduces process costs but generates more product to be
sold. However, capital investments are still necessary for a fleet of identical flow reactors
(numberingup) or new larger flow reactor (scaliugp) but both former methods have a
higher STY than reaction scatait. Scalingup may be the most attractive as it only
involves a single, larger flow reactor, which although will still need to be characterised,
will be easier to run lonaterm than many smaller reactors and will use less tubing and
other fittings.

Any scaleup method (or chemical reactor) allows the reaction to be monitored by
process analytical technology to ensure reaction progression withotrotii#e of

sample workup, purificatioand offline analysis.

1.5. Summary

1 Industrial development of reactions has a huge interest in reducing the material
use,and time and costs of processes where development is often limited by
methodological capabilities.

Typical chemical process development is carried out using batch processes.
Both industry and academia have begun to adopt continuous flow as a processing
techngue to help push process intensification, improve safety, sustainability and
product quality and reduce energy usage, costs and material consumption.

1 Continuous flow devices are highly modular and can be designed for any
reaction. They can be cheap, impeokeaction speed and help with process
intensification.

1 Most reactions in academia or industry are optimiggtmarily using
onevariableat-a-time (OVAT) or design of experiments (DoE).

1 New optimisation techniques using computer based algorithms areelddm

be used alongside continuous flow processes for rapid optimisation.
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1 These optimisation algorithms can be specifically designed for different
processes and have the potential to optimise multiple conditions simultaneously.

1 Each experimentarried out is desigrdto be as information dense as possible to
limit the number carried out whilst gaining as much information about the
reaction as possible.

1 Process analytical techniques (PATS) paovidedataonthe chemical reaction
taking place whout the need for ofine sampling.

1 Certain PATs can offer redime reaction data of a continuous flow process

allowing rapid reaction optimisation as well as large data sets.

1.6. Key Aims and Objectives

The aim of the work presented in this thesis is vestigate if odine mass spectrometry

can be used to monitor continuous flow chemical reactions, thus reducing analysis time
and providing valuable qualitative and quantitative information. This will be completed
using the continuous flow platform housatithe University of Leeds along with an
Advion CMS and Agilent HPLC using]ATLAB software and the Snobfit optimisation
algorithm.

Continuous flow technology allows processes to be intensified and automated quicker
and easier. Process improvemef& waste reduction from traditional means and
optimisation will be completed using the modular system. Optimisation approaches will
be used (fully automated statistical DOE and automategptthisation) and will vary

from study to study. The optimisation algbm used, Snobfit, is both an exploitive and
exploratory algorithm to help improve the reliability of reaction optimisation.

Online MS was chosen as it has improvements of curreiineranalytical methods,
short acquisition times, low sensitivity theved small sample volumes used, chemical
identity and the potential to provide concentration and quantitative data. Comparisons
will be made to HPLC (a known quantitative analytical technique) for verification that
MS can also be quantitative.

Together thigechnique will be used on a variety of reactions to examine its variability
and usefulness for organic transformations and inorganic catalysis to develop the
continuousflow-online-MS-selfoptimisation platform. This work will also
demonstrate how the theered data is useful to the pharmaceutical industry, where it can

be applied to compounds of interest, optimised and scgded
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Chapter 2

Deprotection of an NBoc Protected Amine Active Pharmaceutical Ingredient

Monitoring and Optimisation Using On-line Mass Spectrometry

Page 49



Chapter 2

2. Deprotection of a NBoc Protected Amine in Continuous FlowM onitored by

On-line Mass Spectrometry

Chapter 2 will outline work conducted using an API frokstraZeneca, named
AZD5634. This compound is currently in early stage development where the process is
being finetuned for large scale production before clinical trials. The work presented
outlines how the project came to be, problems encountered dwislogment and
results from both work completed at the University of Leeds and at the AstraZeneca site
itself. A brief introduction will discuss the general concepts of amine protection using
the NBoc group before moving onto traditional approaches ofoxai after
manipulation of other functional groups in the molecule. Subsequently, this will lead
onto newer methods of-Boc removal and how they may be used for large scale
synthesis. The full molecular structure has been included with the main transiorma

in the molecule only involving the terminal amine group and the attachBdcN

protection group.

2.1 Introduction

One of the most widely used groups for amine protection isettiddutyloxycarbonyl

(Boc) groupwhere this groupsse is paramount as agarproportion of organic reactions
contain amine functional groups within their structure. Current batch protection reactions
are quick and simple and do not form harmfudgrgducts; carbon dioxidéert-butanol

and the desired protected amirgziiemel3) but CQ is not ideal being a greenhouse

gas.
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Schemd3 A general reaction procedure for the protection of an amine usingdBddie amine
attacks the carbonyl group and causes th® Gingle bond between the central oxygen and
carbonyl to break. The excluded group then attacks one proton on the amine t®iteegan
negative charge and the positive charge on the aminpr@jucts of C@and tertbutanol are
formed.

The N-Boc protecting group (or any protecting group) is a temporary unit used to ensure
the protected group is stable under the conditiondetefor the chemical transformation
allowing other groups to be reacted. Removal often follows to form either the free amine
or ammonium salt as the Boc group is, usually, not needed in final products of APIs.
Deprotection is carried out in batch favourilmgg reaction timesnd strong mineral
acids (HSQu,%? H3P 03,22 HCIP* or TFA®) in CH.CI, to hep the reaction to completion
(Schemél4).

2.8
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? OH
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HJ\O R‘Ngj\ok — . ‘Z> c__, NH;
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Schemd4 The deprotection of a telutyl carbamate using HCI producing the chloride salt of
desired product and Cand tertbutyl cation as byroducts.

Schemel4 shows the deprotection mechanism of aBd¢t protected amine using acid.

The acid attacks the carbdmxygen forming a double bonded OH group with a positive
charge. The remainder of theBbc group breaks off to balance the charge on the OH
group forming atert-carbocation which releases a proton to form isobutene gas. The
chloride ion (if HCI was usedttacks the OH of the carbamate and causest@COe
released from the molecule and the free amine to be produced. As the medium is acidic

the amine will become protonated in solution with the formation of amide salt.
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2.1.1. Methods Used for the Removal of th&-Boc Group

It is possible to remove the-Bloc group using high temperature water in batch to form
the free amine without any undesired salts. Water eliminates the need for unfavourable
solvents, and using higher temperatures, acts as a dual acid lagst ¥afhe main
products being the desired amine, £@ndtert-butanol. The large volume of water
present causes this carbocation to react with the surrounding water tdentdat¢anol
instead. Thermolytic removal the NBoc group was shown the be effective in 1985 by
Rawal and Cava who, serendipitously, discovered it whilst acquiring melting points of
protected compounds they had synthesided.

Thermolytic removal was investigated using a cardus flow process adapted for a
telescoped multistage synthesis. This process made use of HPLC pumps, high
temperature reactor (Phoenix flow reactor by ThalesNano) and a sample switching
device enabling sampling of the reaction strém coupling reaction between
4-fluorobenzoyl chloride and-Boc-6-aminoindoline followed by the deprotection at
300°C and 100 bar allowing a second reaction to be telescajtbdd-chlorophenyl
chloroformate was carried ous¢hemel5). The deprotection was performed in MeCN
only without the need for extra reagents givirip% conversion removing the need for

large excesses of harmful reagents.

211 g

Cl
1. Coupling
F 2. N-Boc deprotect|on 60 °C, 1 bar
¥
2.300 °C, 100 bar 8 minutes
@ 2 minutes 2.13 MeCN
HoN N

2

CI

Boc 2 14
2.12

Schemd.5 Reaction conditions for the high temperature thermolyt®Bdd removal carried out

in a multistage continuous foprocess at 3D °C, 100 bar using the Phoenix reactor systém.
N-Boc deprotection may be carried out using fluorinated alcohols in a microwave
reactor, whih expedites the reaction compared to batch. More specifically;
2,2, 2trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) were used as solvents
during deprotection of NBoc protected amines as well as being used in the selective
N-Boc deprotection of doubly Boeprotected species. In this case the first protecting
group was removed in TFE at 150 over the course of 2 hours (80%) whilst the second
group was removed in HFIP at 190 over a further 2 hours (81%$¢hemel6).%
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Schemd 6 Selective NBoc removal using TFE and HFIP under microwave conditions providing
the desired product in 81% yield.

Removal can also be achieved by use of halogen corgawagents acting catalytically
or by acting as a nucleophile. Tetrdbutyl ammonium fluoride is a highly versatile
compound commonly used for many fluordssisted reactions as a base in certain
basecatalysed reactions. It has shown to work effettile THF under mild conditions

for many different carbamates, including theBNc group Schemel 7).1%°

Rixg-R2 Bu,NF, THF Risy Rz
071\(? Reflux or r.t. v
R
219 2.20

Schemel7 The use of TBAF to remove theBWc protecting group from aminesmder mild

conditions!®

Solvent free NBoc deprotection was developed using iodine as catalydéprotect a
diverse array of NBoc protected amines. Isolated yields were as high as 98% after a
30-minute reaction for this process with no solvent. Comparatively, reactions carried out
in different solvents (DCM, MeCN, benzene and toluene) varied &tnto 12h with

the more polar solvents having a shorter reaction time and greater yield.
Mechanochemical reactions involved grinding reagent together with solid iodine for the
duration of the reaction time before being washed and the deprotected @xtdacted
(Schemel18).1°! This mechanocheizal method produced the desired product in 98%
yield within 30 minutes. Activation of the carbonyl group by iodine led to cleavage of

several bonds affording GOisobutene and the desired amine.
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Schemd 8 A solvent free NBoc removal method using elemental iodine as catdflyst.

Work by Ravindranath outlined the use of solid supported NaH®@ HY-Zeolite to

act as heterogeneous catalysts for the selecthBodN deprotection of amines. A
selection of different NBoc protected amines were refluxed with either-geo6lite or
NaHSQ-SIO; in dichloromethane until the reaction had proceeded tenitpoint. The
shortest reaction time, 1.5 hours, provided 92% isolated yield for the deprotection of

N-Boc aniline Gchemel9).102

H\ HY-zeolite or NH,
/@/ Boc NaHSO,SiO /©/
R CH,Cly, reflux R
2.23 2.24

Schemd9N-Boc deprotection of an amine using-4a&olite or solid supported sodium hgden
sulphate!®

Removal of the NBoc protecting group has been shown to be effective and selective
whilst usingFé" salts. Many different protected amines were compiled and reacted on
small scale using a batch rhetl with stoichiometric amounts of iron salts. Again,
reaction times were greatly reduced from traditional acid removal techniques and
compared to other metabalts with the shortest reaction time being 15 minutes forsFeCl
giving >99% yield and 24 hosifor FeBs (Scheme20).1%3

(0] (0]
MeO MeO
€ WJ\OMe Catalysts € \H/\HJ\OMe

O_ _NH DCM, rt O_ _N.
Ts Ts

2.25 2.26

Boc

Scheme20 Amine formation via cleavage of theBdc protecting group usinge' salts as

catalyst!®
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Table5 Comparison table between 6 different methods of deprotection forBue lgroup from thermolytic and use of fluorinated reagents to catalytic iodine,
zeolite and iron (l11) salts.

Deprotection Method Reactiontime  Yield/  Conversion/ Benefits Drawbacks
% %

1 Short reaction times 1 Requires specialist equipment

1 no harmful reagents i Hazardous temperatiand pressure
Thermolytic®® 2 mins - >99 1 reaction telescope possibl

9 Easier reaction control

I Can be optimised
Microwave Conditions 1% 2 hours 1% 80 1 Thermolyticmicrowave 1 Uses p_otentially ca_rcinogenic reage
Using HFIP & TFE % 20 2 hours - ond. g1 condltl_ons _ 1 Uses highly corrosive reagent

9 Selective deprotection
Fluorinated Reagents, - 1 Mild conditions 1 Potentially carcinogenic solvent
Bu,NF 1-36 hours 80-98 § Selective deprotection 1 Corrosive materials
Mechanochemical 30 mins 98 i 1 No solvent 1 lodine is a ery harmful reagent
lodine®* 1 Mechanochemical
Zeolite Catalysi 402 1.5 hours 92 i 1 Selective NI_BOC removal q DCM_is_a mrride_al solvent

of two species 1 Specialised zeolite
<t . 1 Mild conditions 1 DCM is a rmorrideal solvent
Iron Salt Catalysis'®® %m;_ 1255rrr]1|nutes >99 - 1 Cheap catalyst 1 Very specific Fe salt
: ours )
i Large loading
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A summary comparison of each of thesethods of NBoc deprotection is shown ableb.

Seemingly the best is the thermolytic method, which may also be used feugcdlee other

methods sumarised have comparatively long reaction times or use unideal redeftd%

Problems may occur with the thermolytic method when using thermally unstable molecules.
Using continuous flow enables system pressurisation allowing significantly higher
temperatures and the reduction of residaimoes whilst maintaining yield. Use of water as
reagent negates the use of base for acid quench and thus reduces solvent and reagent use. The
lack of acid creates the desired amine product in its free amine form, dissolved in solution.

Therefore, reactiotelescoping can occur without crystallisation, separation and purification.

2.2.Summary

1 N-Boc protection reactions are quick, easy eawl be importanwvhen performing long,
multistep processder reactions to occur throughout the molecule.

1 Removal of the NBoc group, using traditional means, often have long reaction times
and use large amounts of acid and base.-&osronmentally friendly solvents are
typically used which are troublesome and costly to dispose of.

1 There are alternative ways in which theBldc group may be removed to form the
desired amine.

1 The most industry applicable: thermolytic removal or high temperature water
deprotection.

1 Both reduce reaction time, require no quench, crystallisation, separation or purification

and use more environmentaifriendly solvents.

2.3.Aims

This work aims to develop a continuous flow process effective at removing-Bo roup

from an API. Key points for the process must include; minimal solvent, use of green solvents,
alternatives to acidic reagents antinaescale of 30 minutes or less.

Large scale, APl syntheses would benefit from use of green solvents as costs relating to
disposal of norenvironmentally friendly solvents are significantly reduced. Green chemistry
can be assured bycifpollelsowfn gg rteheen ficlhi2e npirsitnr y o
accounted for throughout this research project:

1 Prevent waste: Telescoping the process means solvent is reused and not wasted.
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1 Less hazardous synthesis: Use of water and minimal green organic solvees negat
the need to use substances which are toxic or hazardous to the environment.

1 Safer Solvents and Auxiliaries: No separation means no separation agent therefore
i mproving process Agreennesso and reduci i

1 Design for energyféciency: Smaller channel diameters (for flow reactors) means
more efficient heating of the process, reducing energy requirements. Optimisation
algorithms are much more efficient and reduce the working time of the reactor.

1 Reattime monitoring and pollubin prevention: O#line analysis reduces exposure to
unnecessary chemicals as well as signs the process needs to be changed before
problems arise.

1 Safer chemistry for accident prevention: Flow chemistry reduces working volume of

reaction, minimising exposerrisk to chemicals.

Furthermore, a robust and versatile process to be widely used in industry, allowingpscale
whilst maintaining high conversions will be created. Mass spectrometry is ideal as the starting
material does not contain a chromophore lmgsdcontain many ionisable groups and starting
material/product mass difference is distant enough to not invoke complications doing
optimisation.

This work preceded and, later, enabled work to be completed at AstraZeneca-tpdtale
reaction to the pat plant for synthesis of large quantities to be used for clinical trials. Due to
pharmaceutical timecales, it was necessary for this reaction to have a maximum residence
time of 30minutes. Any higher and the process would not produce the amount afaiate

required within a reasonable peritfd1%°

2.4.The N-Boc Deprotection of an Active Pharmaceutical Ingredient

2.4.1. Process Requirements

For a feasible and improved process, ondehle and large scale, it is essential to create a
robust, green, minimally hazardous method. The alternate proposed route uses minimal green
solvent (MeOH, IPA or MeTHF) and water at elevated temperature and preSsheen21)

but below that used by Bogd&n The molecule of interest is an active phacendical
ingredient from AstraZeneca, AZD5634. Elevated tempersathigh equivalent®f H-O and

the CQ evolved create a more acidic environment for deprotection essentially mimicking the

acid conditions used in the traditional route. Using this altemnabute would be highly
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beneficial industry as the process is much greener, reduces energy consumption and allows

subsequent stages to be telescoped.

2.27 2.28
HO OH JOJ\ )< H,0O:Solvent HO OH
HO No™N"o HOj\/\/N\/\NHZ
OH H OH
Mol. Wt. 378.27 Mol. Wt. 278.22

Schem@1 N-Boc deprotection 0AZD5634 using kD as a catalyst. Solvent = MeOH, IPA or MeTHF.
2.4.2. Initial Batch Reaction Scoping

An initial study, using a microwave reactor (CEM Disc&V/8P), was completed to determine
feasible compound and process conditions as well as charadterisarting material and

desired product. MS was employed to understand each species and how the reaction responded
to different variables of interest for optimisation; reaction time, temperature and solvent
composition Table6). The solvent needed to be able to easily dissolve the starting material,
up to 10% w/v, as this concentration is typical of a large scale or commercial process. MeOH,
IPA and MeTHF vere explored but the latter only during solubility studies.

AZD5634 initially appears to be a glass like solid but is an incredibly viscous, colourless to
paleyellow liquid with limited solubility of water hence the use of minimal organic solvent.
Reactiomn conversion wasolvestwhen all conditions were at their lowest boundarg. a
temperaturef 130°C, residence timef 5 minutesand a water content @0% As the reaction
conditions were changéddhigher water content (90%) and higher temperature {C30 the
conversion also increased, to almost 65%, suggesting that at least one of these factors was
important. The final two entries in the table, 6 & 7, were from a sample which was initially
reacted for 5 minutes, analysed, and reacted again fortteerfus minutegentry 6) and
re-analysedentry 7) This provides evidence that the reaction time plays a role in increasing
the conversion of the starting material. This allowed a preliminary flow process to be
constructed to verify the finding of the slracale batch findings. Higher conversions were
observed when using longer reaction times, higher temperatures and a greater volumes of water
(40 minutes, 140C, 90% HO, 10% MeOH).

All three solvents (MeOH, IPA & MeTHF) similarly showed optimal conwansiat higher
temperatures and longer reaction times when 1% w/v,°C5for 20 minutes were used. A

greater focus could be made on progressing the reaction to conditions more likely to be used
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on a larger scale process, in particular, higher concentradionwever, even though MeTHF

also performed highly it is not completely miscible withGH creating an unideal biphasic

system.

Table6 Summary of microwave experiments completed as preliminary work; including solvent system

and temperature conditions for each sample. The reaction time for each was set at 5 minutes.

Sample Solvent System (MeOH:HO) Temperature/ °C Conversion/ %

1 80:20 130 0.0
2 80:20, 0.1 mL HCI 130 49.4
3 50:50 130 12.5
4 50:50 140 6.4
5 50:50, 10 mg Amberlyst 140 23.0
6 10:90 150 42.0
7 10:90 150 64.9

The range for residence times was set between 10 and 40 minutes ensuring the reaction had

ample time to proceed to completion at 40 This led to preparation of an experimental
design, summarised able7. The program MODDE was used to determine the experimental

conditions before being put into an edited version of the SNOBFIT algorithm. As it was an

initial DoE, the output was decided to be hormalised ratio between starting material, B39

([4+H]") and product 279 DagfH]*) giving a good indication of reaction conversion. Results

for the experimental design proved to reinforce those from initial batch and flow reactions.

2.4.3. Initial Experi mental Design

Modde, a statistical design of experiments computer program, provides set reactions to be

carried out based on starting variables, along with their remgaemperature, 10€C to 140

°C before defining what outputs are to be mode#igdconversion. @ce defined, the type of

Do E can then be selected,

n

this case

2-factors; residence time and temperaturable 7). Addition of water was kept constant at

i s

90% of the total volume given previous reactions suggested higher conversions. DoE simplicity

was ensured by ragananablendye té avlenited numB8éoof pumps. The

reaction systerwas kept under 100 psi of pressure to ensure all solvents remained liquid.
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Table7 Experimental design conditions and run order as given by the program Modde foiBibe N
deprotection of AZD5634.

Run Temperature/ Residencelime/ Flow Rate/

Order °C min mL min?t
1 140 40 0.075
2 140 10 0.3
3 140 10 0.3
4 130 25 0.12
5 120 40 0.075
6 140 40 0.075
7 120 25 0.12
8 130 25 0.12
9 130 25 0.12
10 130 40 0.075
11 130 10 0.3
12 120 10 0.3

DoE provides statistical dashowing data reproducibilityF{gure29), regression (R= 0.931),

model validity (& = 0.825) robustness of the process, from all reactions caruedTdis data

is used to create a contour plot visualising each factor in the experimental space with
minima/maxima and optima outlineBigure30). The initial DoE was completed using MeOH,

as this solvent could dissolve the starting matenast efficiently at 1% w/v as not to over

saturate the system during the initial stages and minimise starting material usage due to limited

supply.

i The Rterm denotes the fit of the model to each point which has a maximum value of 1 and
should be as close to this as possible. Then outlines the ability of the model poedict a
point from the given data set and should be as close to*tv@R as possible.
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Replicates - data from DoE Il Replicates
Yield @ Experiments
110
11
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P
90 ®w
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Figure 29 Replicates plot showing the variation from replication in thé3d¢ deprotection of
AZD5634. The blue square points, ideally, should be completely overlapped and all points should be
spread across thexperimental area.

Response Contour Plot - data from DoE (PLS, comp.=2) Conversion/ %

80

ResT/ min

120 122 124 126 128 130 132 134 136 138 140

30
Temperature/ °C +0)

Figure 30 Response contour plot outlining thffect of residence time and temperatimethe NBoc

deprotection of AZD5634. The optimum area;-128 °C and 3440 minutes. Curvature can be seen

in the plot due to a square term in the reaction.

The same series of reactions were carried out in IPA to make sure the solvent was compatible

with the system and the reagent was completely miscible. The imtiabatration, 1 % w/v,

proved to work equally as well as it did in the previous solvent, giving a very similar statistical
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profile with high R (0.929) and & (0.888) valuesKigure 30). Dissolution of the starting
material, in IPA, was more challenging than dissolution in MeOH even when at the lowest
concentration of 1 % w/v. The solvent and reagent were left in warm water and sonicated to

ensure compele dissolution before the bulk solventb@ was added to the starting mixture.
2.4.4. Reaction Concentration Study for AZ Scaleup

The previous study saw starting material used at a concentration of 1 % w/v to ensure material
conservation during initial runs. Many industrial processes use high working concentrations to
maximise process efficiency to increase the throughput of matesiddwing these successful

runs, $arting material concentration was increased from 1 % w/v to 10 % wl/v; the preferred
concentration for the reaction at AZ. Preliminary batch reactions were carried out to gauge an
understanding of the new concentratiafdoe continuing into flow. The microwave batch
reactor was again employed and 5 mL of 10 % w/v in IPA was tested &C150rmation of
Ckcaused phase separation, which wasnoét prob
increased by a factor ofriehe volume of C@also increased by a factor of ten creating a large
excess in pressure, calculated to be 10.27 bar, which causes the glass vial to fail. The reaction
was repeated but with a total volume of 1 mL, a five times reduction in volume, exctss

COz would only cause 2.06 bar of pressure (twice that observedmaw/l). At 10 % wiv
conversion were still high, >70%, so the reaction was transferred to flow. The higher
concentration of 10 % w/v in flow was problematic again due to the lampsgxf CQbeing
produced. The previous flow reaction was carried out using a BPR of 100 psi, which when used
again at the higher concentration, causing biphasic separa&titime solution segments were
separated by gaseous segments. However, notlgmiblematic, the excess gas increased
reactor pressure therefore reducing residence times and lowering convefgjons3l). As
reaction residese time needs controlling for reliable results a higher pressure BPR$B50

was used to keep the evolved @ solution keeping residence times at the required length.
Several batches of the starting material were used for the work carried out sThedithird,

as previously described, a highly viscous liquid and the second, a brown, crystalline powder.
Problems occurred when using the second batch of material with the formed products, during
and after the reaction. At 10 % w/v a thick, brown oilethdeposited inside the reactor tubing

and sample loopHRigure32) upon cooling. This was not ideal for-tine analysisvia MS as

the residual coatg caused the MS background to become dominated by a mixture of starting

material and product. This batch was used until a higher quality sample was provided, where
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the reactions were repeated. However, even with the purer sample small amounts of viscous
substance was formed meaning its identity is from a side reactionolbyct of the reaction.

Liquid

segment

Viscous,
brown oil
Air

space

Figure 31 Image showing the biphasic system after increased starting material concentration to 10 %
wiv. The large excess of €€an be seen between liquid phases. The image also shows the formation
of the thick, brown oil on the reactor.

Figure 32Image showing the formed thick, brown oil coating the inner reaction tube prior to the sample
loop.

The oil was suspected to be an oxidation-gideluct which was hoped to be batch specific.
Reaction concentration was reduced to 5 % w/v probimgeficial in terms of C®and oil
production allowing for better and more reliable data frortirme MS.
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Starting Material
Side Product
A Desired Product

100

Composition/ %

Residence Time/ min

Figure 33 Graph showing the reaction profile for theBdc deprotection of AZD5634 at 150 over
residence time from 140 mins. The starting material can be seen to decrease in amount whilst the
product has an initial increase. The starting material then reaches a steady state plateau as a
by-product is produced before being completely degraded envttex product level can be seen to
decrease.

A time profile study was carried out using batch two of AZD5634 to gauge an understanding
of the process and to form a kinetic profile of the results frorirdfLCMS. The time profile

graph Figure33) clearly shows an increase in conversion upon and increase in residence time.
However, initially the desired product forms but plateaus from 10 minutes2&ntilinutes

before decreasing when using longer residence times. The species seen to dominate the reaction
at longer residence times hasrafzat 236 Da corresponding to the cleavage of the tertiary
amine Figure36). This profile also provides evidence of another potential impurity when the
reaction was performed at longer residence times and higher temperatures, although the species
was only observedh small amounts and only with the batch with which this study was
conducted with.

The AZ batch used may have a higher concentration of species which may facilitate reactions
under the conditions usedvSreactions will be much more prevalent under Sediconditions

as the medium becomes more acidic. As water is a major component in this reaction it is
expected that more*tbns are produced at higher temperature. However, this does not occur.
The pH of water indeed decreases with temperature decrease but this is balanced by the falling
pOH which will be equal to the pH. Water at 100 °C has a pH of 6.14 but also a pOH;of 6.14
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equal numbers of Hand OH ions meaning neutrality is maintained. Acidity increase is likely
due to the evolution of COin the reaction. Stoichiometic amounts of £&e produced
following N-Boc cleavage and, as the reaction is kept under presswgeC@hiwill stay

dissolved in solution causing dissociation to form carbonate ionsgziH@0ducing the pH of

solution Scheme?2).

Scheme&2 Mechanism for the formation of HGO

The work completed in this section used temperatures betweetCladd 150C as limited
by the polar bear reactor which has a maximum usable temperature &€ 150order to
achieve higher temperature and look more into reducing the total residence time of the reaction,

a new high temperature reactéigure34) was designed and built within the department.

2.4.5. High Temperature N-Boc Deprotection

Thermocouple Holes
Heating Element Holes :

3100 mm

Tubing Placement

Entry/ Exit For Reactor Tubing

Figure 34 Photograph (right)Jand 3Dschematic (leftof the high temperature reactor (cotton reel
reactor) used for the Moc deprotection of AZD5634. Temperatures ranged fronf@30 200°C to

achieve the highest possible conversions possible during experimental designs.
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The newly designed reactean eachtemperatures above 15C for the deprotection of
AZD5634. 180°C was used for residence times of 5, 10 and 20 mins to gauge the duration
needed for 95%100% conversion. Gline MS and offline LCMS were both used to monitor
the reactionPrevious work showed that higheéemperatureare more beneficial and give high
conversions (>90%)With a residence time of 20 minutes the deprotection achieved full
conversion according to LCMS resultSidure 35, bottom chromatogram) which showed a
single, large peak in the chromatogram withn@avalue of 279.9a. With a residence time

of 5 minutes at the same temperature (I8Pa conversion of >90% toehdesired product
was achievedHigure35, top chromatogram). There is evidence of other-prdelucts forming

in the reaction, due to the acidity dietsystem, which have been verified by the team at AZ
and through accurate mass LCMS. One of the mainmii@ucts to for is théert-butyl form

of AZD5634 Figure36) which has amn/zvalue of 339Da.

Intenss.i 2705 CSHb_5_2_167502_1-A,5_01_53521.D: BPC 50.0-1300.0 +All MS|
x10%]
b 3795
21 .
] 1 5 min J
] R . v,,z —’JMN
vt e :"Tf\"r'f' ; e —r—— “’\,\
05 1.0 1.5 2.0 25 Time [min]
Intensgg 2765 CSHA_10_167395_1-D,6_01_53438.D: BPC 50.0-1300.0 +All MS|
x10°3
2.03
15 1 10 min
0.53 tR
3 2 34 5
0.5 1.0 1.5 2.0 2.5 Time [min]
Intens.3 CSHa_20_2_167498_1-A,1_01_53517.D: BPC 50.0-1300.0 +All MS
x108§ 2795
1.5 1 H
e l 20 min
3 o
053 f L o tR MNNW w\/\\m
e e e e T+
0.5 1.0 15 20 25 Time [min]

Figure 35 LCMS chromatograms showing theBgc deprotection of AZD5634 to its aminen, the
desired product can be seen at Dr8ins (n/z 279.5, peak 1), starting material at ~1.54 ming4
379.5). 100% conversion has been achieved af€8a 20 mins and >90% conversion for both 5 and
10 mins.
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HO HO
) o L
N
HO NHz HO \/\N

OH OH
C11H26NO4" C17H3gN204"
Mol. Wt. 236.33 Mol. Wt. 335.51

2.29 2.30

Figure 36 Molecules2.29 and2.30are both sidgroducts generated during theBbc deprotection of
AZD5634.2.29was mainly seen during the reaction profile study using material batch 2 @83t

has been observed by accurate masass spectrometry.

Calibration of reaction@mponents, both starting material and desired product, were used and
manually sampledia MS also helpingo observethe if reactions stay within the instruments
linear dynamic rangeat high process concentrations. Starting material calibration was
completed from 10% w/v to 100% wi/v (

Figure37) whilst product calibration was cagd out from 50% w/v to 100% w/¥igure 38).

2.5

= = n
o 3 o
1 1 1

MS Intensity/ XxE10

o
3
1

0.0

T T T T T T T T T T
0 20 40 60 80 100

Concentration/ % w/w

Figure 37 Calibration graph of AZD5634 starting maggrusing online mass spectrometry.

Two different calibrations were completedablinga comparisonvith one another.
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45 50 5 60 65 70 75 80 8 90 95 100 105

Concentration/ % w/w

Figure 38 Calibration graph of AZD5634 product, synthesised during flow reactions osiline mass

spectrometry. Two different calibrations were completeablinga comparisorwith one another.

Following the previous studies, a three variable DoE was setup and completed by the team at
AZ; temperature, residence time and % water added using IPA as solvent. This study showed
that there was a much greater preference for higher temperature orsteis spmpared to
residence time (which had less effect on the reacaod)a greater preference for a larger
percentage of water in the system.

A full overview of the three variable model is showrrigure39, containing a replicates plot,
summary of fit, coefficients plot and a residuals plot. The model hag ah(R962 and a &

of 0.799 suggesting low variability and good predictability of the eho@lhe high validity

shows statistically that the model does not contain any outliers or problems within the observed
or predicted data. Reproducibility is higlh94) and can be observed through the replicates as
each blue square is close to being stacked one on top of the other. The residuals show good
linearity meaning that they are normally distributed suggesting a good estimate of the statistical
error in the modeFigure40 outlines the observedpredicted plot and how the predicted data
deviates from the observed data. Each point is localised around thel deagonal line with

even spacing above and below. This good spdiatdtesgood modelpredictability with a

normal distribution.e. all points being within 0.5 units of the central line.
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Both Figure41 andFigure42 show the response surface plots for the design model. The best
conditions to use can be foundla tmost extreme conditions; high temperature, long residence
times and high % water, matching what previous models suggest. The coefficients plots also
shows that water ratio and temperature play the largest role in conversion followed by the
residence tira (Figure39i bottom left plot).

Models for AZD5634_v2 (MLR)

Replicates - w2 only 279.4 {untransformed) Sumrnary of Fit
30 1
- 1 1@ 19 ‘
3 5
ol 2 ® 0.3
350 0.6
4 . .
li_-tlD 18 = 17 ®10 Y )
30 9l 12 @1 047
20 i . 11 |
] 1 4 0.2
10 oc ®¢ 15 @16
D T T T T T T T T T T T T T T T T T 0 -
1 2 3 45 6 7 8 9% 10 11 12 13 14 15 16 17 18 vZ only 279.4~
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Figure 39 An overview plot of the 3 variable model performed by the AZ team. From top to bottom and
left to right: replicates plot, fit of the model{RY, validity and reproducibility), coefficients plot and

residuals plot.
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Observed vs. Predicted - Models for AZD5634 v2 (MLR)
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Figure 40 Observed vs predicted plot for the 3 variable model performed. The points can be seen to be

localised around the regression line, above and below within statistical @edrdotted line)

Conversioh %

4D Response Contour of v2 onlv 279.4 - Madels for AZD5634_v2 IMLR)

H,O Ratio = 0.7 H>O Ratio = 0.9

H,O Ratio = 0.5

ResT/ min

120 125 130 135 140 120 125 130 135 140 120 123 130 135 140 145

Temperature/ °C Temperature/ °C Temperature/ °C

Figure 41 Contour plot for the 3 variable DoE carried out. The best conditions can be seen at the far

top right of the plot ahigh temperature, long residence time and high water concentration.
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Figure 42 Surface plots for the 3 variable DoE undertaken at different ratios of water. Left: 50%,

middle: 70% and right: 90%.

The above work was completed whilst knowledge of the subsequent reaction of AZD534 would

need to be carried out in IPA as to avoid a sahavap stage in the process (as would be

needed if MeOH had been used). However, the subsequent stage was changed to improve

reagent throughput (and therefore productivity), enabling use of MeOH. It was also shown that

both starting material and produceanore soluble in MeOH than IPA, agreeing with previous

observations, wherea.twice as much starting material is dissolved. 20 reactions for the DoE

were performed (in MeOH) within the experimental design space dictated by previous

work (Table 8). This experimental design closely matched those previously ran when using

IPA as the process solvent.

Reaction0 (test)is needed to ensure analytical, thex |

and can be discounted. The first reaction failed to inject sob¢#st)and firstrepeathave

and

fl

ow

equilibriur

been discounted from the model. The algorithm monitors reaction conditions deeming when

the reactor is at steadyase and automatically takes a sample. This, however, caused the

subsequent experiment to fail as there were no significant changes in the process conditions

and so no sample was takeMoE data suggests relationships between temperature and

i The optimisation program used at AZ was a newer and more updated version than the program

originally used in Leeds. This program had many improvements, some beihgion of

deadtime conditions whilst sample analysis was performed to reduce waste of material, an

easier to use GUI with more simplistic information input, the ability to add/change reactions in

the current run list, text output to tell when a saipmd been taken.
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residence tira for highest conversions. 78% conversion was seen at 180 °C whilst 42%
conversion was seen at 160 °Table9). Within blocks of similar temperaturéisere was no

direct relationship between volume of water, although the amount of water changed the
residence time of the reaction which did affect the conversion. Within the temperature block
of 170 °C, highest conversion was shown to be 75% with a pomdsg residence time of

8.6 mins and water addition at 0.2 min™ (2.63 eq). A similar reaction at 170 °C provided

a conversion of 71% with a residence time of 8 mins and water flow rate ofrll.28in*

(2.88 eq). Similar patterns can be seertte temperature blocks of 177 °C and 162 °C.

Table8 Table outlining an experimental design conducted for tH&obl deprotection of AZD5634 in
MeOH and HO. *This reaction did not inject due to the test reaction beforehand havingaime
conditions. A discrepancy in the code caused injection failure as there was not a significant change in

the conditions.

Order Pump Flow rates/ mL min®  Temperature/  Ratio (water)/ Residence
Water SM & IS  Dilution °C eq Time/ min
0 (test) 0.22 0.08 0.60 170.00 2.75 8.33
1* 0.22 0.08 0.60 170.00 2.75 8.33
2 0.22 0.08 0.60 180.01 2.75 8.33
3 0.34 0.08 0.84 177.40 4.25 5.95
4 0.16 0.08 0.48 177.40 2.00 10.42
5 0.17 0.08 0.50 177.40 2.13 10.00
6 0.36 0.08 0.88 177.40 4.50 5.68
7 0.45 0.08 1.06 170.00 5.63 4.72
8 0.15 0.08 0.46 170.00 1.88 10.87
9 0.22 0.08 0.60 170.00 2.75 8.33
10 0.21 0.08 0.58 170.00 2.63 8.62
11 0.23 0.08 0.62 170.00 2.88 8.06
12 0.22 0.08 0.60 170.00 2.75 8.33
13 0.15 0.08 0.46 170.00 1.88 10.87
14 0.17 0.08 0.50 162.60 2.13 10.00
15 0.34 0.08 0.84 162.60 4.25 5.95
16 0.16 0.08 0.48 162.60 2.00 10.42
17 0.36 0.08 0.88 162.60 4.50 5.68
18 0.22 0.08 0.60 170.00 2.75 8.33
19 0.22 0.08 0.60 159.99 2.75 8.33
20 0.22 0.08 0.60 170.00 2.75 8.33
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Table9 Table outlining the conversions for each of the reactions completed in the experimental design
laid out in table 3. *1 injected sample (HPLC&MS) during initial dud run which can be discounted.

Sample On-line HPLC On-line MS Off-line HPLC
Conversion/ % Conversion/ % Conversion/ %
1* 44.88 58.82 57.51
2 78.33 76.58 77.65
3 76.91 74.56 75.47
4 63.56 57.58 70.91
5 67.34 62.96 67.61
6 67.10 65.08 63.62
7 54.88 50.00 69.36
8 69.15 67.01 *DoE left to run
9 71.64 71.82 overnight, no
10 75 90 74 07 off-line samples
taken
11 71.64 68.49
12 70.08 69.62
13 70.97 67.63
14 54.56 51.54
15 41.47 41.67
16 47.48 43.33
17 39.39 38.51
18 66.57 63.95
19 41.95 41.75
20 61.90 60.25

Initially, both off-line and online comparison samples were taken. However, it was difficult

to determine the time point for elie sampling. If taken too soon there is a risk steady state
has not been reached, too late, the next set of conditions anag @ slight change in the
conversion and therefore a greater level of variation. A full set dinagffsamples could not be

taken as the DoE was left to run over night. Dgagii conditions (Jasco pumjs0.02 mL

mint) are assumed immediately after anline sample is taken, giving time for next
conditions to equilibrate, to conserve material. The HPLC and MS together allow a more
accurate comparison to be made between results, particularly for product concentration and
starting material conversion.ZAcreated a HPLC method (through analytical services) to
separate and detect the starting material to allow conversions to be calculated. MS conversion

was calculated directly from mass spectra using the calibration plots created previously. These

i Deadtime conditions are those at which occur when the system is not running an experiment
as to reduce reagent use and save potentially expensive materials.
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plots alowed the concentration of each reagent to be determined which could then be related
to the conversion of starting material.

Reaction for the DoE were completed using a steady state set point of 1.5 reactor volumes
before a sample was taken. Calculatedveosions are lower than previously seen using IPA,
suggesting that the steady state set point of 1.5 may be too low, stopping the reaction from
reachingits realconversion. The steady state point was set to 2 reactor volumes, high enough
to reach peak caersion but low enough to still conserve material.

Results suggest that the water content is not largely important for high conversions, effects may
be due to its change in reaction residence time. The higher temperatures used seem to be the
main contribuing factor in affecting the reaction conversioe. reactions were above
thermolysis temperature. Further evidence from the repeat process, using a set point of 2 reactor
volumes for steady state, also shows that the higher temperature gives the mgkesiao.

The general increase in conversion and the close proximity of the repeat points in the steady
state shows that the reaction is at steady state for the DoE run. As seen in previous work,
temperature has the greatest effect on the conversion tesired product, whilst residence

time also has an effecgwerimportarce Il nterestingly, the water
a large role in the process and on conversions but still needs to be kept in excess to the organic
solvent. A recent papeodking into the mechanism of thermolysis ofBdc deprotections
suggests that the initial loss '8i-group is kinetically favoured by high temperatures with the
second stage, loss of @0nuch slower. It is shown that thermolysis of the bond begins at a
temperatures above of 20@ but is highly dependent on reagent structure, dictated by
electronics. Below the limit of thermolysi® water% in the reaction may have a more
significant role in the NBoc deprotection nahanism shown by previous DoE results.

It was necessary to test if each reaction carried out was reaching steady state. St&addy state
important in a continuous flow process as it ensuregrtieesonversion and output of desired
product are reached. R#m®ns were run using the same volumes and flow rates of SM/IS and
H2>O through the reactor at the most extreme temperature (180 °C); the highest observed
conversion. Each reaction was sampled 3 times in order to get a profile of the reaction

progressing upo its highest point. Due to previous problems with the program not sampling

v Steady state is a term used in continuous flow processing which dictatéisetimaaction
system is at a state were all conditions are constant, a change will only occur if the reaction
conditions are changed.
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when required, the temperature of each was varied by 0.5 °C whilst théirdeadmperature

was set to 150 °C. This ensured enough change for the reactor to cool slightlysdurpiog

and the have a new temperature for the program to set. The steady state of the reactor was
tested by observing the conversions at 1 reactor volume and 2 reactor volumes. 1.5 was not
looked at as sufficient data has been collected from the DoE ran

The data from the steady state study showed lower conversion with a steady state reactor
volume of one, getting only 40% conversion. At the upper limit of 2 reactor volumes the overall
conversion was 88%. Graphs of each show the extent towards steadyysgaving a profile;

a reactor at steady state rises to a plateau, the maximum conversion for the used conditions
(Figure43). It can be seen fronrfiles and total conversions that the ideal steady state to be
used i n subseqgu éw teactbrovdduines. Abave thisl andteere will be no

change in conversion and will waste material.

100
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O
B HPLC 1 reactor volume
® MS 1 reactor volume
HPLC 2 reactor volumes
| V¥ MS 2 reactor volumes
0 T T T
1 2 3 4

Sample Number

Figure 43 Graph to show the differendeetween 1 and 2 reactor volumies both HPLC and MS
showingsteady state during the flow-Bloc deprotection reaction of AZD5634.

The DoE was repeated but using a steady state volume of 2 to ensure conhersoseched

a constant plateatrigure5) for all experiments. A test reaction was, again, placed at the start
of the run to ensure complete purge of the reactor system, but this time the test condition was
set 0.5 °C higher than e¢hactual run in order for the system to sample when required. The

results from this DoE again show a similar data set and relationship between factors as the first.
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The most extreme temperature T80 allowed a conversion of 82% to be reached almost 5%
more than the previous attempt. The majority of experiments on this second attempt were
higher with the newer steady state set volume. Several samples failed to take shown by empty
HPLC chromatographs and no file for mass spectrometry which could meahetsztniple

was out of alignment causing no sample to be injected. From the acquired data, the same trends
can be seen between temperature blocks, similar conversions where conditions are the same
and slight increases in conversion when residence time wedorThe similarities in
conversions provides evidence that the flow technique gives reproducible data although the
data set will have to be looked at in much greater detail from a statistical point of view. The
second DoE was also a good opportunity teeha look further into the quantitative nature of

the MS. Online samples were collected using4MS and conversions calculated for both LC

and MS separately. A look further into the kinetics of the system (by the AZ team) will show
how important the waterontent is, particularly at higher temperatures, and whether it plays a
major role in the reaction mechanism. Water may play a major role at lower temperatures if it

is acting as a dual aciohse catalyst but maybe less important at higher temperatuhes if

reaction mechanism proceeds in a thermolytic fashion.

2.5.AZD5634 Reaction Analysis

The above DoE made use of AZD5634 product previously synthesised during other flow

reactions and experimental designs, separated and isolated from the original mhgurain

outcome for this was to fully characterise the compound to look apsikicts from this and

previous reactions. All accurate mass spectra and data can be fotatnldd 0. Entries2.34

and2.38 are both AZD5634 starting material and product respectively. The high temperature

of the MS ionisation source can provide significant thermal energy, fot s10which may

cause initial thermal degradation of the starting material, in this case, loss teftthetyl

group. Mass spectrometry of a pure sample of starting material shows this loss and a fragment

ion can be observed at/z323, entry2.37. This loss of the termin&trt-butyl group can either

form atert-carbocation, and subsequently isobutenéBo©OH by attack of the carbocation

with water as it is highly abundant in the system. fBinecarbocation allows reactions to occur

in the mixture with nucleophilic atoms in the molecule most commonly seen with the nitrogen

atoms and forms species shown inriest2.32 and2.35. The high temperatures may induce

further fragmentation in the reaction system which may cause the deprotected product to
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decompose and lose the terminal amine group to form the species seen i2.8ntry
Dimerization of the product iseen to occur with the starting material, to produce eén8ly

The large evolution of Cfgas formed during the reaction facilitateglSeactions with
nucleophiles generated in the process. This could potentially be reduced by using gas
permeable tubingp ensure all generated {3 released from the system, reducing the acidity

of the reaction. This has not been experimentally tested but may be worth revisiting in the
future to see how it may affect conversions, yields and the formation episidecs.

Work completed by the team at AZ looked at the reaction at varying temperature$13,00,

120 & 126 °C) monitoredia NMR spectroscopy. NMR spectroscopy allows protons to be
monitored throughout the reaction and determined whether or not to decrdzeepasition

or whether the proton appears due to a newly formed group in the molecule. The terminus of
the hexyl chain was used as an internal molecular standard as this position (0.9 ppm, 3H) is not
involved in the reaction and should stay constanthe starting material and product. A
resonance assigned to the desired product was observed with an increasing peak intensity over
time (2.82 ppm, 2H) and a resonance assigned to the starting material (3.2 ppm, 2H). Assuming
that the terminal methygroupis a relative constant in the molecule, a relative concentration

plot of the product can be obtained giving an approximate percent kigldr€ 44 andFigure

45).

Table 10 An outline of all structurally determined species, via accurate mass spectrometry, from the

AZD5634 thermal NBoc deprotection in continus flow.

Entry Formula [M+H]® Molecular Structure
Weight Formula
2.31 582.78 583 CoHsgN4Og

OH o OH
Hoj\/K/N\/\NAN/\/N\/H/[OH
OH HoH OH
2.32 434.62 435 CaHa6N20s
HO OH o
Hoj\/bN\/\N)koJi
OH P
oH
2.33 428.48 429  CiHzeN2010 HO\);OH
HO
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2.34 37851 379  CigH3sN:Os Hj
Ho OH O
HOJYK/N\/\NXOk
OH H
2.35 334.50 335 Ci7H3eN204
HO
OH
OH H
2.36 32854 329  CigHiN:O: H/(
0
\/\/\/N\/\N)'Lok
H
2.37 322.40 323 C14H30N 206
HO OH o
Hojﬁ/K/N\/\HXOH
OH
2.38 278.39 279 Ci13H30N204
HO oH
HOjY‘\/N\/\NHZ
OH
239 235.32 236 C11H25NO4
HO oH
HOJYQNH
OH
240 228.42 229 CiaHzN>

\/\/\/N\/\NH2
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Figure 44 Graph showing the integral of the product hydrogen environment forming (orange, 2.82 ppm,
2H) and the decrease in the starting material hydrogen environment (grey, 3.2 ppm, 2H) against time.

A constant hydrogen environment for thexyl chain in both starting material and product (blue, 0.9

ppm, 3H) was used as an internal standalrd
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Figure 45 Layered NMR spectrum showing the constant peak ityefiosithe terminal methyl group
on the hexyl chain for all components (0.9 ppm) and the increasing intensity for the resonance assigned

to the desired product (2.82 ppm).
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From this dataobservations of the 3H methyl resonance at 0.9 ppm increased ov&stthe

three hours until a steady state was reached. This may be attributed to a slow dissolution rate
of the starting material (the sample begath a white material deposited at the bottom of the
tube) If it is assumed that the 3H methyl igedative constanit can be seen that there is a
gradual increase of the relative concentration ef pnoduct toca. 80% from the methyl
resonance. This resonance at 3.2 ppm shows a steady detlplateaus at around 16 hours.
Monitoring was stopped & 19 hoursand allowed to cool wher#H NMR (Figure 46) and

13C NMR data were acquiredt ca. 18 °C. This data shows improvement over the higher
temperaturevith respet to line and resolution of multiplicity so the metlagl0.88 ppm can

be attributed to 3H.

doc160810061/400 Loy
E16-010005
AZD5634 Montoring thermal deBoc at 1200C (Tset 384.6K) L20
Pressure tube
BBFO/In tube L19
MNunn/10Aug16

Post reaction data at Tset=289.5K
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Figure 46 AZD5634 Monitoring of thermal {8oc deprotection at 120 °GH NMR spectra showthe

reaction post reaction at ca. 25 °C.

Most importantly, the septet at 4.2 ppm and the doublet at 1.04 ppm suggest that a new
isopropyl containing species was formed. The could be creditihe teaction of isopropanol
with the liberatedBu-cationfromedduring the deprotection. €. tert-butyl isopropyl ether)A

The singlet found at 1.43 ppm can be assigné@iutgroup of thetert-butyl isopropyl ether or
Page BO
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tert-butyl alcohol.Remaining starting material can be observed from the carbonyl resonance
in the'*C NMR at 158 ppmit is possible to monitor this thermalBbc deprotectiowia *H
NMR but there will be greater error associated with conversions and yigdde goorpeak

shape and poor baseline resolution

2.6.Summary and Future Work

This reaction stdied was a simple reaction and success has been shown in both batch results
and flow results. Several deprotection readoiithe N-Boc group have been shown to occur

in batch with HO at 100°C with high yields but having long reaction timé%102193Thjs work
demonstrates thatevated temperatures and pressures can be used to promote reactivity in an
organic transformation to improve overall conversidhdas also been shown that the most
important effect on NBoc deprotection is temperature as the process is still higielgtwe at

180°C with short residence times. A method eBc deprotection has previously been stated
using temperatures of 30C in MeCNvia a thermolytic reaction mechanisfiThe study for

H20 content did show that the higher the amount of water in the reaction the better the final
conversion to the product this was seen much better at the lower temperatures, however, the
role of water may become less joraas the temperature rises if the final mechanism is
thermolytic. Another group has shown thatCHcan act as a dual adihse catalyst under
temperature and pressure and so can remove-BecNyroup. It may be beneficial to explore

at what temperaturihe reaction become purely thermolytic at when the role>Qf stops in

the mechanism.

The use of ofline MS has been ideal for this reaction as the structure of the starting material
is highly complex, creating complicated NMR spectra and without anyraiphbores to be
monitoredvia LC-UV. The MS can detect the starting material, productpiogucts and
impurities created in the reaction. The calibration has also helped to indicate the conversion
much more accurately then at the beginning of the work e peak ratio between starting
material and product were used.

As the bulk of optimisation of conditions have been completed for the reaction, favouring high
temperatures and greater volumes e®DHa closer look into the-Eactor of the system could

be a valuable next step. As industry takes great care to reduce costs and improve the
environmental impact each process takes, being able to put a value on the reaction as a whole

could be highly advantageous in the long run. The solvent system has alreadswitehed
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to something greener, MeOH to IPA, but could still be made to be completed in an even greener
solvent, MeTHF.
All work completed for this project at the University of Leeds and at AstraZeneca played a part
in key process development for theaan to be done in continuous flow on the large scale.
Initial work helped develop the process and showcase how effective continuous flow would be
for this type of reaction. Subsequently, this process was successfully scaled up to the
largescalelab (LSL) to generate larger amounts of AZD5634 starting material to be used for
further process development. The successful sgalef this process also enabled the initial
stages to be developed for the pilot plant for-gmenmercial running to synthesis enough
material for clinical trials. Currently, this molecule is still in development, but the use of
continuous flow chemistry has made this process much easier for industry to adopt and apply
on a much larger scale.
It would be an interesting study twok both into the kinetics of thermolysis of deprotection
but also water mediated deprotection. Being able to determine separate ranges of conditions
for many molecules may prove useful in developing reaction model but also in training
predictive algoritms. This work could be completed in flow but may be easy to form a library
using highthroughput methods before testing and optimising each compound in continuous
flow using DoE and algorithmic optimisation similarly to the study detailed.
Other NBoc proected amines will also be tested to see how applicable it is across different
substrates containing different functional groups.-BgeOH and BoeArg(Pbf)-OH (Figure
47) have been chosen due to different structures, more complex structures and can be monitored
by mass spectrometry and as they were cheap and availddwe protected substrates.

o)

0 OH
OH Q
| O S—NH HN—Boc
HN HN I

Figure 47 Chosen NBoc protected molecules which will be used to contint®obl deprotection

studies.
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2.7.Experimental

2.7.1. General Experimental Methodology and Eyerimental Setup

Unless otherwise stated, all reagestarting materialand solventgall used as HPLC
grade)were purchased from Sigma Aldrich, Fischer Chemical, Acros Organics, Alfa
Aesar, Merck, VWR International or Fluorochem and were used withatter
purification. Each new starting material was analysed u$th§lMR spectroscopy to
check purity and to check characterisation. NMR spectra were obtained using Bruker
Advance 500 at 500 MHz or Bruker DPX 300 at 300 MHZ'FWINMR. NMR samples

were recorded in CDgil Starting material samples were also analysed using mass
spectrometry to gain an understanding of molecular ion peaks, adducts and fragments.
Mass spectra were obtained using the Advion Compact Mass Spectrometer (CMS) either
in APCI+ or ESI+ modeusi ng capillary PEEK tubing
pressure 550 barfurther detail of ionisation conditions is shown in each individual
experimental sectiotdPLC analysis was completed on an Agilent-HE®O0 instrument
(ethernet contrdégd) fitted with a Sigma Ascentis Express C18 column (5 cm x 6.6 mm

X 2.7 um particle size). Both mass spectrometric and HPLC analysis were take using a
Vici Valco 4-port sample injection valve, (CI4W.06 manual valve, DCI4W.06
rotor/DCI4W.5 rotor, mediunorrque EUDA actuator, 0.06 puL/0.5 pL injection volume).

All HPLC solvent gradients are described in the relevant sectionsigdJ&halysis was
performed using a PCRmax Lambda Spectrophotometer, reference solvent MeCN.
In-line UV-Vis measurements were madgng a an OceanOptics USB2000+ detector
with industrial grade fibre optics cables. Microwave reactions were completed in a CEM
Discover SP Microwave Synthesizer with autosam@amples we made in a 10 mL

vial with PTFE seal and silicone rubber lid witecape gas exifThe microwave was

kept in constant power mode using 200 W of microwave energy to heat the tathple
required temperaturdhe CEM microwave keeps the reaction under pressure to achieve
temperatures abovihose of the solvents use@nceat the required temperature the
sample would be left to reaction for the required tira@ore being cooled and ejected by

the autosampleand analysedAccurate mass mass spectrometry was carried out on a
Waters Acquity UHPLC coupled to a Waters Synap&@@n mobility quadrupole time

of flight mass spectrometer which uses and swaps between both APCIl+ and ESI+ modes
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repeatedlyLCMS analysis was completed using both a Bruker Daltonics HCTultra
LCMS with ESI ionisation and a Bruker AmaZon Speed LCMS withi&3dsation.

2.7.2. SeltOptimising Flow Reactor Setup

) Vici Valco sample injection valves
Jasco Pu980 piston Left: MS injection (0.06 uL),

HPLC pumps Right: HPLC injection (uL).

Computer control and
GUI on monitor

Polar Bear Plus HPLC system MS system USB-RS232 junction box Ethernetjunction box
tubular reactor

Figure 48 Annotated photograph of the SOFR setup used for work throughout this thesis at the
University of Leeds. It is comprised of HPLC piston pumps, tubular reactor, sample valves,

HPLC, MS and control computer.

Flow chemistry reactions were completed usingdd®J980 dual piston HPLC pumps
(RS232 controlledfigure49). To calibrate each pump set to 1 mL rhiznd proceed to

pump HO for 10 minutes (after fully purging) amdllect the solvent in a piweighed
measuring cylinder. If the collected volume is 10 mL (=10.0 g for water) the pumps are
running as expected. If a different volume is colleaegl 10.6 mL, divide by 10 and
convert to a percentad#.06 %)and use thigalue to reduce the pump speed so exactly

1 mL mint is pumped(0.94 mL mint). It is useful to note the date of calibration for
future reference. This procedure can be repeated for various flow rates to check accuracy.

If flow rates are greater than + 5%e pump heads require maintenance.
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| Jasco PU9BO HPLC Pump |

Set flow rate

Set pressure_ | \
L

Purge ~
outlet top
Valve bottom

Start/stop pump RS232 control

Rear View

Control keypad

Current pressure

Check valves Flow outlet
Inlet — bottom

Outlet - top F|OW inlet

Power adapter

Figure 49 Jasco PU980 pump diagram outlining key components for use in-apsieifising
flow reactor system.

Tubing used for reactions was either PTF

pressure 35 bar), stainless steel from S
from Thames Restek (OD 1/1606, | D 0.040)
usilp Swagel ok stainless-pedeeel 1/ 160 unions

For flow reactions themselves a Polar Bear Plus from Cambridge Reactor Design
(et hernet controlled) was employed as we
Reel 6 tubul ar plledaFigures). BotiRreazt8r2 were onade use of a

Eurotherm temperature controller (Nanodac and 3200 respectively).
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Thermocouple Holes
Heating Element Holes :

3100 mm

Tubing Placement

Entry/ Exit For Reactor Tubing

Figure 50 Image and 3D drawing of the high temperature reactor (cotton reel reactor) used for
the N-Boc deprotection of AZD5634. Temperatures ranged frddrfC3o 200 °Cto achieve the
highest possile conversions possible during experimental designs.
The continuous flow stream connected to a Vici Valgmo#t sample injection valve to
sample the reaction using-tine MS and HPLC. The internal volume of valve for HPLC
was 0.5 uL and 0.06 uL for MSalysis. Fittings used were Jasco ferrules, stainless steel
tubing for port adaptors and 1/ 1606 Swage
cable is used which connects the sample actuator to the HPLC. Once the actuator has
injected the sample to thanalysis stream, contact closure starts the HPLC method for
analysis. A pin connection diagram is showrrigure52. The 3 pini RS232 computer
control cable is supj@d when purchasing the Vici Valco sample valve. This connects to
a single 9 pin port at the rear of the computer and the correct socket (A or B) on the rear
of the sample valve. It is possible to connect a cable to both sockets A and B where two
computerscan be used to control the actuator. The actuator can be controlled manually
using the provided output display as well as computer control. Several useful commands
can be used when computer controlling the actuator:
1 DT[0000]7 Delay time between actuatorovements from e.g. DT[3000] gives

a delay time of 3 seconds.

TT 1 trigger the sample valve using the DT time delay.

LRN T the valve finds and relearns positions A and B before stopping in the home

position (A).
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Sample stream Sample exit/ Waste Position Display

”

From HPLC Pump
6 pin—RS232

Contact Closure

To HPLC Column — s

SERIAL
l B

Mount Holder

Power Adaptor 3 pin— R$232

Valve Head Computer Control

Rotor Housing

Figure 51 Vici Vdco sample valve front (left) and back (right) with annotated components.

RS232 -3 pin RS232-6 pD
A

Ethernet

\ RS232 - 6 pin /

Figure 52 Cable connection configuration and pin connection diagram for the Vici sample

actuator/HPLC contact closure cable.
All peripheral equipment, unless stated otherwise, was controlled using RS232 and wired

to a junction boXEasysync USB2H-1008M, Figure53). The junction box allows up
to 8 separate RS232 controlled peripherals to be connected and contrallgu

computer controller and user interface.
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uUsSBszZ-H-1008-M
USB-RS232

Figure 53 EasySync USB2H-1008M junction box when connects all RS232 controllers to the
PC.

The HPLC system comprised of a degasser, quaternary pump Afeddg (AD), a
column heater and a diode array detector (DAD). The mobile phase fo€ MRk
typically MeCN with 0.1% TFA and 0 with 0.1% TFA. The pump output feed, using
capillary tubing, was connected to p&ton the sample valve and continued through
port-C to the HPLC column. Pef contains the flow stream from reactor and continues
through to poAW for collection/waste. The HPLC system was configured to be
controlled using an external injector to wait for a contact closure signal before the method
to begin. The MS was connected similarly to the HPLC, but the column output was
replacd for the HPLC feed. Where the HPLC was being used independently a Jasco
PU980 pump was replaced for the HPLC pump.

A contact closure and control cable for the MS allowed the system to control the HPLC,
start a method and begin a method on the MS. Taigegla big role when running LCMS

of reaction components but also allowed MS analysis to begin alongside HPLC analysis

for a representative reaction sample.
2.7.3. MATLAB and Coding

The user interface idf utilizes the progranMATLAB . MATLAB (Matrix Laboratory)

is a mathematical computer software package which uses its own proprietary
programming language developed by MathWorks. The software allows many different
basic mathematical functions to be calculated and the development of morecabedpli
functions, programs and user interfaces. Added toolboxes for the software open many

more opportunities to integrate new interfaces from other programming languages and
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access much more-gtepth computational mathematics for a wider range of scientifi
areas to develop algorithms for manipulating mathematical expressions and objects.
MATLAB allows the creation ofgraphical user interface§UIs) to make the opening

and running of programs and algorithms quick, simple & user friendly and can
incorporateuser made functions with highly complex multifunctional methods for many
different outcomes. The codes, GUIs and functions described are all ones written
especially for use with the seadptimising flow reactor, written #mouse or downloaded

for free.
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Figure 54 The control interface used to connect and monitor each device involved in the reactor.

The interface allows various optimisation sequences to be selected and ran.

The CO2GUI is &UI (Figure54) which gives the user complete control of the system
and allows equipment to be connected to the computevlAdd.AB as well as monitor
the conditions the déses are currently at. As each piece of equipment is directly
connected to the computer the user can stop, start or change the conditions of each when
necessary without leaving the computer. Live graphical plots output temperature of
reactors as well asoflv rates and pressures of pumps which can be useful for visually
seeing if there are any problems which need to be addressed. It is also from here where

the all other options for running set ramps, optimisations and options can be selected.
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Each pieceofgui p can be connected to the softw
individually selecting and connecting each in turn. The same method can be applied when
disconnecting equipment from the GUI. The status of each device can be further
examined bydeect ing 6Statusd. The O60Optionsd se
the GUI can be seen for each device. Current temperatures, pressures and flow rates can
be toggled on or off. Other useful changeable options include: Data export format
(default to Excel) and the refresh rate of each timer connected to the GUI (default 10/s).
The functions ORampsd and O6O0Optimisebd car
program, utilize the optimisation algorithms or run a series of predefined experiments for

a DoEapproach. The ramps function allows each connected device to be controlled by a
user set method which changes each conditions in set increments. This can be useful in
the early stages of a reaction where an
to trial the reaction at many different conditions using an OFAT approach. The ramps
themselves are selected and controlled by another inteffégeard 55) and can have

several functionalities.

” -
B Parameter Ramps - -
Ramp Timers Timer Name
o hstrument Command
Organc 3 -

Paramoter Selecton 08

©® Aute (Linear \tanual Agdvanced
Start End ncrement
Parameters 06

J Raset After Each Hamp Steps

/ Resst AtEnc

Parameter

Equiibration Tie/min. 0 7/ Before First Ramp
Ramp Timesimin Repeats |
New Create Hep
Sart At Time Date
Fie Load

Time Elosed Total

Status

Reranin 0 - “+
, 0 02 04 06 08 1
Crested Last Started Time/minutes

Figure 55 Interface to create ramps using the optimisation equipment for each connected device.

Once the 6Newd button has been pressed t}
whet her they want to complete an aut o, m
The O60Advancedd section gives the wutsher cor
parametere.g.flowrate for pumps, from the start to the end and the increment between

each and the total time the set parameters are held for or changeBigusr56). The
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ramps themselves are displayed in lines corresponding to the order they occur in and are
shown graphically alongside. Once programmed into the interface the user can click the
start button to begin the run, where the pragthen runs until the end of the ramp. The
sample loop can also be set to trigger at the end of each programmed experiment, so

samples are taken, and chromatographs and spectra are taken.

-
' Advanced Ramps - — v

1:Ramp from 0 1o 0.2 mimin-1 in 0.01 mLmis-1 ncrements over 2 mine -
2 Hold for 1 ming at 0.2 mLmn-1

3 Ramp from 0.2 10 1 mimin-1 in 0.01 mLmin-1 ncrements over 2 ming 25
4 Mod for 1 mins at | mLmin-1

S Ramp from 1 10 3 mimin-1 n 0.01 mLmin-1 increments over 2 mns
S Hod for 1 mins &t 3 mLmin-1

Parameter
-

’ Nove Down
Stan Eng increment 0 [AccToEag!  Add Betore osl

Time 1 Unutes 1 Nodify Adc After o

| Remove 0 2 4 é 8 10

oa Ninutes OK Time/minutes
e/ minut

Figure 56 Advanced ramps interface whehe user creates their own method sequence to run

on the optimisation equipment.

Each ramp selected runs independently of another so care must be taken to ensure that
the timings overlap in the correct places. All the ramps programmed can be viewed on
the parameters screen overlaid from start to finish and can be edited, deleted, copied or
saved. Saved ramps can be loaded back in if repeats are needed or the ramp needs to be
restarted. I n this case AHPEC pam@ mpnakt &td@p <
and are set to ruhreetemperatures arithireeflow rates over the course nihe minutes

(Figure57).
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To Finish

Figure57Ramps i nterface witRMHRBLEpumpadddd -dpleaygeabs

course of 9 minutes.

The 6O0Optimi sed sett ienaboptionsonthe dpinsisatioodtheir s e r
reaction by choosing another GUI to add in parameters and reaction details. From this
00pti mi se Op(Figueeh8stite usemhasehe thaice ®f 9 different programs

to choose from: First Version, Supeiod, SnobfitHPLC, SnobfitMS, PSearctbeg,
Extraction, Pareto, IBM Optimisation and Extraction W/ EmHile first two optionsn

the list are thesimplest programs to use for optimisation and only run a hybrid
simplex/modified simplex or the supsrodified simplex. The next two options run the
original Snobfit algorithm with an edit in each either for HPLC analysis and data
extraction or MS analysis and daéxtraction. A pattern search algorithm and Pareto
algorithm can be chosen as well as the Snobfit algorithm with an adaption to allow
optimisation using pump ratios and a separate interface which provides email notification

of successful runs or problems.
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Extraction |
Pareto

’ IBM Optimisation |

Extraction wemail

B OptimiseOptions
Hybrid of standard simplex and modified simplex,
First Version non standard rules for retaining vertexs
Supermodified simplex, standard rules
Super-Mod for retaining verlexs
SNOBFIT alg: . un-modified, with
SNOBFIT-HPLC and minimise options - HPLC analysis
SNOBFIT algorithm, un-modified, with
SNOBFIT-MS and minimise options - MS analysis
Pattem Search aigonthm - will maximise any function
PSearch-Seg Segmented flows and HPLC analysis

SNOBFIT algorithm, modified for advanced flow

Pareto algorithm, modified for advanced flow rate

Copy of latest GUI (with Pareto algorithm) - HPLC

rate ratio optimisation - HPLC analysis

ratio optimisation - HPLC analysis

analysis

Figure 58 Algorithm list from the control GUI given ifigure 54. A description of each
algorithm is given after each button option.

Oi .| o | Number of Calls
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Figure 59 Snobfit Optimisation GUI interface using HPLC to optimise the reaction.
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The optimisation GUI required user input which is used by the program to set the upper
and lower bounds of conditions for optimisation for each peripherglump, reactor or

sample actuator. Conditions for pumps are flowrates, temperature for reactor. Each pump
can be added into the residence time calculation or kept out if being used for
dilution/quench of the reaction stream. Ddmde conditions are tise which the
equipment assumes when a sample is running to minimise material loss but keep the flow
constant. The Snobfit setting can be changed here if further dimensions need to be
examined. ONumber of <calls toclaiodydedt 6 i
through in an optimisation with ONreqb6
Algorithm exploration can be changed if more exploration is needed to balance with
Snobfitds exploitive capabiliti ehsastheOt her
reactor settings and the HPLC settings. If RS232 control of the sample loop is needed,
then the box 6Use Direct RS232 Sample Lot
injector selected if multiple exist.

If running a design of experiments tegperiment list is first created in Modde along

with range of conditions. These can be added as a lowest to hegip&§150 °Cor as

a list of set conditions.g.30, 70, 110, 16 °C. Once the list is generated it can be copied

and pasted into IATL AB table file ready for the program to read. There is a selection
box in the Snobfit GUI which sets the program to use a predefined list of conditions. This
should be selected when performing a DoE which will allow the user to load the
MATLAB conditions fle. Subsequently the system will the cycle through the list and
carry out each set of conditions, run HPLC analysis and save the data ready for extraction.
Full copies of code used to perform DoE, sgifimisation and automated contous

flow reactions can be found AppendixI.
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2.7.4. Continuous Flow Setup

e Ll e S
m C )
AP
(S0I:H0; 1:9) Collection *

(bmputer;(bntroller
(MATLAB)

Figure 60 Schematic of thdirst continuous flow setup used for theB¥c deprotection of
AZD5634 APlusing a single HPLC pump with the API in minimal solvent as@.H

Continuous flow work was completexs perFigure 48 using set up ashownin the
schematic inFigure 60 usinga singleHPLC pump (Jasco R980). AJascdPU-980

pump was also used to pump the mobile phase for the mass spectrometer
(Advion Expression CMS) system from a stock solution. The salopfeemployedwvas

a Vici Valco 4port microvolume sample injectorwith tubular reactor (Cambridge
Reactor Design Polar Bear Plus Flow Synthesiser) was used.

When one pump is used the reagent stream flow directly into the reactor then the sample
loop andwaste. For ahreepump system the SM stream is mixed with the correct
percentage of bO before being diluted by solvent. The stream the flows through the
reactor, sample loop and to waste. The sample loop switches a portion of the reaction to
the analysistream where it ilakento the MS.

The first experimental setup used for AZD5634 only employed a single pump to feed the
reagent API in a solution of solvent andGHwhich was determined to be the best

environment for the reaction to occur in.
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(MATLAB)

Figure 61 Schematic of the second continuous flow setup used for-Bux Meprotection of
AZD5634 API using a three HPLC pumps with the API in solvent, solvent make up&nd H

The expanded DoE to include® percentage as a vdrla used d@hreepumpsystem
where the SM was mixed with the correct amount gD Hbefore being diluted to the
correct concentration by solvefiigure61).

For both vesions ofDoE, the reagent stream was passed through the reactor before
flowing to the sample loop and waste. After injection by the sample loop the parallel

flow stream flowed the reaction slug into thelo MS for analysis.

2.7.5. Microwave Studies

All microwave experiments were performed in batch in either 10 mL or 35 mL vials,
sealed with a PTFE and silicon rubber liding a CEMDiscover SP Microwave
Synthesizer with autosampler. The microwave was kept in constant power mode using
200 W of microwave eneygto heat the sample to the required temperature. The CEM
microwave keeps the reaction under pressure to achieve temperatures above those of the
solvents used. Once at the required temperature the sample would be left to reaction for

the required time befe being cooled and ejected by the autosampler and analysed
(2.7.0.

2.7.5.1.N-Boc Deprotection in IPA and Batch
A solution of compound AZD5634 was made by dissolving the compound (0.05 g, 0.13

mmol, 1 % w/w) in IPA (0.5 mL), sonication was used to help dissolutiad, then
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adding HO (4.5 mL). Samples were prepared in a total of 5 mL of solvent. The reaction
was left for 15 mins at I6°C (2.7.1). Mass spectravere obtained by manual injection
with the instrument in APCI+ mode, and mobile phase of MeOH with 1 % TFA. Mass
Spectra: 279n/z 323m/zand 379m/z(279 m/zrequired, found 27¢n/2).

2.7.5.2 Batch N-Boc Deprotection in IPA at 10 % w/w

A 10 % wi/v solution 0fAZD5634 was prepared in a flask using the starting compound
(0.5 g, 0.123 mmol)in solvent (5 mUPA and HO in a ratio of 10:90. The reaction was
left for 20 mins at 16 °C. Mass spectra were obtained by manual injection with the
instrument in APCI+ mode, and mobile phase of MeOH. Mass Spectran/27323m/z

and 379m/z(279m/zrequired, found 27¢n/2).

2.7.5.3.Batch N-Boc Deprotection in IPA at 10 % w/w

A 10% wi/vsolution 0ofAZD5634 was prepared in a flagk 1 g, 0.025 mmolkhe starting
compoundn solvent(1 mL); IPA and RO in a ratio of 10:90. The reaction was left for
20 mins at 120, 130, 140 & @5C. Mass spectra were obtained by manual injection with
the instrumentri APCI+ mode, and mobile phase of MeOH. Mass Spectram27 323
m/zand 379m/z(279m/zrequired, found 27&/2).

2.7.5.4N-Boc Deprotection in MeTHF in Batch

A solution of compound AZD5634 was made by dissolving the compound (0.05 g, 0.13
mmol, 1 % w/w) inMeTHF (0.5 mL), sonication was used to help dissolution, and then
adding HO (4.5 mL). Samples were prepared in a total of 5 mL of solvent. The reaction
was left for 20 mins at I6°C. Mass spectra were obtained by manual injection with the
instrument in Cl+ mode, and mobile phase of MeOH with 1 % TFA. Mass Spectra:
279m/z 323m/zand 379n/z(279m/zrequired, found 278n/2).

2.7.6. Mass Spectra Method

Mass spectra were gathered in APCIl+ mode frofm25 to 550 using a scatime of
875msand a acquisition timeof 40 secondsOther settings of the MS are summarized

below. The mobile phase used was 100% MeCN which was pumped at 0.3 ML min
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Polarity: Positive,

Capillary Temperature250°C
Capillary Voltage: 80V
Source Voltage SpaB0V
SourceVoltage offset: 20/
Source Gas Temperatu@s0 °C
APCI Current: A

2.7.7. Flow Feasibility Studies
2.7.7.1 Flow N-Boc Deprotection

A 1 % w/v solution of AZD5634 was prepared in a flask using the starting compound
(1 g, 2.6 mmol)n solvent(100 mL) MeOH and HO in a ratio of 10:90. Reactor metrics
were manuallyprogrammednto the flow system as shown Trable 11. Mass spectra
were obtained with thastrument in ESI+ mode, and mobile phase of MeOH with 1 %
TFA, and a sample volume of 0.06 [Mass spectra: 27®/z 323m/zand 379m/z

Table1l1 Reactor metrics for the deprotection of AZD5634 in continuous flow.

Run Temperature/ Sample Flow Rate/ Residence

°C Time/s mLmin?  Time/ min
1 130 90 0.300 10
2 130 90 0.150 20
3 140 180 0.150 20
4 140 180 0.075 40

2.7.7.2.N-Boc Deprotection in IPA and Flow

A 1 % wiv solution of AZD5634 was prepared in a fldkk starting compoungll g, 2.6
mmol) and solvent{100 mL}) IPA and HO in a ratio of 10:90. Reactor metrics were
manuallyprogrammednto the flow system as shown Trable 12. Mass spectra were
obtained with the instrument in APCI+ mode, and mobile phase of MeOH and a sample
volume of 0.06 pL. Mass Spectra: 21z 323m/zand 379m/z(279m/zrequired, fomd
279m/2).
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Table12 Table outlining the reactor metrics used for the initiaBHc deprotection of AzD5634
using IPA as solvent.

Run  Temperature/ Residence time/
°C mins
1 120 10
2 120 40
3 140 10
4 140 40
5 130 25

2.7.7.3Flow N-Boc Deprotection in IPA at 10 % w/w

A 10 % wi/v solution of AZD5634 was prepared in a flask using the starting compound
(5 g, 13.2 mmoland solven{10 mL); IPA and HO in a ratio of 10:90. The 3 mL reactor

was heated to I6°C and the starting solution flowed through at 0.5 min? for a
residence time of 40 mins. A think brown oil was produced on the reactor separated by
gas bubbles. Initial pressure of the system was 75 psi, howenew, BPR (250 psi) was
added. Mass spt@a were obtained with the instrument in APCI+ mode, and mobile
phase of MeOH, and a sample volume of 0.06 pL. Mass Spectran/27323m/zand
379m/z(279m/zrequired, found 278n/2).

2.7.7.4 Flow N-Boc Deprotection in IPA at 5 % w/w

A 5 % wl/v solution ofAZD5634 was prepared in a flask usitig starting compound

(1 g9, 2.6 mmoljand solvent20 mL); IPA and HO in a ratio of 10:90. The 3 mL reactor
was heated to T6°C and the starting solution flowed through at 0.0@5 min? for a
residence time of 40 m$. Mass spectra were obtained by manual injection with the
instrument in APCI+ mode, and mobile phase of MeOH. Mass Spectran/27323m/z

and 379m/z(279m/zrequired, found 27¢n/2).

2.7.7.5.N-Boc Deprotection in IPA Time Profile

A 1 % wl/v solution of AZ6634 was prepared in a flask using the starting compound
(0.25 g, 0.066 mmoland solveni25 mL), IPA and HO in a ratio of 10:90. Reactor
metrics were manuallgrogrammednto the flow system as shownTable13. For each

reaction, the reactor was allowed to get to steady state, 1.5x the volume of the reactor (or
Page P9



Chapter 2

1.5x the residence time). Mass spectra were obtained with the instrument in APCI+
mode, and mobile phase of MeOH, and a sample volume of 0.06 pL. idess&s 279
m/z 323m/zand 379m/z(279m/zrequired, found 27&/2).

Table13 Reactor metrics for the time profile ofBbc deprotection of AZD5634 in IPA at 1 %

wiw.

Flow Rate/mL min? Trd mins Temperature/ °C  SSTime/ mins

3.000 1 150 1.5
0.600 5 150 7.5
0.300 10 150 15
0.150 20 150 30
0.100 30 150 45
0.075 40 150 60

2.7.7.6N-Boc Deprotection in IPA at 18 °C

A 5 % w/v solution of AZD5634 was prepared in a flask using the starting compound
(2 g, 5.3 mmoljand solvent40 mL), IPA and HO in a ratio of 10:90. The 3 mL reactor
was heated to IB°C and the starting solution flowed through at 0.6, 0.3 & 0Oril5

min? for aresidence time of 5, 10 & 20 mins. Mass spectra were obtained with the
instrument in APCI+ mode, and mobile phase of MeOH, and a sample volume of 0.06
uL. Mass Spectra: 279/z 323m/zand 379m/z(279m/zrequired, found 278n/2

2.7.7.7Steady Stat&tudies in MeOH

The same solution as preparedOinvas again used in the work to determine at what
reactor volume reached steady state. The solution was first allowed to pump for a total
of one reactor volume a total of three times with a sample taken for each. The conditions
and flow ratesTable 14) set out were those which gave the highest conversion in the

previous DoEQ. This methodology was repeated for two reactor volumes and both sets
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of conversions, for HPLC and MS, were plotted to create a steady state Eigrve (
62). Mass Spectra: 2748/z 323m/zand 379m/z(279m/zrequired, found 27en/2).

Table14 Table of conditions for the steady state validation of the experimental design in 5.17.

DoE Temperature/ API flow/ mL  Water flow/  Solventflow/ Steady
Reaction °C min™ mL min™ mL min™* state vd
N10 180 0.08 0.22 0.45 1

180 0.08 0.22 0.45 2

m  HPLC 1 Reactor Vol
® MS 1 Reactor Vol

100 - HPLC 2 Reactor Vol
v TMS 2 Reactor Vol

.

80 +

60 —

H@H

40

Conversion/ %

20 +

T T
1 2 3 4

Sample Number

Figure 62 Graph showing the steady state of the system in the experimental design in 5.17 for
both the HPLC data and MS data at 1 and 2 reactor volumes.

2.7.8. DoE Studies
2.7.8.1.DoE N-Boc Deprotection in MeOH

A solution was prepared using the same metlsst to create thelsition as on page
2.7.7.2but with doublethe volumeusedi.e. 250mL. A DoE list of experiments was
compiled in Moddausing residence time and temperature as blsaof interes{Table

15) which were then loaded into tlogtimising progranMATLAB . Two experimental

designs were completed using both ionisation (ESI+ and APCI+) sources in the mass
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spectrometerThe system set up reflected the schematic shown in and used only a single
HPLC pump to house the API reagent in minimal solvent (enoughlyadfasolve) and
90% HO. Both ionisation modes were used as a comparison to determine which

performed better for future quantitative studies.

Table15 An outline of the experimental design conditions used in the deprotectiob63Z

in continuous flow.

Run Flow Rate/mL Residence Time/  Temperature/
Order min- min °C
1 0.075 40 140
2 0.300 10 140
3 0.300 10 140
4 0.120 25 130
5 0.075 40 120
6 0.075 40 140
7 0.120 25 120
8 0.120 25 130
9 0.120 25 130
10 0.075 40 130
11 0.300 10 130
12 0.300 10 120

2.7.8.2N-Boc Deprotection in IPA DoE

A solution was prepared as with the method féaih7.2but made up to a volume twice
of 250 mL A DoE list of experiments was compiled in Mod@lak{le16) and used with
the optimising program iMATLAB . The experimental desigh was completed using the
APCI+ ionisation source in the mass spectrometer. Mass Spectran/272323m/zand
379m/z(279m/zrequired, found 278n/2).
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Table16 An outline of the experimental design conditions used in the deprotection of AXD5634

in continuous flow in IPA.

Run Flow Rate/mL Residence time/  Temperature/
order min-t min °C
1 0.075 40 120
2 0.300 10 140
3 0.120 25 120
4 0.075 40 130
5 0.120 25 130
6 0.120 25 130
7 0.300 10 120
8 0.120 25 140
9 0.075 40 140
10 0.300 10 130
11 0.300 10 140
12 0.075 40 140

2.7.8.3Experimental Design in MeOH

A solution of AZD5634 (12 g, 200 mg/mL) wasepared by slowly allowing the starting
material to dissolve in the solvent (MeOH, 60 mL) before using sonication until full
dissolution. A DoE list of experiments was compiled in Modtib{e17) and used with

the optimising program iMATLAB . The experimental design was completed using
LCMS with the APCI+ ionisation source in the mass spectrometer. The same solution
was used agairftar the first attempt at the Dadlid notget the data required. The DoE
repeat used the same table of conditions but made use of two reactor volumes to reach
steady state rather than one. Mass Spectra:n®2Z9323 m/zand 379m/z (279 m/z
required, foun®79m/2.

Page [LO3



Chapter 2

Table 17 Table outlining an experimental design conducted for thBobl deprotection of
AZD5634 in MeOH and #D. *This reaction did not inject due to the test reaction beforehand
having the same conditions. A discrepaimcthe code caused injection failure as there was not
a significant change in the conditions.

Order  Reaction  Water/ SM:IS/ Dilution  Temp/°C Water/ eq Resl/ min

mL min® mL min®  (water)/

mL min™
0 (test) N15C 0.22 0.08 0.60 170.00 2.75 8.33
1* N15C 0.22 0.08 0.60 170.00 2.75 8.33
2 N10 0.22 0.08 0.60 180.01 2.75 8.33
3 N2 0.34 0.08 0.84 177.40 4.25 5.95
4 N4 0.16 0.08 0.48 177.40 2.00 10.42
5 N8 0.17 0.08 0.50 177.40 2.13 10.00
6 N6 0.36 0.08 0.88 177.40 4.50 5.68
7 N11 0.45 0.08 1.06 170.00 5.63 4.72
8 N12 0.15 0.08 0.46 170.00 1.88 10.87
9 N16 C 0.22 0.08 0.60 170.00 2.75 8.33
10 N13 0.21 0.08 0.58 170.00 2.63 8.62
11 N14 0.23 0.08 0.62 170.00 2.88 8.06
12 N17 0.22 0.08 0.60 170.00 2.75 8.33
13 N12 0.15 0.08 0.46 170.00 1.88 10.87
14 N7 0.17 0.08 0.50 162.60 2.13 10.00
15 N1 0.34 0.08 0.84 162.60 4.25 5.95
16 N3 0.16 0.08 0.48 162.60 2.00 10.42
17 N5 0.36 0.08 0.88 162.60 4.50 5.68
18 N17 0.22 0.08 0.60 170.00 2.75 8.33
19 N9 0.22 0.08 0.60 159.99 2.75 8.33
20 N17 C 0.22 0.08 0.60 170.00 2.75 8.33
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2.7.9. Calibration
2.7.9.1Calibration of Starting Material

Samples of AZD5634 starting material were prepared in the concentrations (% w/w) of
5, 10, 15, 50 & 100 and manually fed into the MS where 3 samples of each solution were
taken. The total abundance for each peak mass (379) were averaged andRijpited,;

63. Mass spectra were obtained with the instrument in APCIl+ mode, and mobile phase
of MeCN and a sample volume of 0.06 pL. Mass Spectran82and ¥9m/z(379m/z
required, found 378n/2).
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Figure 63 Calibration graph of AZD5634 starting material; MS intensitif’x vs concentration

(% wiw).
2.7.9.2 Calibration of Product

Samples of AZD5634 starting material were prepared in the concentrations of 50%, 80%,
90% & 100% and manually fed into the MS where 3 samples of each solution were taken.
The total abundance for each peak mass (279) were averaged and pigtiesi64.

Mass spectra were obtained with the instrument in APCI+ mode, and mobile phase of
MeCN and a sample volume of 0.06 pL. Mass Spectran2Z@79m/zrequired, found
279m/2).
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Equation y=a+bx
nstrumental
362154 052148

09350 0.99671
1 081387 0.99013
0.6 4 Value

4 1.24059
0.01456
0.47552 011314
0.02657 0.00153

Standard Error
0.30139
0.00387

0.0 —T T - T T T T T T T T T

50 55 60 65 70 75 95
Concentration/ % w/w

100 105

Figure 64 Calibration graph of AZD5634 product; MS intensity'xe's concentration (% w/w).

2.7.10.NMR Reaction Monitoring of AZD5634 by AZ

A mixture of the starting material was prepain 5:1 IPA/HO i

n

a

Youngos

mm NMR tube. The NMR probe was heated to the required temperature and allowed to

thermally equilibrate for 5 minutes and the sample was shimmed repeatedly in order to

achieve the best possible line shape. The speeter was set to acquire a 1H spectrum
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and OH resonances for IPA; every tnates for 3 hours then every 20 minutes for 24

hours.

2.7.11 Kinetics Studies in IPA

The kinetics study for the dBoc deprotection of AZD5634 used the last remaining

volume of the solution, which was diluted from the original 200mhg to 100 mgmL ™.

The soldion was pumped through the reactor using the conditions givEabile18. As

the solution was already diluted, a dilution pump was not used before the-MBLC

The first two temperatures used were 18%and 165C at the concentration stated. For

the third and fial temperature, 17%&, the solution was diluted again from 100 my*

to 50 mgmL™ and pumped through the reactor using the conditioisie 18. Mass
Spectra: 279/z 323m/zand 379m/z(279m/zrequired, found 278n/2).

Page [LO6

Wi

F



Chapter 2

Table18: Conditions for the kinetic study carried out for theBc deprotection of AZD5634.

Concentration/ Temperature/ Starting Material Water Flow/  Residence

mg mL™* °C Flow/ mL min™ mL min  Time/ mins
10 185 0.59 2.97 0.983146067
10 185 0.09 0.44 6.603773585
10 185 0.88 4.38 0.66539924
10 185 0.14 0.68 4.268292683
10 185 0.3 1.50 1.944444444
10 165 0.08 0.38 7.608695652
10 165 0.22 1.10 2.651515152
10 165 0.13 0.63 4.605263158
10 165 0.04 0.2 14.58333333
10 165 0.5 2.50 1.166666667
20 175 0.07 0.34 8.536585366
20 175 0.10 0.48 6.034482759
20 175 0.74 3.72 0.784753363
20 175 0.31 1.56 1.871657754
20 175 0.16 0.81 3.608247423
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Chapter 3

Monitoring, Modelling and Optimising an N-Boc Deprotection Reaction Using a
Hybrid DoE Kinetic Model
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3. Hybrid model optimisation: Deprotection of an N-Boc Protected Amine in
Continuous Flow M onitored by On-line Mass Spectrometry

Chapter 3 will build on previous work completed ont8ocdeprotection of an amine

using high temperatures and water. However, a model compound has been used instead
of an indugtially relevant species to show the technique is versatile. The work presented
outlines the origins of the project as well as detailing problems encountered throughout
the project with solutions to each. The chapter will begin with a general introduztion t
discuss key concepts for the work and uses of the final moleculéNaBerc removal.

Work carried out was fully automated, using several PATs and employing a unique
experimental design tailored for this process in order to provide several levelsilefideta

information; statistical, optimal and kinetic.

3.1. Introduction

The CPACTY" (Centre for Process Analytics and Control Technology) feasibility study
arose from a collaboration between AstraZeneca and the CPACT centre at the University
of Strathclyde. The premise of the project was to optimise a chemical system using a
structured dsign of experiments approach and gain multiple data sets from various
analytical techniques. Using this approach, ideally, an optimum operating region in
continuous flow can be found as well as enough data to form kinetic profiles ready for
scaleup of tre chemical system. The first reaction to be studied comprised a turbo
Grignard reaction which was unsuccessful due to the degradation of the turbo Grignard
reagent when small amounts of water were in the system, from atmospheric moisture.
This moisture usally localised at the union joints, tgéeces or where there was a joint

in the flow stream. Degradation arises from the water protonating the Grignard reagent
and forming an insoluble magnesium hydroxide species which cannot be reverted back
to the actie reagent. Due to this repeated problem a new system was found based on
previous work completed oN-Boc deprotection reactionhapter 2. The previos

work shows how théN-Boc protecting group can be cleaved off primary amines in
continuous flow using only high temperatures and water as reagent acquiring high

conversions. This project was eventually scaled up to large scale (10s of grams) in the
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LSL at AstraZeneca for further trials of the API. The process itself is currently being
scaled up to the pilot plant for a much greater output of the desired drug AZD5634.

The good forecast for this work provided enough evidence that another study could be
carried out on behalf of the CPACT group for their feasibility study, using a new model
compound. The chosen compound would need to be large enough and thermally stable
to be trialled in continuous flow using mass spectrometry (MS) as a real time analytical
technique. After numerous attempts using several compoufigaré 65) one showed
promise in both being detected by HPLC and MS. The said compound
(Boc-Arg(Pbf)-OH, 3.4) was easily accessible to buy from several suppliers thermally
stable (except for thH-Boc group) and provided a mass spectrum with a similar mass
pattern to the one seen during the work using AZD5B834everal analytical techniques
would be used for the design, it was necessary for the compound to be detected multiple
waysi.e. ionisable graps would be needed and a chromophore would be necessary.
Compounds.1, 3.2and3.3were all trialled to be used for the CPACT feasibility study.
However, each of these showed much lower thermal stability levels when attempting the
thermally deprotect edaccompound and lack of sufficient ionisation within the MS. It is
useful to know that thermal deprotection of compounds is highly dependent on the
compound itself. Some compounds may be more useful to deprotect using lower
temperatures, water as additiveamother method previously outlinedGmapter 2Due

to better thermal stability and easy detection by HPLC and MS com@Bodnvds chosen

to proceedvith this study.

_B
HN™ = ¢
O
O !300
/U\LN) I OH
| Y Cl HN HN\Boc
3.1 3.3

3.2
/7
Sy o
HN.
Boc
34

Figure 65 N-Bocprotected compounds trialled to be used for the CPACT feasibility study.
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3.1.1. Uses of BoeArg(Pbf)-OH and Arginine

Compound3.4 has benused in the development of nanotechnolbgged drug delivery
systems  where  nanometre  micelles are formed  usingiethoxy
poly(ethyleneglycol)-blockpoly(Ucaprolactone)(PEGPCL).1®® PEGPCL gves the
micelle greater structural integrity enabling prolonged circulation during transportation
to the lesion. Upon modification of the PHREZL micelle using arginine, a higher
payload of drug can be transported into the cancer cells giving the asticing a
higher efficacy and overcoming problems seen with overdose of certain anticancer drugs
in order to get the required effect from one which may be slowly relégsed.
L-arginine hasseveral uses in the body and can be seen as a prodrug in these
circumstances as-&rginine is broken down to nitric oxide (NO) by NO synthases. The
breakdown of karginine is highlighted belowsgcheme23).109:110

HO  NH,

N=

NH2 . O
.
HZN:< NADPH + O, 0.5 NADPH + O, H2N"/<
NH < NH ( NH

NADP* + H,O 0.5 NADP* + H,0 + NO
-\\NH3+ .\\NH3+ ‘\\NH3+
o=( H o= H o= H
O - -
L-arginine NOHLA L-citrulline

Scheme3 Catalysis of Larginine by NO synthases, infize-electronoxidation procedure to
produce, N-hydroxyL-arginine (NOHLA) as an intermediate beforecitrulline and nitric

oxide (NO).

Nitric oxide synthases form NO in a fivelectron oxidation process ofdrginine. The
oxidation initially occurs through two consecutive memg/genation reactions which
produced the intermediate speciesiNdroxy-L-arginine (NOHLA). The NOHLA then
reacts again witlanother molecule of £xo produce Ecitrulline and NO. Once NO is
formed in the body it can be used in the brain acting as a neurotransmitter, immune
system for mediating the defence of host cells and cardiovascular system acting as a
vasodilatort!!

This N-Boc deprotection reaction follows the same principle as for AZD5634; using
minimal organic solvent, water as reagent and high temperatsicasrie24). The high

temperaturewere achieved with use of a BPR whasureshe entire systens under
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constanpressure in order to access a greater range of conditions (typically above solvent
boiling points) which are not normally used in laboratory batch chemistry.

0 /[’\ﬂ"
MeOH !/ + +
- CcOo /R/
/\/\)J\ v o //S N N OH, 2 i
20, (0 O H H

IS (3.6) NH;
3.5

Boc

Scheme4 Reaction of BoeArg(Pbf)-OH using heat and water to remove tdoc protecting
group in continuous flow.

The adjoining protecting group,2,4,6,7pentamethyldihydrobenzofuressulphony])

(Pb), is one specifically employed to protect thagidine group of arginine. It is highly
TFA sensitive, still stable whilst arginine participates in reactions and can be removed
easier than its counterpag,2,5,7,8pentamethylchromaé-sulfonyl (PMC) It was
hoped that the method NfBoc deprotection wuld be selective enough to remove only
the N-Boc group and not thebfgroup. However, as tHebfgroup is also acid sensitive

it would allow the model to consider a second potential process and provide a slightly

more complex system to model.
3.1.2. Optimisation Models

As mentioned in the introductiol€bapter ) DoE is a useful optimisation technique to
model a reaction surface; gather informatoout an optimum and other statistical data
for the model. Most industrial processes require a full data profile of the reaction usually
containing different forms of analysis, best conditions, kinetics, impurities and statistical
data, to name a few, fdrealth and safety. Most of this data is gathered stage by stage

individually which can add a lot of time to the manufacturing process and extra costs.

1 @ o Q 1 & 9 1 % o S
> > >
@ @ @
o Qo o
g 7 O O O g O g O O 0)
< S <
> > >
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Figure 66 DoE optimisation models for 2 variables,& Y. Left; shows a cubic face centred
model (FCC), middle; a cubic circumscribed model (CCC) and yrightubic circumscribed
orthogonal design (CCO). Both FCC and CCC span over 3 levels whilst the CCO spans over 5
levels.

Hybrid DoE models can be uséd incorporate multiple sets of data into one model
condensing the time taken to gather the data set. Hybridisatiorsallpr@cesso gather

large amounts of information from multiple sources, in this case, combining DoE,
response surface methodologyldmnetics together using data from HPLC, EIRIIR.

The DoE model used for this work was a cubic circumscribed orthogonal design (CCO)
a combination of cubic face centred (CCF) and cubic circumscribed (CCC). The main
differences between the three ;@@€F has centrum points, all corner points, and a point

in the centre of each face; CCC has centrum points, corner points and circumscribed face
points an equal distance away from the centrum as each corner is. The CCO design
contains the centrum points, facentred points and circumscribed points essentially
creating a cube within a sphere. This means each variable will span over 5 points rather
than the typical 3 seen in the other desighgure 66).

Figure 67 The four types of response surface outputs given from a response surface methodology
design. From the | eft; ahdl isaddbeofnpeako,

A response surface methodology (RSM) design is a type of optimisation design which
allows the gathering of a useful surface plot of the desired design space. The experiment
is designed to allow estimation of interactions betwesiables and quadratic effects to
provide an overall visual of the space under investigation. RSM designs will find
improved or optimal process settings, troubleshoot process problems finding any weak
points in the method, and test the robustness of tbhad against other external,
nontcontrollable influences. Subsequent experimental data addition into the DoE
program will allow a surface to be created which makes use of the experimental data and
data predicted by the model. In doing so, a surface piobe created which outlines the
area of optimality for the process as given by the model. A set of experimental conditions,
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which all should provide an optimum point, are also created ready for the robustness
testing. Several types of response surfacebeagiven Figure67) ; A fiSaddl eo
also be a ASteep Ridgeodo) type shows a trc
optimum if the sought respomsequires the lowest value possiblg.costA fiHi | | si d
surface may typically show the optimum at either extreme or maybe an area of the surface
which is far from the optimum from the gi
surface may entathat the optimum is at the uppermost plateau or focuses on an area of
the experimental area | eading to an optir
type surface show that the optimum is located at the top of the plateau. These four types
give a god visual representation of the experimental.area

3.2.Summary

1 Acollaborative studyith AZ and CPACThas beeperformed to develop a large
data set usinqultiple analytical techniques and a hybrid DoE and kinetic motif.

1 Thermal N-Boc deprotection of compounds largely depends on the thermal
stability of the compound.

1 N-Boc protection is applicable to many compounds and is often essential to
pharmaceutical development

1 The ®cond protecting groumn the amino aciduses similar deprotectn
conditions adN-Boc so facilitatesside product formation.

1 Several DoE models can be used to optimisation react@®s, CCC & CCO
This method uses a CCO design for 5 levels for each variable.

1 Several esponse surface methodologiean be used wiin DoE to show

optimum areas of operation.

3.3. Aims

The main purpose of this project was to monitor h8oc deprotection of a model
compound using a variety of process analytical techniques (HIRLAQVIS and IR) to

build a large database on the reaction. This database would include; analytical, statistical
and kinetic information where it would help to find eptim operating conditions and

kinetic profiles of the process.
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The DoE approach adopted for this process was tailored to put together a central
composite design along with ranges of temperatures with set residence times to
encompass kinetic experiments.

The model compound chosen would have to be readily available tahmagy and one

which would be able to be detected by HPUE, MS and IR. It must also be stable
under more harsh environmental conditions during reaction and have a higher thermal
stability for MS analysis. Being more thermally stable would allow this process to be
effectively monitored by offine MS and to show further how the MS system can be used
to quantitate reactions similarly to HPLC.

As with the previous process completed for AZD%6his process must be green and
environmentally friendly. Green solvents were employed, minimal Me@iH.0 as

well as ensung a time scale of 30 mins or less for the reaction residence time. This low
residence time helps to reduce total time takehefprocess to be scaleg as well as
helping to increase the total throughput of reaction in the lowest time possible. Again,
using HO rather than strong acids reduces Buge volumes of base (NaOH) to
neutralise and workip the whole system. Makinge@ of water as a reagent will counter

this and potentially remove the necessity of work up, permitting the process to be
telescoped. In doing this the free amine will be formed in solution, in a safer and greener

manner compared to its batch counterp@hapter 2.

3.4. The N-Boc Deprotection of a Protected Amine using a Hybrid Model Design

of Experiments

Initial work essential for the development of this jpod, saw the generation of a HPLC
method which would be sufficient to separate each component in the reaction with good
resolution. Other methods for the-time analytical instruments would also have to be
developed prior to DoE procedure. Unfortunatédsts conducted by the team at AZ
using the ReactIR 45m, failed to get a usable method as the chosen m@edwias
difficult to characterisavith differing volumes of watefThe complexity of the species;
many NH groups and OH groups as well as Hrgd excess of water in the system
inhibited the ReactIR to monitoring specific groups either formed or destroyed in each
reaction. Due to this, only HPL-OV and MS would be used for the reaction system

during optimisatiorvia DoE.

Page [L15




Chapter 3

The method wagarried out in LCMS mode to ensure each peak generated in the
chromatogram was fully determinefihe HPLC chromatogram for reactions shows
internal standardIS) at 2.6 minutegm/z 150), desired productOP) at 3.7 minutes
(m/z427), main (SP) at 4.0 mintes and thestarting material §M) at 5.1 minutes
(m/z527) (Figure 68). Characterisation of each peak was completed using the
optimisation system by feeding in eachgeat through the sample actuator to manually
sample, using the developed HPLC metlamd coupled MS to determine the mass of
each speciesThis technique allowed verification of the IS, DP and SM but not the side
products. As discussed previously, the nfafhwas thought to be the second protecting
group on the arginine amino acid. Purification of the waste from all reactions was hoped
to get enough of each component to be able to analyse and characterise completely using
MS and NMR. Previous work used a BHC and accurate MS to determine the
structures, but this instrument was not available to use for this project.

Generation of this data was allowed by carrying out the reaction in small scale batch
using the microwave reactor. The microwave reactor is wsedt is a closer
representative of a continuous flow reaction under pressure at high temperature in
comparison to the reaction carried out using a typical batch methodology. The reaction
in the microwave was carried out 480 °C for 15 minuteg The starting material was
prepared in MeOH andJ@ (80:20) so some product in the reaction could be generated
so a full HPLC separation method could be determined.

During the previous study with AZD5634 there were problems encountered with the
solubility of the starting material in solution and with the product at certain
concentrationsSystem parameters for this compound would, ideally, match those used
for the previoudN-Boc study, in particular, a high water content to help facilitate the
reaction.To limit the problems of solubility with this system a 1 % (w/v) solution was
prepared in MeOH. D was systematically added to a series of the solution from 5 %
to 100 % to permit a visual of the Bdeg(Pbf)-OH precipitating at its limit of water
solubility which was found to be 60 %8 compared to MeOHro limit the chance of

the compound precipitating out of solution the maximum percentage of water added to
the reaction was restricted to 55% of the total flow rate of starting material.

Once this information as known the reaction was transferred to continuous flow in
order to see if it behaved the same as in the microwave reactor and as the previously

carried out AZD5634. Several reactions were attempted to get a variety of data points
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which show variable comrsions of the starting material to the product. The conditions
carried out also helped to play a role in determining the correct lower and upper
boundaries for creating an experimental design or forogelmisation of the chemical
system.

Again, paramedrs were selected to run preliminary experiments in continuous flow to
check that the setp was correct; 150, 175 and®®C each with 10, 20 and 50% water,

each with &20-minuteresidence time, giving a totaf 9 experiments. These 9 different
experimets acted as a screen for the process to ensure the chosen factors were important
for the process.

Many attemptswere made before the final successful DoE was completed. These
repeated attempts were mainly due to hardware issues, code issues and prdablems wi
sampling and analysis for prolonged runs at high pressure.

Initial runs saw experiments being sampled when the system reached steady state, but
issues were observed upon closer inspection of subsequent HPLC data. Low signals of
each peak in the HPLC weerseen where the internal standard was barely noticeable
above the baseline and the starting materiabhadal HPLCareaof c.a.units This low

signal could be put down to two things; either the starting material pump was failing to
pump the requireddw rate, or the sample loop volume was too small. The easiest fix
was changing the sample rotor in the samj
which should give a signah. 8 times greater than originally seen if this was the only
problem forthe low signal. The second fix was to check each pump was pumping as
required for the DoE model.

Problems seemed to arise from the HPLC pumps when needing them to pump the
reaction constituents at low flow rates under higher pressure. It was expectiebat
would not be a problem with this because HPLC pumps are designed to pump at a range
of flow rates, potentially below 0.08L min?, at pressure above 30 bar to give good
separation and resolution of compounds in a HPLC column. However, the pumps used
areold and have been used for many different chemical applications other than pumping
pure solvents (as typical for HPLC). This medmat the efficiency of each pump may

have dropped significantly for the quoted lowest flow rate, OnBI0min . As the lowest
flowrate in the DoE @118mL min? actions had to be taken to ensure each pump was
working effectively. When working correctlyaeh pump builds up a pressurehen

pumping against a BPR, usually a little higher than the pressure of the BPR. If not
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working correctly the pressure may not build or may slowly decrease over time causing
the flow stream to stop flowing. To test each wasking, a tap was introduced at the
outlet of the pump where, when closed, the pump could pressurise at the low flow rate
until it exceeded the set maximum pressure of the pump. If this occurred, then each pump
wasdeemed to bpumping correctly and couloe used for the DoE at the desired flow
rates.

The third issuearose from use of MS as an-tme analytical technique. The mobile
phase used to transfidrereaction sample to the MS was a 50:50 mixture of MeCN and
H20O, which is usually effective but, ithis case, caused precipitation of the reaction
constituents inside the sample loop and MS inlet tube. This problem was easily rectified
by changing the solvent from a 50:50 mixture of MeCN ap@ td 100% MeCN. Tests

were conducted first to guaranteetthiae internal standard, starting material and any
products did not precipitate.

The final problem encountered during the first runs was errors caused MATHeAB

codi ng; Otimer errorsé. As the optimisat
for each section so the code can progress through each stage of the algorithm correctly.
These timers are necessary for keeping the algorithm on track but can become misaligned
if information is not gathered from each device appropriately-l6zadk functims in the
algorithm collect information from each device continuously and then match them to the
set conditions. I f, for whatever reason,
typically override the conditions which are displaying.

There are nmerous solutions to this problem which have been developed over the course
of the DoE as oO0timer errorso6 were a recul
This series of code allows all active timers to be loaded, assighed and then restarted by

typing each line into th®IATLAB command window.

A=timerfindall;
A(6);
Start(a(6))

The next code is alternate to the one above but works by stopping all timers and restarting
them all simultaneously, again by typing each line into the command window of
MATLAB .
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stop(timerfindall('Tag','snobfit_tim"))
set(timerfindall('Tag','snobfit_tim“startDelay',10)
start(timerfindall('Tag','snobfit_tim"))

Developed after the final, successful Dol
or ONaN®dé values with 616. This rectifies
failed caltback. Ths section of code was placed within the Snobfit code after-baek
as a check and counter if there are empty cells present.
ttt = allowedDeviation>0;
if ttt==0
allowedDeviation = 1;
else
end
ttt2 = allowedNoise>0;
if ttt2==0
allowedNoise = 1,
else

end

HPLC spectra gathered throughout the experimental design ahoecessary species

from the reaction. This is due to both starting material and product containing a
chromophore, which is UV active, as well as the internal standard. HPLC waseisb

to detect the formation of side products during reactiéigure 68 shows a HPLC
chromatogram at conditions 175 °C, 37.5%0H3% w/v over 19 mins. The internal
standard can be observed as the first peak to elute in the system followed by the product,
side product and finally a very small amount of starting material. Peak identities if IS,
DP and SM were verified by HPLC analysis of pure samples using the sati®dand

LCMS analysis. The side product at retention tdn@minutesis that of the main side
product formed in the reaction, thought to be the second protecting group, from the

starting material, cleavefdom the amino acid
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Figure 68 HPLC chromatogram at conditions 175°C, 37.5 % water, 3% nwdv1® minutes. The

first peak is the IS, second is the DP, third SP. SM appears at 5.17 minutes retention time
Conversion =92.6%, yield =68.8%.

The second HPL(Figure69, of note is one were the preceding reaction was carried out

at a high temperature over a long residence time (more extreme conditions). In this HPLC
the IS can still be seen along with DP, SP and some SM with other SPs. The HPLC show
that at high temeratures, large water content, high concentration and a long residence
time the reaction proceeds to a larger majority of both DP and SP. Each HPLC was taken
at the end of every reaction when it had reached steadyAtatal ofsixty-nineHPLCs

were Biken over the course of the Datagnty-eighthour run time.

mA
400 |

300 |
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100 |
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Figure 69 HPLC chromatogram at conditions 193°C, 50.433 % water, 4.478% w/v and 19
minutes. The first peak is the IS, second is the DP, third SP. SM appears at 5.17 minutes retention
time.Conversion =92.8% yield =36.7%.
Comparatively, the MS spectra associafetbsest time stamp) with each of the
chromatograms above shows a similar profile for each set of reaction conditions. Each
MS was taken as a collective sample of the reaction streacomponents were not
separated, so all species appear together. ‘flss apectra shown were acquired over 60
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seconds with an interval of 15 seconds (a MS taken every 75 seconds) where 1592 spectra
were taken throughout the DoE for 28 hours.
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Figure 70 MS total ion chromatogram (top) and mass spectrum for the single peak at conditions
175°C, 37.%6 water, 3% whand 19 minutes. DP can be seenmatz427, and SM aim/z527.

The peak am/z471 is a fragment peak from SM, loss'Bfi group from thé\-Boc functional
group.

The total ion chromatogram (TIC) and mass spectrum for reactinditions 175C,

37.%%6 water 3% w/vand19 minutes shows peaks for the DP and SM along with SM

fragment (loss oBu group fromN-Boc) similarly to AZD534.

Table19 Full set of conditions for the experimental design on the CPACT feasibility study. The
DoE has 4 conditions; temperature, water %, concentration and residence time with the first 3

variables at 5 levels and the final variable at 4 level

Expt Name Run Temp/ Water/ Conc/% Residence timé
order °C % wiv Mins
N1 49 156.524 24.567 1.52194 1
N2 60 156.524 24.567 1.52194 7
N3 84 156.524 24.567 1.52194 13
N4 58 156.524 24.567 1.52194 19
N5 36 193.476 24.567 1.52194 1
N6 11 193.476 24.567 1.52194 7
N7 63 193.476 24.567 1.52194 13
N8 77 193.476 24.567 1.52194 19
N9 71 156.524 50.433 1.52194 1
N10 7 156.524 50.433 1.52194 7
N1l 25 156.524 50.433 1.52194 13
N12 6 156.524 50.433 1.52194 19
N13 18 193.476 50.433 1.52194 1
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N14 73 193.476 50.433 1.52194 7
N15 65 193.476 50.433 1.52194 13
N16 5 193.476 50.433 1.52194 19
N17 78 156.524 24.567 4.47806 1
N18 67 156.524 24.567 4.47806 7
N19 81 156.524 24.567 4.47806 13
N20 19 156.524 24.567 4.47806 19
N21 24 193.476 24.567 4.47806 1
N22 28 193.476 24.567 4.47806 7
N23 55 193.476 24.567 4.47806 13
N24 42 193.476 24.567 4.47806 19
N25 54 156.524 50.433 4.47806 1
N26 38 156.524 50.433 4.47806 7
N27 32 156.524 50.433 4.47806 13
N28 75 156.524 50.433 4.47806 19
N29 23 193.476 50.433 4.47806 1
N30 46 193.476 50.433 4.47806 7
N31 21 193.476 50.433 4.47806 13
N32 13 193.476 50.433 4.47806 19
N33 22 150 37.5 3 1
N34 20 150 37.5 3 7
N35 62 150 37.5 3 13
N36 44 150 37.5 3 19
N37 33 200 37.5 3 1
N38 45 200 37.5 3 7
N39 80 200 37.5 3 13
N40 27 200 37.5 3 19
N41 1 175 20 3 1
N42 64 175 20 3 7
N43 57 175 20 3 13
N44 74 175 20 3 19
N45 31 175 55 3 1
N46 16 175 55 3 7
N47 68 175 55 3 13
N48 69 175 55 3 19
N49 37 175 37.5 1 1
N50 2 175 37.5 1 7
N51 30 175 37.5 1 13
N52 82 175 37.5 1 19
N53 47 175 37.5 5 1
N54 83 175 37.5 5 7
N55 51 175 37.5 5 13
N56 17 175 37.5 5 19
N57 61 175 37.5 3 1
N58 48 175 37.5 3 7
N59 14 175 37.5 3 13
N60 35 175 37.5 3 19
N61 9 175 37.5 3 1
N62 72 175 37.5 3 7
N63 76 175 37.5 3 13
N64 8 175 37.5 3 19
N65 4 175 37.5 3 1
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N66 66 175 37.5 3 7
N67 70 175 37.5 3 13
N68 53 175 37.5 3 19

The full table for the DoE is shown if¢ble19). Originally each factor (temperature,
water%, and concentrationand residence time) had a total of 5 levels giving 85
experiments. However, when calculating the flow rate of each pump, &ites were

lower than thought comfortable for the pumps even after checks (see above). Due to this
it was decided that a5-minuteresidence times would be taken out of the model to
make this &-levelfactorrather than the intendedl®&velfactor. Thisreduction was due

all pumps not being able to pump reliably at the necessary flow rates (below
0.02mL min?)

Three pumps were used for each reagent; water, MeOH dilution and starting material
with internal standard. The starting material was diluted M&®H before being mixed
together with the required water % to bring it down to the correct concentration and so
the total amount of water was exact.

The first model gathered-igure 71); HPLC conversion, shows a good spread of data
points with higher conversions when cdi@hs are more extreme. This matches results
gained from the previous case study, AZD5634, where maximum conversions were seen
at higher temperatures, longer residence times and a greater volume of water added to
the reaction.

The model outline has ar?Ralue of 0.83 and a Qualue of 0.72. The value of 83%
indicates that the model can explain a high level of the variability in the response data.
The higher Rthe more variability in the model can be explaine@isiuld not exceed

R? shows how good the adel is at predicting responses. The higher the value then the
better predictive ability of the model.

R? does not necessarily show whether the model is a good or a bad fit. To be able to see
this the residuals plot should be examined. The residual of an observed value is the
difference between its observed and estimated vdlhe.residuals plot outlines the
responsers the normal probability of the distributiod s | i g ht ASOonshape
which is typical of an underlying treiwhich is not descried in the model, such as a cubic
term, but the effect is relatively minor. This is showrFigure 71 whereall the low
conversion points can be seen below the bnd dlthe high conversion points above

the line
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Replicates - HPLC Comvd
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Figure 71 CPACT feasibility model summary of HPLC data. From top to bottom & left to right; replicates plot, summary of fit, ctegflisiemd residuals plot.
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The model itseltonsider$7 of the 69 experiments as one file was not safted HPLC
acquisition. The other data point was over the set 4 standard deviation lines for outliers.
The file in question was a replicate point from the model so can be used without
detrimental effects to the model as longs as the rest of the regmate do not vary

much. Entries N57, N61 & N65 correspond to the first set of replicates (1 miséing, S
43.06); N58, N62 & N66 the second set£9.051); N59, N63 & N67 the third setqS

= 0.019) and N60, N64 & N68 the final sef €30.019). The higtvariation of the first

set of replicates is because one being missing from the data set and the other two having
more spread between them. However, neither of these can be taken out of the model
because it is uncertain which value is the true value fesetltonditions. The final,
missing point would corroborate which value is correct if it had been available for the
model. Furthermore, when attempting to exclude either of these two points from the
model there is no significant changeRfor Q7 suggestig that the three other replicates

play a greater role in giving the model the fit which it exhibits.

The model validity, yellow bar, is quite low for this model which could be due to the
program attempting to fit its polynomial to points which have verglserror bars. As

the reproducibility is very high, the error associated in the model will be much smaller
i.e. small error bars. Trying to fit a model to all point within small error bars can be a
challenge which may show a model of low validity eveihi$ not.

The model shows a good spread of data where the model can predict the surface well
from the experimental dat&ifure72). The observegspredicted plot outlines how the
predicted data deviates from the experimental information added into Modde. This plot
should show altlata points spread evenly above and below the central line for a good
model where more are localised towards the line and less at the edges as per a Gaussian
fit. The actual plot shows this very well with no point being a large distance from the line
andmore points can be seen localised around the line in comparison to the sparser edges.
The coefficients plot shows which variables in the model are significant terms and which
are not. The bottom left plot iRigure 71 shows only significant terms as depicted with
error bar not ovethe O line. The larger the bar the more effect it had on the response, in
this case residence time has the greatest positive effect on the conversimnlonger

the residence time the higher the conversion.
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Figure 72 Observed vs predicted plot for the CPACT feasibility study. The points can be seen to be localised around the regressioe amel below within
statistical error.
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This is closely followed by the temperature, water % and coratent which have
positive effects on the response. For the concentration bar which can be seen below the
line, this indicates that a lower concentration in beneficial for a higher conversion. The
model contains a squared term (Res*Res) which shows cuevailtthe model with
respect to residence time, which can also be seen in the surface response and contour
plots Figure73,Figure74,Figure75andrigure76 respectively, the higher the residence

time the more curved the response surface.

There arealso several interaction terms; the main two being between temperature and
concentration (significant by a small margin) and between concentration and residence
time. At lower temperatures the level of conversion does not significantly affect the
converson. It is only at high temperatures where the higher concentration gives a greater
conversion, as you would expect. This is also the same with the second interaction
between residence time and concentration. Higher conversions can be seen only when
longerresidence times are used with a high starting material concentration. With more
starting material to react a greater proportion will be converted to products. This
relationship may be due to how the acidity of the system changes at the higher
concentration. As there is more starting material containingNkBoc group, once the
reaction begins to occur, more &Will be produced and dissolved in the system. As the
levels of CQ rise the acidity of the system will continue to decrease facilitating more
N-Boc removal and other\8 reactions. This theory could be shown in the kinetics plots

of the rate of reaction increases for higher concentratiéns.

The contour plotFigure 73, indicates the best operating region to get the highest
conversion of starting material. In this case the best region localised around the most
extreme conditions; highest temperatures, residence times, water % and concentration. It
is also possible to get high conversionc@. 90%) by carrying out the reaction at low
temperature, high residence time but with low concentration and water %. This region
can be seen in the top left corner of the bottom left plot. These conditions may be more
favourable if otler side reactions begin to compete with the DP. The contour plot can be
represented by a surface plot to further increase understanding and give a more visual

representation of the surface in three dimensions.
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Figure 734D respnse contour plot for the CPACT feasibility study conversion. The red area shows conditions which can get 95% or mdva obstating

material.
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