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Abstract

This thesisexplores the use aghassbasedreactionmetrics toanalyses a chemical
process andlentify areas for improvementhe use of masdased metrics to guide
organic synthesis can leaditoprovaments inthe green credentials and potential of a

reaction.

Massbased reaction metrickave becone an increasinly popular methodof
evaluatingthe performancand green credentiatf a reaction or processlowever,
the use of metrics is not perfect, and several pitfalls have been iderthredigh the
analysisof published procedures famideformation reactios, it was shown that
Atom Economy AE) andReaction Mass EfficiencyRME) have the potential to be
applied incorrectlydue to operator errpand the data obtained froRrocess Mass
Intensity(PMI) can be misinterpreted if no conteatreaction conditionareapplied.
These issues can be amplified when the metgalts araisedin direct comparisons

of processes.

The use of reaction metrics has enabled improvements in various organic reactions to
be identified and realised. The use of ethanol and Hil te improvements in the
synthesis of cytosine, while 3dethoxypropanitrile was synthesised from
acrylonitrile in an improved catalytic proces)s2,5,5Tetramethyloxolane TMO)

was used as a substitute for traditional solvents in several chemicdbtraations
enzymatic catalysed synthesis of-b)&thiolanes, the Mitsunobu reaction and various
OH activated nucleophilic substitution reactions. The reactivity of cytosine and its
protected derivatives towards 4gRathiolanes under Mitsunobu conditiowasalso

successfully investigated.

Finally, the use of a potentially blmasedBragnstedacid p-cymene sulphonic acigh{
CSA)wasusedfor OH activation reactisswith numerous nucleophiles reacting with

allylic and propargylic alcohols as well as alcohols derived ftarmone.
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Global population is undergoing exponential growth which started early in the 20
century.The population of the world doubled in 40 ye@k8591 1999)from 3to 6
billion people Growth is expected to continue amad another 40 years (203%)e
populationis predictedo double again to 9 billiahThe United Nations (UNpredict
global population will pass 10 billion by 205@ver the lastenturythis population
growth subsequentlyed an enormous twenty fold increases in economic output and

eight fold increases in material consumptfon.

The consequences of this rapid expansion on the environment are becoming
increasingly visible with anthropogenic activity generédyngaccepted as the root
causé€' This activity can be attributed talepletion of the ozone layer through use of

C F C,ackangesin the oceandacidification and rising water levglscaused by
emissions from burning fossil fueland global warming (climate change)
Alarmingly, as population growth is forecast to continge will the increasing
demand for resources and this will place more strain on an already damaged
environment. In 1972 the first international meeting to address how human activity
washarming the environment and putting lives at m&s held in Stockholnmiater

in 1987 the repot t Our CarsnonfiFutu@® wa s publ iWoitde d by
Commission orEnvironment and DevelopmehThis report introduced the theory of
Asursd ch i de v eThemasteurrénbversion of this concept being prompted by
the UN are theirl7 sustainable development goals from the 2030 Agenda for
Sustainabldevelopmenf Many industris acknowledge the need to change and the
concets of sustainable development along with legalisation will allow them to
eventually reach that goéP
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Figure 1.1: UN Sustainability goals.

1.1.Green Chemistryand the Chemical Industry

If a sustainable society is to be achieved, a widespread change of attitude will be
necessary. One of the largest sectors in the gesfmalomy is the chemical industry.
With the chemical industry playing a vital role in the modern world, from bulk
chemical manufacture, producing fuels for heating and transport, to pharmaceuticals
manufacturing vaccines and personal care products, dcigiamount work will be
required to identify how the industry is to become fully sustainable given that
petrochemical resources still significantly outweigh renewdt886 of the materials

used in chemicals manufacturing is derived from a crude oil feedstock, given the direct
link to climate change and large fluctuations in the price of oil this alone is a strong
incentive to seek an alternative resourcédditionally, given the nature of the
chemical industry it is not surprising that the waste produced is often hazardous. It has
been calculated that to equal the output of harmful emissions from the chemical
industry, it would take theombined emissions of the next nine largest industrial

sectors-?
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The challenge today is the modification of established processes and development of
new poducts and technologwhich will meetlegislative andconsumer demascand
requirements butlsonot adversely affect thenvironmentally:3 These threéactors

are commonly referred to as the three pillars of sustainability, (social, economic and
environmental). The field of chemistry that is driving innovation and development into
sustainable, renewable and environmentally more friendly processes is lasow

green chemistry or (sustainable chemistry).

1.1.1. Principles of Green Chemistry

Green chemistry is anulti-disciplinary field that can be used and applied to all
branches of chemistry. The aim atgn chemistry iso improve the current state of
the art,in a way that makes the impact of the process less har@rfal definition of
green chemistry j&

Als the design of chemical products and |
generation of hazardous substances. Green Chemistry applies across the lifecycle of

a chemical product, includingst desi gn manufacture and UuUsSEe

Green chemistry can motivate and allows scientists to find better alternatives and more
efficient ways to reach the same targets. It helps reduce waste and find replacements
for hazardous materials but then goes a lot &ty considering the energy efficiency

of a process and the whole lifecycle from sourcing raw matehedsigh tothe end

of life of a product The idea ofgreen chemistry began to gather momentum in the
199006s as t h epubdications sviiick breught atentioh to the subject.
Sheldon, Anastas, Warner, Clark and Trost to highlight &fé%’ Also public and

social perception that process should be more renewable along with government and
international legislation (SIN list, REAQ all helped develogreen chemistry into

the common area of research which it is today. k ey s et of princi
Principles of G rpebkshed &&hgrideifos the design of anew

chemical products and processes in accordance with sustainsbility
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Table 1.1: 12 Principles ofireenchemistry

Principle

Explanation

Prevention

filt is better to prevent waste than to treat or clean up
waste after it has beemreatedo

Atom Economy

ASynthetic methodshould be designed to maximize the
incorporation of allmaterials used in the process into thi
final product 0

Less Hazardous Chemical
Synthesis

fiWherever practicable, synthetic methods should be
designed to use and generate substances that poisibess
or no toxicity to human health aride environmenb.

Designing Safer Chemicals

AiChemical products should be designed to effect their
desiredfunction while minimizing their toxicity.

Safer Solvents and
Auxiliaries

fiThe use of auxiliargubstances (e.g. solvents, separati
agents, etc.) should be made unnecessary wherever
possible and innocuous when uged.

Design for Energy Efficiency|

AEnergy requirements of chemical processes should bt
recognizedr their environmental andconomic impacts
and should be minimized. If possitdgnthetic methods
should be conducted at ambient temperature and
pressured

Use of Renewable Feedstoc|

AA raw material or feedstock should be renewable rath
than depleting whenevégchnically and economically
practicable o

Reduce Derivatives

fiUnnecessary derivatisation (use of blocking groups,
protection/deprotectiortemporary modification of
physical/chemical processes) should be minimized or
avoided if possiblehecause sucsteps require additional
reagents and can generate wast@

Catalysis

fiCatalytic reagents (as selective as possible) are supe
to stoichiometric reagentso

Design for Degradation

fiChemical products should be designed so that at the «
of theirfunction they break down into innocuous
degradation products and do not persist in the
environment."

RealTime Analysis for
Pollution Prevention

fAnalytical methodologies need to be furtdeweloped to
allow for real-time, in-process monitoring ancontrol
prior to the formation ohazardous substances.

Inherently Safer Chemistry
for Accident Prevention

fiSubstances and the form afi@bstance used in a
chemical process should be chosen to minimize the
potential for chemicahccidentsjncluding releases,
explosions, and fires.
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1.1.2. Thesis intent

The aim of the work in this thesis was to investigate the synthesis of pharmaceutically
relevant compoundsnd through analysis with green chemistry metrics identify areas
for improvement. Given the vast number of active pharmaceutical ingredients (APIS)
on the marketcompounds were identified from the World Health Organisations
(WHOs) list of essential mediciné%.5-Fluorocytosine and Emtricitabine where
initially selected by the Chem21 consortium and research at Dudmaversity was
conducted into the direct fluorination oftosine?® Therefore it was logical that the
synthesis of cytosinalso be investigated. Following on from investigations with
cytosine, the synthesis of igXahiolanes were examined focusing on solvent
substitution. As coupling with cytosine or its fluorinated derivative gives assess to
Lamivudine or Emtricitabine, two APIs which are used as antiretroviral medicines,
the Mitsunobu reaction was then explored apoasible pathway to join these
compounds. Finally, the last chapter in this thesis examined the Bserstedacid
p-CSA in a range of OH activation nucleophilic substitution reactions alongside Lewis

acid InCkusing a potentially green, blmased solent TMO.

1.2. Green Chemistry developments

In 2005 the American Chemical Society (ACS) Green Chemistry Institute (GCI) set
up the ACS GCI Pharmaceutical Roundtable $AGCIPR)?! This roundtable
consistedof members of several leading pharmaceutical corporations, their aim was
to encourage innovation while integrating green chemistry into the heart of drug
discovery and productioin 2007 the round table developed a list of key research
areas with the airof catalysing research and development of green chemistry within
them?2 The list wasrevisited in 2015 to review and update the list of key green

chemistry research ae@able1.2.23
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Table 1.2: Key Green Chemistry Research areas as voted by ACS GEIPR.

2006 Research area AEqui val ent o reseal

1 Amide Formation avoidingeagents | General methods for catalytic/ sustainabl
with poor atomeconomy (direct) amide or peptide formation

2 OH activation for nucleophilic Direct substitution of alcohols
substitution

3 Reduction of amides witholmydride | Amide reductions avoiding LiAlH&nd

reagents diborane

Asymmetric hydrogenation of
4 unfunctionalized olefins/
enamines/imines

Asymmetric hydrogenation of
unfunctionalizedlefins/enaminedmines

Improved methods for fluorinaticend

5 New greener fluorinatiomethods : .
trifluoromethoxylation

Aliphatic and aromatic ((H activation
6 CiH activation of aromatics using green oxidants amving predictable
site selectivity

Replacements for dipolaprotic Viable replacements for dipolaprotic
solvents solvents

Given the prevalence of amide formation in the pharmaceutical industry it is no
surprise to find it at the top of tHist.?* There have been several reviews into the
catalytic formation of amide bondsinga wide range of reactart®2® The choice of
solvent for amide formation has also receivednitba as traditionally chlorinated and
polar aprotic solvents have been used for amidation reactions. Mac&tilésshowed

that dichloromethane(DCM) and dimethylformamide DMF) could be reliably
substituted withdimethylcarbonate OMC), ethyl acetate HtOAc) or 2-methyl
tetrahydrofuran (2-MeTHF) when (1-cyano2-ethoxy-2-oxoethylidenaminooxy)
dimethylaminemorpholinacarbenium hexafluorophosphat€edMU) was used as
coupling agent® The replacement of dipolar aproti¢and halogenatedplvents also
made the ACS GCIPR list in 2006 and in a revised format in 2015 including the work
Avi ableo highlighting that this is an area o

the solvent noaneasy chdénge to overcome.

Green fluorination was mentioned in 2006 as aspiratiandlwas again updated in
2015 with a more definedefinition Table 1.2 entry 5.With the high occurrence of
fluorine atoms in active pharmaceutical compou@®RIs), combinedwith the lack
of mild fluorination procedures to tolerate many functional groitps an area with

significant scope to grovBetween 2014 201632% of all new drugs approved by
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the FDA containedat last one FAr or CR group®® 31 The use of elemental fluorine
has been developed through the Chem21 consortium to improve the synthesis of 5
fluorocytoinel.lin a flow reactorfrom cytosinel.2. This development enables the
use of the simplest and most economical reaffehtalthough many of the hazards
with fluorine gas have been reduced, they have not been elimfated.

0 0

Ji F, (10% in Ny) P

HN N > HN N
u\ Formic acid, 10 °C S |
S NH, Continous flow 60 g/h NH,
F

1.2 11
83% Yield

Schemel.1: Synthesis of Bluorocytosinel.l1from cytosinel.2

While the use of fluoringas has been demonstragé¢dcaleit is not a technique that

is easily accessible. Fortunately there has beemcagase in the number of strategies
and stable reagents that can be used for fluorindtidnfew examples of these
fluorination reagents argtalfluor-E & M, Fluolead,TFFH, PhenoFluorPyFluorand
AlkylFluor.2*3° They can be handled safely without any special precautions and are
useful for late stage functionalisation in the presence of other reactive functional
groups. However, they are not perfect and typically requifavourable solvents and
promptes. The reagents also add a significant quantity of waste into a process which

dramatically lowes the atom economy arathermetric performance.

A synthesis of Hluorocytosinel.1l has been reported by The Medicines &ir
Institute which avoids the use of fluorine ¢4sTheir aim was to produce -5
florocytosinel.1lthrougha process with lower raw material costs than those associated
with current 5fluorocytoinel.1 synthesis (cytosin&.2 & direct fluorination). Their
routebegins with the fluorination of chloroacetamild to generate fluora=etontrile

15 via fluoroaceamide 1.4 which is converted intosodium salt 1.6. Through a
telescoped procedumsalt 1.6 is reacted withguanidine carbonat#.7 to give 2,4
diamino5-fluoropyrimidine 1.8 which finally leads to5-fluorocytosne 1.1 Scheme

1.2. The authas acknowledge that the curreptocessequires further improvement

to reduce the environmental impadtheir synthesis may be able to derive 5

fluorocytosinel.l from more cosefficient starting materials but given the known
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toxicity profiles of 1.3, 1.4 & 1.5, can this process really be considered an

improvement just écause it lowers the cost of the perspective of starting materials?

cl
: o 1
KF CI” >N >CI
cl —= > |F LI” N Cl
\)LNHz Xylenes [ \)LNHZ DME F/\\\N
105 °C, 6 h rt, 30 min
1.3 1.4 1.5
70% Yield
; NH,
_N /, COgH
F/\\ o t-BuONa F z 2==372 NH NaOMe NJ\N
A VI Jl\ N | + )l\ > |
H™ O THF H,N” “NH, MeOH ~
-15t00°C, 6 h ONa rt, 24 h T NH;
1.5 1.6 1.7 1.8
86% Yield
r 5
N= N NaNO,/H,S0, HN™ N
NS — s > x
KKKNHz HZO K')\NHZ
E 40°C,1h F
1.8 11

85% Yield

Schemel.2: Synthesis of Sluorocytosinel.1lfrom chloroacetamidé.3.

1.2.1. OH activation / Mitsunobu reaction

The direct substitution of alcoholsasideal procesas the direct displacement of a
hydroxyl groupwould result in the formation of water as theonly side product
therefore there has beersignificantadvance in the catalytic activation of hydroxyl
groupsreported in the literatur®4* OH activation reactionsroceedinghrough &y1
type nucleophilic substitutioreactionusing catalytic amounts afBrgnstecor Lewis
acidto displace the hydroxidgroupin allylic, benzylic and propargylic alcohdtes
been reported in an academic and industrial setting

Direct cyanationof alcohol1.9 wasperformedhrough the use of several Lewis acids
however indium trichloride (InG) was the most successful providing the cleanest
reaction profile ircatalytic quatities. Further benefit of using IngWwas the abilitya®

use toluene as the solvemhich meant thereviousstep could be carried through,
telescoping the procesmd eliminating the need fostrictly anhydrous conditions

which simplifiesthe proces$®
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N InCl; (20 mol%) O
_

Si NC

Toluene
rtto 50 °C,6 h O O
F F

1.10
80% yield over 2 steps
97.4% Purity (HPLC)

Schemel.3: Lewis acidcatalysedtyanation oflL.9 to give1.10.

Iridium catalystshave been widely usetbr the enantioselective substitution of
racemicallylic alcoholsbearing a variety of functional grougchemel.4 shows an
example of thiophend.11 and alkynel.12 coupling to give 1.13 with excellent
selectivity The reaction conditions can be perfornsdyram scaleopen to ailand

using regular reagent grade solverighlighting the robustness of the catalyst and
ligand#® 4" While this catalytic transformation is useful, from a green chemistry
perspective the choice of solvent is not ideal nor is the quantity of auxiliary reagents
required.The direct enantioselective iridium catalysed amination of raceaitytic

alcoholsis also possiblé®

oL &

O~
/P'N I
S
OH (S)-Ligand 1 (16 mol%)
P [(Ir(cod)Cl),] (4 mol%) -
+
4 J // KHF, (1.5 equiv)

CF3S0, (2.5 equiv)

1.1 1.12 nBuyNBr (10 mol%)
1,4-Dioxane 113
25°C, 16 h 96% yield
>99% ee

Schemel.4; Direct enantioselective substitution to racemic alcdhbl with Lewis acids

The use of an iridium catalyst halsobeen used at scale for the couplingalziohol
1.14 with aminel.15, to give1.16Schemel.5.4°
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F
OH
B S
A F (Cp*IrCly),
H A Q KoCOs3, Ho0 N
2 oy, :
Toluene A
cl H
’]‘ 110 °C, 40 h H’ZAB‘
N
) ]

1.16
76% Yield

Schemel.5: Coupling of alcoholl.14with aminel.15

Along with enantioselective Lewis acids, similar aminations have been performed by
chiral Brgnsted ads for direct allylic aminationreactions’® Thoughthese type of
catalystscurrently have a scope limiteéd h i g hdctive aromatic allylic alcohols
such adl.17 Schemel.6.

Ph
Ph

S P00
o “NHSO,CF,

OO Ph 0\\@
Ph

.S
OH O, ,NH; HN™™
= Sy NP
. o) Catalyst (10 mol%) -
Chloroform
-60°C,10 h
1.17 1.18

88% yield
75% ee

Schemel.6: Direct enantioselective substitutiofiracemic alcohol.17.

Direct substitution of hydroxyl groups while maintaining the stereochemistry has also
been reported withBrgnsted acisl via intramolecular §2 substitution® The
procedure allows nucleophalisubstitution of the hydroxyl group in a range of aryl,
allylic and propargylic alcohols in order to form@, GS and GN bonds in
enantiomerically enriched five membered heterocyclés example of the
intermolecularreaction of(S-1-phenylbutanel,4-diol 1.19 to form furan1.20is
shown inSchemel.7. As with the other enantioselective OH reactions the reaction
conditions do not always align completely with the principles of green chemissry

the use of 1 2lichloroethane (DCE) is highlundesirable.
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OH

©MOH

1.19

H3PO4 (10 mol%)
1,2-Dichloroethane
80°C,12h

O +H,0

1.20

99% Yield

91% ee

Schemel.7: Intermolecular coupling af.19to form enantioenricheftiran1.20

The Mitsunobu reaction involves the condensation of alcoholsastilie hydrogen

on a nucleophilewith the assistance of triphenylphosphinePt{f) and dialkyl

azodicarboxylate&schemel.8. This reaction has been widegmployed by organic

chemists over the past 40 years for a few reasons.

1 Inversion of stereochemistry on secondary alcohols with very high specificity.

1 Large range of application, nucleophiles can be derived from O, N, S and C

along with a wide variety adlcohols and functional groups.

1 Easy of operation. No special requirements, just addition of reagents at room

or near to room temperature.

1 Operates with a variety of solvents and has a wide temperature range.

One of the maiissues with this reactide the use of stoichiometric quantities of BPh

and azodicarboxylates.Furthermore, the work up to isolate the desired product

requires a considerable amount of processing, usually including chromatography.

Many of theazodicarboxylatessed can btoxic andpresentan explosion risk ahey

are transformed into a hydrazindhis side product canalso difficult to remove.

Because ofuch issuesommercial manufacturingmployingthis process is not very

common, as reported only 0.2% mwidustrial processesse theMitsunobu type

reaction®*
P
Ph” 1 Ph
Ph
N_O
OH oty O Nu
+ — H
R1J\R2 Nu—H > R1TOR2 ¥

- Clean inversion
- Broad scope
- Mild conditions

Schemel.8: Traditional Mtsunobu reaction.

ZT
=

o)

C

~o -
H (0]
- Problematic waste
products
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There have been some improvements with the Mitsunobu reaction over the last
number of yearsPPhs and azodicarboxylates can now be bound to polymers and so
be classed as solgtate reagents. This makes purification considerably easier as one
of the majorproblems is removal of triphenylphosphine oxide and hydrazide
products. There has also been development in the scope of azodicarboxylate used,
numerous options now exist besides the traditiordibthyl/diisopropyl
azodicarboxylaye@EAD) or (DIAD). Toy etal where able to successfully reduce the
guantity ofazodicarboxylaté.21required to 10 mol%y using iodobenzene diacetate
PhI(OAc)) 1.23 as oxichnt Schemel.9.52 53

o PPh, 0
)O\H . DEAD(10 mol%)
Et0,C” “Me HOJ\©\ PhiOAc, 9
THF Et0,C” “Me NO
NO, i, 16 h 2 2
65% Yield
/\ > 99% ee
0
H O
SONG W ~ \’O“[TN:NJLO/\
1NN i
O H
1.21
1.22
PhIOAc; Phl + 2AcOH

1.23
Schemel9: Toydés azodicarboxyl ate catalyzed Mitsunobu

Another catalytic Mitsunobu reaction was established by IshibatsHi>* In this
process Ishibashised anron catalys, iron phthalocyanine (FePt)24 to oxidisethe
hydrazinel.25 back to an azodicarboxylale26 using atmospheric air as a source of
oxygen Schemel.10.
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PPh3 (2.0 equiv)

OH o) DCPEAC (10 mol%) Q
J 0+ FePc (10 mol%) o
EtO,C~ "Me  HO — =
THF, 5A mol sieves A~
NO, 65 °C, 24 h EtO0,C” "Me NO,
50% Yield
/\ 97% ee
-

Schemel.10: Ishibashi's FePc/azodicarboxylaxglyzed\/litsunobu reaction.

Both variationswere a significant improvement over traditional Mitsunobu reaction
design. In combination with catalytic azodicarboxylates the Mitsunobu reaction has
also been proposed with catalytic phosphind.27°>° Though this is not a truly
catalytic process as stoichiometric quantities of sila@8are required to reduce the
phosphine oxidd.29 Schemel.11.

0
2
G@(zo mol%)

0 PhSiH, 0
OH DCPEAC (10 mol%)
.+ Ho FePc (10 mol%) ©)
Et0,C” ~Me PR
NO, THF Et0,C” "Me NO,
23°C, 18 h
68% Yield
PhSiH, >99.5% ee
1.28

TN 3

v 1.29

PhSiH,OH
Schemel.11: Mitsunobu reaction with a catalytic phosphine.

In 2019 Dentoret al introduced the concept of a redox neutral Mitsunobu reaction
Schemel.12.%° This process uses a specially designed phosphine &30avhich
eliminates the need for additional reductants or oxidants as presentéemes 1.8

& 1.9. This advancement was reported to improve the mass efficiency of the
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Mitsunobu by 65%This has been verified by computer models by &oalwho also

used in silico techniquée predictimproved catalysts’
, Reflux (Dean-Stark), 72 h 2
0
O NO
©\/?\)‘\©\ 2
Me
NO,
H,0
Me
g e QAL
© Me
0

HO
Ph\P//\D 0 NO,
h/
92% Yield
NO,
HO HO
P
PH
1.30 2
Ph%/
Ph”
Ph Ho
Ph\\\j© NO,
P
NO,
OH
t “NO,

O NO,
OH P
Me o Xylenes (0.08 M) Me NO
96% ee
O
(@)
S
@\/Q\;‘@ O)K©\
Schemel.12: Redox neutraMitsunobureaction.

The first detailed study for coupliradcoholswith nucleobasethroughthe Mitsunobu
reaction was reported in 2007 Byi et al®® The coupling between purinds31and
alcohols 1.32 was successfully performed at room temperature, although as the
solubility of substrates decreased, reflux conditions were required. The coupling also
cleanly inverted the stereochemistry as expectéddMitsunobu &2 reaction and the
coupling was also regioselective to give primag@-substitution product 1.33
Schemel.13.

OCONPh, OCONPh,
N OH  ppr NfN
SN + PPhs 72
—_— >
¢ PN ~ THF <N LA
NTSN“NHAc  TBSO N” “NHAc
H 70°C,12h
TBSO
1.31 1.32 1.33
93% Yield

Schemel.13: Mitsunobu reaction witlpurine1.31
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The Mitsunobu coupling of sugar motifs with nucleobases nucleophiles has been
developed by Downegt aland covers a considerable scope of substrat®sn their

initial communication the scope was limited to soluble purines, pyrimidine cytosine
failed to react due to poor solubilfyUsing a modified procedugtycosylationwas
possible for substrates which previously failedpsine, guanine,-8Buorouracil were

able to undergo MitsunabcouplingSchemel.14. This was possible as fir&O-
tritylribose 1.34 was converted to stable intermediate35 through reaction with
P(Bukx and ADDP followed by addition of theleprotonated nucleophille36 which

stereoselectivly opened the epoxatel lead to produdt.37.

0
¥-Ny-NH,
‘ 0
HN _
1) oH PBus 0 \/7’1.36 YN\ NH,
Tr/\(_)ﬂ ADDP TVAQ" NaH 0 NJ
—> y
o MeCN oo DMF Tr/\f_]‘
HO  OH  tt, 15 min HO rt, 12 h HO on
1.34 1.35 1.37
39% Yield

NP

Schemel.14: Mitsunobu reaction witlpurines angyrimidines.
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1.2.2. Enzymes

Due to safety and efficacy concerns surrounding dthgscontain chiralcentres,
requirements mean that they must be evaluated as simghtiomersThe useof
biocatalysts and enzymes can be an extremely efficient and reliable netbiotin

an enantiomerically pure compounés®3The use of biocatalysts can also enable the
reaction to be performed in water rather than organic solvévdter is the most
abundant substance on the planet and is therefore the cheapest and most

environmentally friendly solvent availab@.

The dug Pregabalinl.38 marketed by Pfizer as Lyric an anticonvulsant rad
anxiolytic medication is an excellent example of green chemistry and process
development? The original synthesis of Pregabalit88 was racemic and required
resolution with a chiral salthile it may have been cost effectjveis not efficient

so anmproved process was develogé@Theoptimisedroute to Pregabalih.38 made

use of & enzymatic kinetic resolution early in treynthesisSchemel.15. This
allowed the separation of the desired enantiomires®dium salt through an aqueous
wash. The unwanted enantiomer remained in the organic layer and was recycled.
Advantageously the desired enantiomer was then converted into Pregabalin using

water as the solvent.
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https://www.sciencedirect.com/topics/chemistry/enantiomer

Original route

CO,Et CO,Et i) KOH
. COEt . pr,NH P KCN reflux, 5 h COH
—_— — Y
Y\CHO <co o “oon COEt ~Eron COEL i) Sponge Ni, H, Y\{\ 2
2B oflux, 24 h 25-40 °C, 24 h CN 50 psi, rt, 19 h NH,
1.39 1.40 jii.) AcOH
89% Yield 94% Yield 70-75 °C 73% Yield
i . OH
(S)-(+)-Mandelic acid COH CO.H
— = —_—
3% viv H,0/IPA Y\(\ 2% -ooc 95% viv THF/H,0 \r\(\ :
65-80 °C, then cool to rt NH3* 60-65 °C then cool NH,
2 cycles . to 0-5°C 1.38
70% Yield ° i
99,;% oo Pregabalin
25-29% Overall yield
99.4% purity
>99.95% ee
Optimised route COLEt CO,Et Lipolase (8%)
COEl  pprNH _ KCN 150 nM Ca(OAc),
+ —_—2 —_— —_— >
YCHO <co £ AcOH COEt  EtoH . COaEt pH 7.0
2= reflux, 24 h 25-40°C, 24 h ¢ .24 h
1.39 o v 1.40
89% Yield 94% Yield
Recycling of (R)-1.40
NaOEt +
Toluene
80°C, 16 h
CO,Et
2 CO,Et i) KOH (aq)
v “CO,Et + ‘Nat —— COH —rt1h o CO.H
\(\éﬁ\ 2 Y\H\C(Dz Na Reflux \r\é;\ 2 ii.) Sponge Ni, H,
CN 80-85 °C 50 psi, IPA/H,0 NH,
rt,<5h
(R)-1.40 (S)-1.41 1.42 1.38
Pregabalin
85-90% ee (not isolated) quantitative conversion
> 98% ee > 99% ee after recycling (R)-1.40 once
45-50% conversion 40-45% overall yield
99.5% purity
99.75% ee

Schemel.15: Development othe synthetic routes feregabalinl.38

The optimisecchemoenzymatic route to Pregabdli@8 had several advantages. The
overallyield wasincreased by recycling the unwanted enantiomer, this also reduced
the waste from the procesBhe use of a biocatalyst enabled the final steps of the
process to be conducted in water; kinetic resolution, hydrolysis and hydrogenation
reactions. These dewgiments dramatically improved the efficiency of the process as
shown through Pf i z e-Faoter wasetluced toma@8htal7ythei s .
optimised route uses x5 less chemicals and x8 less solvent, also the volume of organic
solvent was significaty reduced due to the use of water in the final three steps.
Interest has remained in the chemoenzymatic route to intermediates of Pregabalin as
recentlyVinigiri et alhave developed an enzymatic synthesis using readily available
enzyme CAL B The synthetic potential of enzyme catalysis is conlstamowing

and leading to cleaner and more efficient processes within the pharmaceutical

industry53 6668
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Other example of biocataligs includel the synthesis of aliphatic and aromatic
oligoethersusing CALB in a solventless systetfiThereduction of amides to amines
Anaerobic bacteri€lostridium sporogenebas been showreduce benzamide to
benzylamin€® Biocatalysts has been applied to the synthesis of enantioenriched
amidesl.45 This was achieved through directed evolution df Pénzymes leading

to intermolecular benzylic €1 amidation an example of the-@ activation 0f1.43

and addition of amid#&.44is shown inSchemel.16.
(6]

HNJ\/\Ph

H P411-variant
/©/\ + inO'N\n/\/Ph whole cells
_
MeO 0 2.5% EtOH
0.5 mM Tween 80 MeO

M9 buffer, pH 8.4

M, 24 h 1.45

87% Yield
>99% ee

1.43 1.44

Schemel.16: Biocatalytic benzylic amidation.

Finally, a process usingCAL B has beendevelopedto allow access to
enantiomerically pureS) & (R) 4-(acyloxy)pentanoic acidsom bio derived racemic
o-valerolactong? The process also provides a pathway to separate theanarsiof

GVL as ) & (R)-GVL can both be obtained. Theork highlights multiple aspect of

green chemistry; biobased resource, biocatalysts, green alternative solvents, also the
authorsevaluating the reagents and solvent used in each reastmise reaction

metrics in order to validate the improvements in their process.

1.2.3. Solvens

Thesearchor alternative solventsould be consideredne of the most active topics
of researchvithin green chemistry® This is due to the many roles solvents play within
the chemical industr{? The demand for alternatiw®lvens can also bénked to the
need to move to more renewable and cleaner resoasties currensolventmarket

is dominatedalmost exclusively bypetroleumderivedproducts’* Solventsare often
the largest singleeomponenin the productionof cleaning agents, adhesives, paints
and varnishesThey account for the vast majority of waste generated chemical
processand typically account for around 880% of the massf all materialsin a

productionbatch”
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The greenest solvent choice would be to use no solvent &helle has been a great
interest in recent years in the development and use of solvents that have a less harmful
environmentaleffect and safer healtland safety properties. An approach that is
becoming more common is the use of solvent selection guidéls, nwmerous
publications with multiple selection criteria and a ranking system of solvents based on

their fAgreenness®™ over the | ast decade

In recent years there has been increasing interest in and applicationsbas&ib
solvents.These are solvent which can be derived from renewa&géstocks. Bio

based solvents can either be used as a direct replacement for traditional solvent or be
functionalized to improve their characteristics. Examples ofbbged solvents
included; ethanol2-MeTHF, D-limonene, p-cymene, o-valerolactone, propylene

carbonate and dihydrolevoglucosenone otherkimevn asCy r e We E

Despite the progress in developing newlbésed solvenisher uptake by industry is
generally slow. This could be due to difficulty in procurement. If an industrial process
was developed using a solvent the company would need to confidence that the supply
of the material was secure as it is not always possiblédoalmanufacturing route

once it has been approved. Another factor delaying uptake of these solvents could be
the unknown toxicology and ecological properties they possess. Just because a
material is biederived does not guaranttet it issafe or greener when compared

to traditional petroleum based solvefts® One of theareas identified by the ACS
GCIPR wasfwiable replacements for dipolar aprotic solvemt3able 1.2 entry 7
(pageB). The inclusion othe wordviablecould relate to the previous issues discussed
aboutimplementatiorand uncertaintyThe desire to have an alternativeraditional

dipolar aprotic is due to thecreasing restrictions on their usdydipolar aprotic
solventshave a uniquability to promote a wide range of chemistvich is due to

the solventsvery high polarity andsolvation ability’* Traditional dipolar aprotic
include dimethylformamide (DMF), dimethylacetamide (DMA) andl-
methylpyrrolidone (NMP)The pursuit fo replacements of DMF, DMA and NMP

will not beaneasy task given the unique combination of properties that a replacement
will have tofulfil . In the search for replacement dipolar aprotic solvents Batriaé

identified a group of compounds containing tamide groups withiN-butyl side
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chains, that could be synthesised fromsed succinic acid and alkylbutylamfie.
The results obtained were mixed, ttempounds did not show any alarming toxicity
issues angerformedwell in some common reaction but did not have as high polarity
as anticipated.

A promising replacement for dipolar aprotic solventSysenewhich isderived from
celluloseand itsHansensolubility parameterare similar to NMP3 84In a practical
environment Cyrene has been used successfully in amide synthesis through acyl
chloride and HATU mediated couplings addnogashira and Cacchi type annulation
reaction$® 8 However, some limitationshave also been reportedhich include

incompatibilities with strong acidr base®’

In aneffort to move away from petrochemical based solvents a viable alternative to
replace toluene in polymer chemistry was developed at the University of York.
2,2,5,5Tetramethyloxolane (TMO) is a potentially bderivable solvent with
comparable properties to THF and toluene. The tetramethyl groups give TMO
excellent resistance to peroxide formatféft To conclude, ppylene carbonatean

be synthesised from propylene oxide and carbon didXid2lt a is biodegradable
solvent which has be successfully used in numerous applicatigdspgenation
reactionsas well agalladium catalysedubstitutionaldol, and Heckreactions’+%®
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1.2.4. Reaction metrics

One of the key developments in green chemistry is reaction m&tHeahey allow
chemists to quantify their reactions and see how efficient it is or what the
environmental or health and safety impact of a proces$§“avietrics should be simple

to use and understand ahey can bepplicable to every level of chemical education
and industry; from laboratories in high school through to large scale industrial
manufacturing. The pharmaceutical industry has adopredess Mass Intensity
(PMI) as its chosen metric due to the lack obéaynity in generating dat¥: %9 192, 103

The abundance of metrics can make selactodifficult choice, so in order to
overcome manual selection, to simplify the analysis and to standardise the reaction
metrics analysis process a toolkit was developed through the Chem21 con$8rtium.
104

Chapter two explores the metrics; PMitom Economy AE) and Reaction Mass
Efficiency RME) in detail and thentroductory section describes these metrics along
with several others in considerable detail thereforespieeifics ofindividual metrics

will not be covered in thisection

Metrics and metric toolkithave been used by numerous researchers and industria
chemists to gauge the efficiency of their proc&aveet al used a detailed metric
analysis to assess thahemistryand compareheir methodology with previously
reported procedures by comparisontibé metricPMI.”? 105 They also critically
evaluated the reagents and solvents used in their work from the principled of green
chemistry. After ging PMI to highlight the improvements in their chemistry the
authors went a step further and used the PMI data to highlight an area within the
process which would benefit from future reseame Chem21 metrics toolkit was
also appliedto chemistry develped byGaddeet al'® The metric analysisvas
designed to appraise the greennesseiir tvork. Carefully selected examples from
each of the alternativenethodolgies found in the literaturgvere selected and
analysed by the metrics toolkit. This allowed #@nathors todeterminethe green
potential of the new vs the statéthe-art methodologiesThis metric analysis for

both these exampled was written up in detail and included within the supporting

information of each publication.
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1.3. Thesis objectives

The coe objectives of this thesis are tse the principles of green chemistry to
improve the synthesis of pharmaceutically relevant compounds. The methods
involved will be guided by madsased reaction metrics using the toolkit developed
by the Chem21 consortiu Improvements should involve the use of alternative

solvents and reagents, ideally derived from renewable dvdsed resources.

The topics covered in this thesis will be split into three main chapigdsthe
background for each chapter willbe dissulsd wi t hi n t hat chapterds i

Chapter two will focus on the limitations of masased metrics, in particulaPMI

but also AE and RME. A detailed metric investigation into amide formation will be
performed and the results of the massed meics obtained will be critically
evaluated. The limitations of the data will be discussed along with guidance on how

to obtain reliable metric data that can be fairly compared to another process.

Chapter three will be guided by the results obtained frogtrimanalysis of several
synthetic processes. First of all, focus will be on the synthesis of the nucleobase
cytosine. The solvent, reagent and raw material used in the synthesis will all be
investigated. Then attention will move onto the applicabilityhefMitsunobu reaction

in nucleoside couplingetweenl,3-oxathiolanes and cytosine.

Finally, chapterffour will focus on theuse ofa potentially biederivedBrgnstedacid
p-CSA, applyingit to common and traditional reactions within organic synthesis.
C S A abdity to catalyseéOH activation anesterificatiorreactionsalong with acting

as a catalyst iprotecting group formation will be explored.
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Chapter 2

Process Mass Intensi{i?MI)
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2.1.Introduction

2.1.1. Development of reactions metrics

There have been sever al met hods devel ope
Anastas and Warner developed 12 principlegre@énchemistry and theseherevery

quickly adopted as a methodolodgterminng what makes a process gre€h.

Before the introduction ajreen chemistrynetrics, the efficiency and sustainability

of a process was a difficult concept to evaluate and quantify. The development and
introduction ofgreen chemistrynetricsprovided a method to describe and evaluate
the credentials of a reaction or process gdimgra numerical value and thus allowing

aspects ofireennesso be quantified® 17 22 101, 16810

There has been much debat®ut methods that can be used to evaluate a process or
synthetic route angthich metric or combination works beetgive the clearest insight

into a systm.!°? The underlying theme these discussions have is the need for a metric

to be objective, clearly definednd for its data to have the ability to drive

i mprovement . Each metric has its indiviod
individual thoughts will also play a role with regards to how they conceive a hazard

and how they apply mass based metrics.

Page R7



2.1.2. Types of metric and their use

Thestrict definition of a metric is a system of measurement.plinpose of reaction
metrics is tomeasure the parameters of a chemical reactigramess andise the
measurements to quantifile green credentials of a reaatior processGiven the
number ofgreen chemicainetrics available it is only natural thiere may be some
confusion when selecting a metric or analysis packageseand then also in
evaluating the results derived from the metric analy$is.purposef using areaction
metriq(s)is to generate a quantification and descriptiorttergreen credentials tife
reaction or processrhis data could then dicate how efficient a given process or
reaction icompared to anoth€eFhis comparison may appeartie valid at first glance
but throughout this chapter the pitfalls of comparing metric data will be shown this

will highlight why a comparison may not be as straight forward as first thought.

2.1.2.1. Historical and classicalmetrics

Established metricwhich are commaly usedin academia anthe chemicahlnd the
chemicalinclude percentage yiel(Equation1) which is generated by dividing the
moles of product obtained from the reaction by the number of moles of the limiting
reagent used. A perfect reaction shagilke a yield 0f100%.Conversion(Equation

2), expresses the quantity lohiting reactant which has been consumed in a reaction
as a percentagdhe maximum valu@ossible isL00% conersion (consumption of

all the limiting reactant) Conversion can be a useful metric for optimising reaction
conditions as a high value with low yield can indicate decomposition of reactant or
generation of an unwanted side produ&imilarly, a low convesion and low yield
could indicate that the reaction conditions may have scope for improvement as the
selectivity (Equation3) would be high. Selectivitis a metric which links yield and
conversion. Low yields and high conversiomdl give generate a poaselectivity,
whereas a reaction with faigh yield with high conversionswill producea high

selectivity, or vice versa

Thes three metrics are included in many papers and metric analysis tools as they are
familiar and easy to use and calculafbese three metricso are easy to relate, to
as a high yield, high conversion and high selectivity are all desirable qualities of a

process.The opposite to this is also true, if a process has low yield, conversion or
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selectivity this would be undesirable. These metrics can be useful in early screening

and give an indication towards what improvements are required.

i 17T 11Am0OT ABAOD
1 AEE | Exred AT
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Equation 1: Percentage yield
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Equation 2: Conversion
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Equation 3: Selectivity.

However, allthreemetrics focus on the product which is formaatlbor the limiting
reactanthat is consumedrhe metrics yield, conversion and selectivityigitiore any

other inputs or outputs of the process suchtessolvent(volume or hazardswaste
produced,quantity of reagentsised, health and safety aspects of the reaction and
energy requirement$-or example, if a given reaction had a fourfold excessef o
reactantandquantitative results foyield andconversionthereforel00%selective jt

would appear to be a very promising process when assessed frdatdhgenerated

using these three metricBut the same reaction also makes use of highly toxic and
energetic reagents and is performed at cryogenic temperatures, these details would not
be accounted foi his simplistic scenario shows why a more holistic and system wide

view should be considered

Another limitation with the metrics yield, conversion and selectivity is that they cannot
accounfor recovery and recycling of reactants. A good example of this was shown in
Chapter 1 Schemel.15 for the manufacturing of Pregabalin38 The process has
one step with a conversion of-88% but the unreacted material is recycled, this act

cannot be captured in the metrics as they are written inieqad.i 3.
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2.1.2.2. Atom Economy (AE) & Reaction Mass Efficiency (RME)

Oneof the early greenmetricsdeveloped to progress beyond yield, conversion and
selectivity wasitom Economy (AE) introduced by Trost in 1991This metric began

to consider more components of a reaction or process than solely the product or the

limiting reactantas discussed in section 2.1.2.1

AE is a straightforward calculatiomhich determinedow efficiently a reaction uses
thereactant§Equationd). AE isreportedas a percentage and the higher the figiuee
more economical a step, or series of reactiorareas there are leggoms unusedr
converted intsideproductsand considered wast&s AE is a simple metric there are
severalimitationsthatshould be considere@he metric only looks at the efficiency
of atom transfer fromreactantto product and numerous other factors are not
considered, such as solvemtagents overajlield and stoichiometric excess of reagent
or reactantsissues can occ when calculating the AE of twstep or multistep
processesAE also suffers the limitation of subjectivity, what one person deems as a
reagent or reactant may differ based on experience, knowledge or understaading.
produces aheoretical value whiclassumeghan the reaction begins with an exact

stoichiometric gantity of startingeactanandproceeds witla yield of 100%.

- 11 A AN EAICEG. O EDGDA A O A O
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Equation 4: Atom Economy

' %

An improvement toAE is Reaction Mass Efficienc\RME, Equation5). RME was
first introduced in 2001 by a group from GlaxoSmithKline (G$K¥)t is a massed
based metric andonsiders the yield of product and the total mass of reactants, and
therefore the stoichiometry of reactants. This means that RME can add value in
screening reactiortsut does not consider solvent usage, wapkor waste produced.

- AGGEOT 1 PAGDAMO A O
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Equation 5: Reaction Mass Efficiency
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AE is a theoretical maximum valuwehereasRME is calculated from observed data, a
comparison of the two metricsrche observed through the metric, optimum efficiency
(OE) which was first introduced in 2015 by Clakal (Equation6).1*

2-%

/%!%

pTT

Equation 6: Optimum efficiency

One consideration that is essential for reaction metrics is that the parameters should
be clearly defined. One issue that can be identified is the definitiomeafcéantin
somecalculation of AE/RME the user will only select the primary reactantsinbut
other calculations the useray include reagents that are needed at stoichiongetric
higher) loading because they are consumed in the process and donate atoms to an

intermediate, g. thein-situ formation of an acyl chloride in amidation reaatio
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2.1.2.3. E-Factor and Mass Intensity (MI)

Another early mass based reactiortisactorwhich was introducethy Sheldon in
199215 9 112E_Factor(Equation?), was developed to focus on the waste produced
from a given process or reaction adiffers from AE by taking account of several
additional factors. Firstlyg-Factor carconsider the yield ahe reaction and auxiliary
inputs into a process, e.g. solvents and material used during theipr@akhough not

all users of E factors include solvent and few use the process water) Secendly, E
Factor can be applied across a msilép process whereA& is generally applied to

a single step.

-AOGET GAIOER
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Equation 7: E-Factor

E-Factor is relatively straight forward thetermine and analyse; a perfecE&ctor
would bezero, high number indicates a large volume of waste produced and higher
environmental impactOne drawback of factor is thattidoes not have defined
boundariesor definition for what is considered waste.Therefore, variation can be
observed wherthis metric is implemented by differentisers Is a side product
considered waste if it can liolatedand utilised in anothgsrocessor if unreacted
starting material is recovered aretycled back into the original proc8%ye gasses
that pass through arstober includedhn the calculatiofIf the solvent is distilled from

the reaction and then used next timé & waste productPhese questions highlight
some issues that can ariseemanalysing the outputs of a process. Therefore, when
two processes at@eing compared, it is crucial that the material being considered a

waste should be defined and be the same for both calculations.

Industries have been ranked according to thdtaEtor which is shown ifiable2.1.

Oil refining has the lowest-Eactor because there are practically no losses when oil
is fractionated, every faction is considered a product and there is only one major
process. In stark canatst to this the pharmaceutical industry has the greateattor.

This is because a product is generally achieved through a process involving multiple

steps and transformation, each of which may require an additional purification.
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Table 2.1: E-Factor for sectors in the chemical industfry

Chemical sector Approximate Approximate  E-Factor
production (t) waste (1)

Qil refining 10°-1¢° 10°- 10/ <0.1

Bulk chemicals 10°- 10° 107 5x1C° <1li5

Fine chemicals 107 - 10¢ 5x1C¢ 1 5x1¢ 57 50

Pharmaceutical 10-1C° 25x1¢71 10° 257 100

Oil refining also begins with a crude oil, and the calculation does not consider the
resources and waspgoducts in the mining operations used to obtain the resource.
Therefore, is it justifiable to claim that oil refining is the least wasteful or most
efficient? This example again highlights a pitfall when using a single metric to

analyses a process and tb&ues that can arise when definitions are not defined.

Mass intensityEquation8) considers yield, stoichiometry, solvent and reagents and
is expressed as a mass rather than a percent, the ideal result would beaf.dl
compared with B-actor(Equation9). When the Ml for a process is considered it is

referred to as Process Mass Intensity (PMI).
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Equation 8: Mass intensity
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Equation 9: E-Factor related tiMass intensity
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2.1.2.4. Process Mass Intensity (PMI)

PMI is the most complete makased metric and is the metric that has been adopted by

The American ChemicalSoci ety Gr een Chemistry Il nstitu
Roundtabl§ ACS GCI PR)!? They chose PMI because of its focus on material input

into a process rather than a metric such-&aé&tor which focuses on waste produced.

This is due to studies showinggt theenvironmentalife cycleimpacts ofproducing

an active pharmaceutical irggtients (API) raw materias considerably greater than

the environmental impacts attributed to the wastelucedusing the raw material®

However, it could be interesting to investigalf this is valid for extremely toxic and

hazardous waste, i.e. Chromic waste from oxidations or acidic aluminous waste from

a Friedel Crafts reaction.

PMI is popular as it encompasske mass of all the material used ipracesgelative
to the amounof isolated produdiEquationl10). Materials considered in its calculation
include reagents, reactants, catalystdyents (reaction & purificatiorgnd workup
materials. The PMI value can also be viewed in terms of itsifpuits orexpressed
as the amount of reagents, reactants and catalystz(EVHNd solvent (PMbw)

relative to amount of isolatgatoduct PMI).
O O AIEGD Ol AAB®I ARAD
i AO@&OT AOGAO

Equation 10: Process Mass Intensity
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Equation 11: PMI expanded

i AOO i AOO i AOO I AOO
I AOGEOT IDA@MWABMOAO 1T AGQGEOT 1DAMAMOA O
Equation 12. PMI as PMkrc & PMilsoi.

0-)0-) 0-)
Equation 13: PMI.
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PMIl is also a popular metric as is it much easier to avoid confusion when calculating
and selecting which parameters need to be includezlvalues from PMI can be used

in conjunction with other metrics to give insights into processes. While these metrics
alone may or may not be useful their inclusion in a metric toolkit or data base would

be of benefit as these databases should be designed to enable a used to filter the results

and obtain a range of data.

7AOBAOAAT QA Ap

Equation 14: Waste percentage

2.1.2.5. Solvent selection & hazardous materials

The largessource 6 waste inthe chemical industrjs the solvent!!* This can be
identifiedthrough the use of assbased metricand therefore it isinsurprisinghat

the search for alternative solvetsuld be considerethe most popular topic within
greenchemistry® This can be supported by the fact the American Chemical Society
Green Chemistry Institute Pharmaceutical Roundtable (ACS GCIPR) has shown that
the synthesis of 1 kg of active pharmaceutical ingredient (API) will genarabed

46 kg of waste, of whicB6%will be due to organic solventand32% from aqueous
waste’® The issue around solvent waste has also been highlighted by
GlaxoSmithKline (GSK) They estimat¢hatsolvent usage accounts for 8@0% by
mass of waste produced from a baittla pharmaceutical of finehemicalsynthetic

process?

Most metrics focuon quantities of the materials use, molecular weights, mass or
volumesof reactants, reagents and solvefitile this is useful for identifying the
efficiency of a process it does nmghlight any healthand safetyor environmental
concerns with the solve(s) or reagents choseihis is a very important parameter
and one that needs to be considevldn evaluating the green credentials of a process
as many conventional solvents are flammable, toxic and/or corrosiveefmdus
solvents are also classified as volatile organic compounds (VOCs) pwtesknt
additional hazards to operator and the environmenérefore,the environmental

impact of a process is almost always linked to the choice of s@wnentonsequently
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any improvement in the environmental impact camioge easilyobtained by altering

the solvent rather tinethe chemistry®

Given the large impactthat solvent has omassbasedreaction metrics and the
environment performance of a process, especiallthe pharmaceutical industry
several large pharmaceutical companies have developed solvent selection guides with
the aim of allowing users to make informed choices about the solvents they select
This is achievedyy highlighting problematic, acceptaldaed desirable solventhese

guides have been created and publishexn efforteducate and encourage movement

away from hazardousndundesirablesolvents’¢8% 115

A problem that exists with various solvent selection guides is criteria used to assess
and rank solvents. In the guidgsolvens ratingdepend on the parameters that have

been includedn the screening proceasndthese may be influenced tiyec r e at or 6 s
perceptiorof what is important to their industry or proce8sprocess, medicinal and
analytical chemist will each haparameterthat are inportant to them therefoesach

operator may view different parameters with a different attitude, i.e. the use of diethyl
ether may be acceptable to a analytical chemist whereas it will generally never be
acceptable to a processemist.Another factor to onsider is that diobasedsolvent

should not be confused with greerer solvent. E.g. Bioethanol from primary
fermentationcan beviewed ascontroversialdue to thelarge proportion of land

required to growcornfor its productiontherefore is it truly green solvent?

2-Methyltetrahydrofurarf2-MeTHF) has long been considered a viable replacement
for tetrahydrofuran (THF)It is an aprotic ether which sits between THF and diethyl
ether in terms of polarity and Lewis base strermytl is suitable for aariety of
organometallic reaction2-MeTHF can be produced from feedstock derived from
biomass such as furfurallor levulinic acid2.2 Scheme2.1.11® While 22MeTHF has
some benefits over THF it still has some limitations. Compared to THeTHF

can more readily form peroxides in air besa of the tertiary H present in 2
MeTHF 1Y/
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0.5 mol% [Ru(acac)s]
0.6 mol% Triphos

|I,\o)_/<o 2 mol% p-TsOH & NH,PFg EO)_
7\ H, 10 MPa
2.1 1,4-Dioxane 2-MeTHF
195°C, 18 h Yield = 97 %

o} OH
)l\/\n/OH &; )\/\n/OH i} \EO)=O i»
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2.2
OH
M - \EO)_ > OH -H;0 0
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|O - )\/\/OH Q_

2-MeTHF

Scheme2.1: Bio derived gnthesis of 2MleTHF.

While furfural2.1is considered renewable and sustainable it is also classified as toxic
and carcinogenic. In contrast to thisrigthoy-3-methytl-butand is derived from
petroleum feedstock but has a good human safety pt4iilderefore, which solvent

IS greener?Is one solvent better just because it can be classified as
sustainable/biobase&mally, when a life cycle analysis (LCA) was performed on the
manufacture of 2MeTHF it highlighted the need for careful selection of biomass
resource and the results of a detail&A showed not all biobased chemicals could

synonymously B%® called fAgreeno.
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2.1.2.6. Other metrics

The list of reaction metricsavailable to choose fromis extensive a very
comprehensive review b@onzalezet al has four tables covering most of th&thA
smallexample of four less common reaction metrics avergbelow(Equation15-
18). Carbon efficiency (CE) & Atom utilisation (AU}! Environmental quotient
(EQ) 112 121aIs0 Effective mass yield?
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Equation 15-18: Carbon efficiencyl5, Atom utilization16, Environmental quotierit7 &
Effective mass yield 8.

2.1.3. Accessibility and practicality of massbased reaction metrics

An extremely comprehensive lisf metrics has been published by Gonzateal*?°

Their publication includes 140 metrics covering enviroraleafficiency, economic and
energy indicators for sustainable assessment of a chemical process. This large range of
metrics makes the possibilities for analysing a process somewhat emtflesskes the
analysis of the data generated more difficulty a®uld be unlikely thathe samenetrics

would be comparednd therefore how can any meaningful result be derived from the

data

A way to standardise the use of metrics and pralatéy in how a process was screened
was through the development of metric toolkits or a screening program that generated data

through multiple metrics.
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As part of the CHEM21 consortium a oOounif
combined multiplemetrics into a single usdriendly databasé’® Toolkits are
especially useful as not all metrics are equal, and each industry or company has their
own preferred metric. Combining sevenadll-known metrics and the development of
three new ones (optimum efiency, renewable percentage and waste percentage)
allows direct comparisons to be made between processes and through this highlight
any bottlenecks or problematic areas withifitAlso it has been designed to analyse
reactions with a light touch at very early stages of development (mg scale) through to
very in depth analysis at mukp scale. It is also hoped this toolkit will become

an educational tool, allowing chemists to continually think about and analyse their
chemistry, eventually leading to the use of green and more sustainable techniques

becoming second natut®.

The unified toolkit is comprised of 4 screening passes, starting off simply at

Adi scoveryo stage and increasing 1in c¢omg
finally fAcommercializationo. dfhastiwa oft ool ki
describing the green aspects of a reaction and immediately reveals areas that could be
improved.The toolkit was designed tocorporatdraditionalmassbasednetrics such

as yield, and atom economjongsidemore detailed metrics like PMin addition to

the masdased metrics environmental, Health & Safetystainabilityand energy

parametes were considered; such as solverglements of concern, substance of

concern and temperature of reaction. Combining all these factors gives a sareh cl

picture of the overall process and should highlight many other issues that traditional

metrics would miss.

Other toolkits have also been developed to @drsmeasure the greenness of a
process anduantify theirchemistry with the aim atlentify areador improvement
Merck developedMe r ¢ k 6 s™ whi€hZilNa wekbased app/tool that has been
designed around the 12 principlesgoéenchemistry and allows users to calculate a
green score. This score is reflective on how sustainable egzsidherefore, a lower
score could indicate areas that require improverifént.
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Other companies such as Croda measure their greenness and suitability through the

United Nations (UN) 17 Sustainable Development Goals (SB&$)These are a set

of 17 global goals with 169 specific targets measured through 230 indicators. These

SGDO0s have also been adopted by 195 gover nme

as a global sustainability strategy.

2.1.4. Chapter Aims

Throughout this chaptdrwill look at how mass based reaction metrics have been
applied to the analysis of chemical reactions and processes. The work presented in this
chapter willhighlight the possibléssuesandpitfalls that can ariseith metric analysis
and the problems settingrgetsbased on metrics can creaiée metric that most of
the analysis has been performed on is PMI. The metric PMI was chosenia#ihis
pharmaceutical industré s f ameiia to evaluate the green credentials of a
synthetic methodology and is frequently employed for guiding reelestion both in

a discovery and process and development research envirofthéfit > The pitfalls

and drawbacks of other metri(AE and RME)will also be discussed and the term
Agr een motduead ind dekcoibed as an alternative efaviewing a process

at any stage throughom discover to production.
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2.2.Results and Discussion

2.2.1. PMI in the Pharmaceutical industry: Case Study

P MI is the Pharmaceuti cal i ndustryds chc
quantify thegreennes®f a given proces¥? 12°127 One of the main factors for the

ACS GCI PRchoosing PMI was due to the metrics focus on input rather than output,
therefore trying to create aifficient process from the beginning rather than working

backwards.

Some companies have set targets based on idealised metric values such as Eli Lilly
(Lilly) .*?5 1t was reported that Lilly set a target for the PMI of all new commercial
APl 06s t o B éutquitkly @iscoveregl thitarget was not feasible and a
different approach was required. Consequently, Lilly discovered it was more
appropriate to adjust targets based on market demand and developed a system based
on molecular complexity and predicted marked demand to determpraetcal PMI

target for their proces$® Given the vast number of reaction metrics it is no surprise

that issues can arise when a target is set agasiagke metric, even if that metric

encompassed several aspects of a reaction or process.

Issues can also arise when direct comparisons are made between two reactions
yielding the same product using the same reactants, only differing with reagents. This
may appear to be a sound comparison, but can the data be reliably compared without
all the parameters of the reaction being taken into consideration?
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Table 2.2: An adapted comparisaf green credentials for amide bond formation with six
coupling reagents using the CHEM21 Metrics Todlit

H
[Nj . Eo)_qo Coupling agent (\ 0
—> N
N OH
H

2.3 24 2.5
Coupling agent

Entry 1 Entry 2 Entry 3 Entry 4 Entry 5 Entry 6

Silica2  Enzymé SOCI* B(OH)s¢ Pﬁébsf‘ HMDSf
Yield (%) 15 14 70 74 82 93
Calculatedwith only 2.1 & 2.2 excluding the reagents and ignoring intermediates
TraditionalAtom
Economy (%) 91 91 91 91 91 91
TraditionalRME (%) 14 13 64 68 75 85
Modified AE & RME considering the reagents and intermediate formed in the reaction
Modified Atom
Economy (%) 91 91 57 91 26 51
Modified RME (%) 14 13 23 68 21 a7
PMI reaction (g g) 122 115 31 27 39 22
PMI solvent (g ¢) 114 106 27 26 35 20

Solvent choice

—1
{1
—
[
—7
)
{

Catalyst?
Recoverable catalyst?

Critical element

1111

11t
—
i
—
o

111
1111

Energy

]
f A

Work-up
Health and Safety

Tt 11 itt

TtT1i1 11t

111
111

Chemical ofconcern?

1

Flag systemGreen flag™® preferred, mberflag " acceptabldut some issues and réidg ™ is undesirable.
A full key and explanation of tmeetrics analysis anflag classification can be found in the appendix.

Reaction conditiond (5 mmol),2 (5 mmol),2K60 silica (0.1 g, activated at 700 °C), neat, 110 °C, 14 h, then acetone
mL). ® Immobilized novoenzyme 435 (0.1 g), heptane (20 mL), rt, 7Zhionyl chloride (15 mmol), toluene (20 mL), 11
°C, 1 h.9Boric acid (0.5 mmol), toluene (20 mL), 110,°11 h& Triphenylphosphine (5 mmollN-Bromosuccinimide (5
mmol), pyridine (5 mmol), CkCl, (20 mL), 5 °C then rt, 1 h Hexamethylsilazane (5 mmol), 110 °C, 8 h.

Table2.2 is a goodexample of thenanyproblems which can arise when comparing
different reactionsTable 2.2. has beeradaptedand expandedrom the publication
Why we might be misusing process mass intensity (PMI) and a methodology to apply

it effectively as a discovery level metoig McElroy et al'%®

The coupling of piperazin@.3 and tetrahydrofura@-carboxylic acid2.4 to form

amide2.5was performed under using several different amide coupling protocols. The
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data fromthe six reactions was placed into the Chem21 Metrics Toolkit and the results
are displayed ifable2.2. These six different amides coupling reagents clearly display
the issues which can occur when metric data is directlyparedThe largest value

for PMI was faind in Entry1, thesilica coupling which had a PMI of2R g g* and

the lowest PMI was recordedth boric acidin Entry 4 at27 g g*. If the PMI was the

sole metric used to judge the green credentials of the reaction boric acid would perform
better than the enzymatic rout&his PMI result is interesting and somewhat
counterintuitive as most would have assumed that an enzyme would be more favorable
than boric acid, the flagging system too agrees with this as the enzymatic process has
numerougreen flags whereas boric acid has two red flags one for health and safety
and the other chemical of conceklihen looking deeper into the results for PMI it
becomes clear that ifable2.2 Entry 1 & 2 the high PMI results d22g g* and 115

g gt are due to the low yields, 15% and 14% respectively. These low yields are rather
surprising and would certainly warrant further optimizationT &le2.3 Entry 117 6

have been given a theoretical yield of 909y, leveling the yield it allows a fair
comparison to be made of each reaction.

Table 2.3: Metric data from Table 2.2 scaled to@verall yield of 90%

N
O, (0] f
Coupl agent
[] w S ‘/\JKLO)
OH

2.3 2.4 2.5
Coupling agent
Entryl Entry 2 Entry 3 Entry 4 Entry 5 Entry 6
Silica Enzyme SOCk B(OH)3 PPh:& NBS HMDS

Theoretical yield (%) 90 90 90 90 90 90
Calculated with only2.1 & 2.2 excluding the reagents and ignoring intermediates
TraditionalAtom 91 91 91 91 91 91
Economy (%)
TraditionalRME (%) 82 82 82 82 82 82
Modified AE & RME considering the reagents and intermediate formed in the reaction
Modified Atom 91 91 57 91 26 51
Economy (%)
Modified RME (%) 82 82 30 82 23 46
PMI reaction 20 18 24 22 37 23
(999
PMI solvent 19 17 21 21 32 21
(999

*A full explanation of the metrics analysis can be found in the appendix
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When the yields arequaledfor each entryour instinctive thoughts about the silica
and enzymatic reaction are proven correct, that they should lpectgerreactions.

In Table2.3 Entry 1 & 2the PMI results are now the lowest values, a direct contrast
to being the highest ihable2.2 Entry 1 & 2.

Why do the PMI results thecontradict our instinct about which reaction should be
more favorable and how do you judge a reaction to be favorable over an alternative?
Under what circumstances can a comparison between reaction metrics be méde and
acomparisoris madefor two reactons yieldingdifferentproductsor using different
reagents is it a fair comparisdimhese are questions which will be explored
throughout this chapter.

Anotherproblem withcomparing metric analysis is shownTiable 2.2 for the two
metricsAE and RME.The value for AE & RMEvalue can differ depending on the
factors considered in calculatingais mentioned briefly wheantroductionthe metric
in section 2.2.2. Thetraditionaldefinition for AE & RME is displayed ifcquation
4 & Equationb.
- T 1 A AN EACEG OBDAA AA OA O

ST T A KON EAEA AAOAP BD

Equation 4: Atom Economy

' %

- AGAEOT 1 BAGDIABD A O
47 OO aEAAROANTED
Equation 5: Reation Mass Efficiency

2-%

Both these metrics look at the mass of isolated or desired product over total mass of
reactantsBut what about intermediates formed in the reactiBn® stoichiometric
reagents considererkactants or reagents®so how are catalysts defined and
accounted for within these metric3he definition of reactant and reagent can
sometimes be misinterpreted, whidncauseconfusion about what components of a

reaction are included in the calculation.
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Reactant = asubstance that takes part in and is changed by a chemical reattion.

Reagent =a substanceisedto causea chemicalreaction,especiallyin order to find
outif anothersubstancés present:*

Catalyst= a substancehat makesa chemicalreaction happenfasterwithout being

changedtself.13!

If we take theexample reactionfsom Table2.2, the values for AE and RME reported

in blue (traditional definition)exclude the stoichiometric reagents in the calculation as
they are considererkagentsthey are not in the final produdBut if one was to
consider thenechanism for each procebss could lead to different AE and RME as
shown in Table 2.2 for modified AE (m.AE) and modified RME (m.RME) values
displayed inorange(modified calculation)in the modifiedcalculations intermedte
species are being considesghich include atoms from the reageand therefore the
reagent is acting as a reactant. Tdaalead toambiguity when considering @rocess

and entering data into a metric calculator.

An example of thimmbiguityis displayedn Scheme2.2. In Table2.2 entry3 thionyl
chloride(SOCb) hasanAE of 91% when the only piperazi2e3 andtetrahydrofuran
2-carboxylic acid2.4 are considered in the calculatiocBcheme2.2. But when the
mechanism of the reaction is considered it is clear to see that the acyl cBl6igle
formed from the reaction of SO£ind carboxylic aci®.4 producing HCI and S©
Scheme2.2. Therefore, our first calculatiofor AE and RME(traditional)including

only 2.3 & 2.4 is inherently misleading and does not give an accurate representation

of the reaction.
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“ 0

Q- 04, = o

N OH Toluene HN\)

H

2.3 2.4 25
116.12 g mol™” 184.24 g mol™”

Atoms considered in the traditional AE & RME calculation
=(184.24 / ( +116.12)) x 100 = 91%

H
r\o)_/<0 o o 0 N Q
w04 O — o’
cl” “cl
OH Cl N HN\)

2.4 2.6 2.3 2.5
116.12 g mol™"  118.96 g mol’ 184.24 g mol™!
Atoms considered in the modified AE & RME calculation
AE = (184.24 / ( +116.12 + 118.96)) x 100 = 57%
0 S
G o) H* CIr
P ~
CI” \Cl ¢y el cl (-O o
54 ¥ o ol Y
D O td ~
- Q_<\ v O 0" “CI
Co-H 0-H oJH’\Cr Q)\
2.4 ® ®

\ .

*@@“@*@“*@* @*
a0~ 9g - ole

N

N

H
NH NH

Scheme2.2: Mechanism of amide formation usi&Ch and AE calculation

The importance of including SO&h the AE/RME calculation would have also been
seen if a properly balance equation had been written. Correctly balanced equations
greatly simplify the process of categorising reactants and reagefigure2.1 the
example of two equations are shown. The first equation is how a chemist would
typically write the reactiomnd it could imply that thigs a single step process. The
seconcequations acorrectly balanced reaction. When observing the second equation
two aspects are more easily observed. Firgtlys obvious thatSOChk should be
considered a reactaand not a reagenas SOCb is a reactantin the formation of
intermediate2.6, thereforeshouldbe included in AE & RME calculation&econdly
intermediate.6 could be isolated if desired, therefore forming an2dausing SOC]

should be considered a tvgtep process.
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H
N o) 0
D O, o oo
oluene
OH
; S

23 24 2.5
A depiction of a reaction which would be routinely found in the chemical literature
H O
o 9 0 o 0 N 0520
w + i — w . [ j > (0] N/ﬁ
N + -
oH  CI” “CI Toluene o N Toluene N* Cl
H HCI y H
H
2.4 2.6 2.3 25
Isolatable

A correctly balanced reaction

Figure 2.1: Two equations for the reaction 8 with 2.4.

Not all reactions infable 2.2 pose problems. Entry 1 silica & entry 2 enzyme the
originally (traditionally) calculated AE and RME are the same even when the
mechanism is considered as theyolve the use otatalystswhich should remain
unaltered during the reactioin these examples nothing is consumed by through
formation of an intermediate and the structure of silica and enzyitheremain

unchangedand therefore reusable formation of the amide.

In Table 2.2 entry 4, boric acidB(OH)s) is used as a catalyst (0.1 eapd an

intermediate complex is formgethe quantity ofB(OH)z used isnot stoichiometric
such as in entry SOCb, entry5 triphenylphosphinéPPh) andN-bromosuccinimide
(NBS) or in entry 6 hexamethyldisilazan@HMDS). In this exampld(OH)zis a true
catalyst therefore including it in the calculation would be unfldiemechanism and

balanced equation for amide formation using boric acid is displayg&cheme2.3.
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0]

H

N o 0 OH

RSO SN G S
OH HO” " ~OH Toluene HN\)

N
H
2.3 2.4 2.5
JH H,0
H? ! 0 Cl)H 0 (é) 0y .
~ o ,B @ D
uo=B~on O ___y HO™PSE o) HO om
1) > \,
H HN-»
> oH Q_
NH
ot e OH OH
[ O) é ) é
Ho’B‘S’i\LO) HO™ 0~ o Ho “OH
— H~N _> H , +
® N o 0
<\ (NG (N
N HN HN
H \) \)
2,5

Scheme2.3: Mechanism and balanced equationdmide formation witiB(OH)s.

Whencomparing entry 3SOCb and entry 4B(OH)z in Table2.2, oncethe AE and
RME have been recalculated including intermedjatesmodified AE andmodified
RME calculationsof B(OH)s improve significantly when compared wittSOCb.
SOCbk modified AE 57% & modified RME 23% vsB(OH)s modified AE 91% &
modified RME 68%.These improvements should be expected given B{@Hjsed

as a catalyst. Howeves a direct comparisoaf these reactionfair given the other
differences in the reactions? Wheansidering the AE of both reactions, entry 4
B(OH)s is catalyticwhereas the reaction in entry 3 with S@@holves atwo-step
norntcatalytic processAnother difficulty with determining the AE for entry 3 is the
classification of SOG] is it a reagenbr reactant? If the reaction is considered one
step it could be a reagent butreality, it can bea two-step process sdassifying it as

a reactant is also correct. Femtry 3 and entry 4 thetie a 4% difference in yield
therefore the RME should bemparable although this may not be true givére
possible issues with ABoth entry 3 and 4 have a similar PMI, 31°bagd 27 g ¢
respectively again one is catalytic the other is not so can these values be compared
fairly?

Page 48



The next major diffenece between the amidation reaction w&®Cb and B(OH)3
comes from analysis of their health and safety profile.n&ec analysigoolkit used
in Table2.2 was a first pass analysis from tG&IEM21 unified metrics toolkit!®* A

full breakdown of the metrics toolkit and the flagding system can be found in the
appendixHealth and safety data wesviewed andssigredeither aPT undesirable

Ny acceptable but some issumst i preferredflag based orH-statements of the
reagents in use. hable2.2 entry 4 is the onlyeactionto have a red flafpr chemical

of concern adB(OH)z has beenncluded on the substances of very high concern
(SVHC) list due to itseprotoxicityissues .

B(OH)zis also the only reagent to score a red flag in healthsafetyagain due to
being classified abl360. (H36@¢-D i Reproductive toxicity)This flag wa assigned
in the initial screening zero pa&OCb received a yellow flag in the first pass metric

screen due to its classification of H331 (H33Acute toxicity by inhalation).

The designation of flags based oGlabaly Harmonized System (GH$)-statement

can provide useful informatio®ut caution could always be taken as classification of
substances can change when new information is available. When this metric analysis
was performedoluene was classified as amber (acceptable but some issuaahpy
solvent selection guidée$.’” 132If the same screening was to be performed today a
different conclusion could beeachedand some amber flags in the solvent category

might be changed to red.

Hazard classification & labelling of toluene according to the European Chemicals
Agencylo4

fiAccording to thénarmonised classification and labellif@LP00) approved by the European Union,
this substance may be fatal if swallowed and enters airways, is a highly flammable liquid and vapour,
is suspected of damaging the unborn child, may cause damage to organs through prolonged or repeated

exposure, causes skin irritation and may cause drowsinedizziness.
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Scheme2.4 shows a balanced equation and a proposed mechanism for the reaction
displayed inTable2.2 entry 5using PPhand NBS an amide coupling whe5 is
formed viaan acyloxyphosphonium s&t7 which is producedhrough areactionof
PPhs, NBS and carboxylic aci@.4. The reaction mechanismstown inScheme2.4.
The key intermediate in the mechanism is the acyloxyphosphoniu@&dittitially
PPhattacks NBS leaving a charged NBS intermediate which deprotonates &ebhol
generating succinimidé®eprotonated alcohd.4 then reacts with the phosphonium
bromide leading to the generation of acyloxyphosphonium2salt A lone pair of
electrons from a nitrogemsn piperazine2.3 thenattacls into the acyloxyphosphonium
salt 2.7 eliminating triphenylphosphine oxide2.8. This intermediate is finally
deprotonated by pyridinedvng the desiredimide2.5andpyridine hydraoromide

Originally traditional AE and RME werecalculated tdoe 926 & 75% respectively

but when the mechanism is examirnieds again clear to see that the reagents are
consumed and therefore should be included even though their atoms do not end up in
the final product. When PRtand NBS are included in the metriosodified AE
plummets from 91 to 26% amdodified RME from 75to 21% Including the reagents

into the AE & RME calculationgives the user a moraccurateview of what is

occurringin the flask
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2.3 2.4 2.5
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Scheme2.4: Mechanism and balanced equatfonamide formation with PR& NBS.
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HMDS was usedable2.2 entry 6. It is thoughthat the reaction proceeds through a
trimethylsilyl protected carboxylic acid intermediaB9 which is attacked by
piperazine2.3 and subsequently deprotonated by the TMS leaving group to form
trimethylsilyl alcohol2.10 Again, after the mechanism fohé reaction has been
studied it highlights the need to include HMDS in the calculation for AE and RME.

H o)
+ + NgitNeg” ———— \ .OH \ .NH
[ j wOH /Sl' SI'\ Toluene J(N/\ + /Si + /Si 2
i L_nH \ \
2.3 24 2.5 2.10
He H
8. NH
N N2
Nai” N Si
\Si/’ /SII (»S‘K I
(0]
o, (0 H. / ° ( -
~N

OS’ | 0,5
™ 3 i |
-H 0 ! O i
CIN —_— NK/ — <j/lL,O . HO,SI\
[ j NH NH 2.10
N 25

Scheme2.5: Mechanism and balanced equatfonamide formation wittHMDS.

These examples show the weakness and possible pitfate dfaditionalAE and
RME calculationas a simple oversight can havdramaticeffect on the outcome of
themetricanalysis This is contrasted ByMI, andthis contrasis one of the strengths
of the PMI metric: thevalues forPMI are constant and not varialdesubjective. The
parameters included in the calculation are aependnt on an assumptioby the
operator, therefore comparedttaditional AE or RME it is mare difficult to make an
error in thecalculation This lack of ambiguitygoes a long was isupporing the
selection ofPMI as the adopteshetricof choice forthe pharmaceutical industry.
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2.2.2. PMI analysis of amidation reactions

Moving on from the unexpeetl results obtained ihable2.2 anin-depthanalysis on

PMI was conductedlhe investigation began looking at the metrics mide bond
formationas this transformatiois the largest category of reactions carried ouhe
pharmaceutical industri6% ofall transformationgnvolve the formation of a amide

and over65% of processes contain at least one reacttori*Given that amide bond
formation is so prevalerand there are many different reagents to choose ftam,

not unreasonable to assume that most practicing chemists will encounter this type of
reaction at some point in their careAmide formationtherebre should be an ideal

transformation for a case study.

Severakeactiondor each amide coupling reagemrechoserfrom acomprehensive
review on amide coupling reagents Weisenburgeet al Scheme2.6.1** The most
popular amide coupling reagents according to number of publications in June 2015

are displayed iTable2.4.

Table 2.4: Amide coupling reagents ranked in order of popularity.

Number of
Entry Coupling reagent appearancesn the
review
1-ethyl3-( 3ddmethylaminopropyl)carbodiimide
1 hydrochloride (EDC) 54
2 Thionyl chloride (SOG) 42
3 Carbonyldiimidazole (CDI) 38
4 Oxalyl chloride ((COCB) 22
5 N,Né&dicyclohexylcarbodiimide (DCC) 14
6 Pivaloyl chloride (PivCl) 13
7 Isobutyl chloroformate (IBCF) 14
8 Propylphosphonic anhydridé P) 15

Given thata large varietyof coupling reagentsiere covered in the reviewe also
sought to cover a wide range of substrates which woldd/ahe metric analysis to
identify and highlight any potential pitfalls for a mdsssed metric. Also given that
all the reactions analysed meederived from pharmaceutigatocesgublications the
results obtained willreflect present manufacturing methods and with relevant

compounds.
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Entry 1: SOCl,

SOCl, (1.25 eq)

Ph P
H OH 7 Imidazole (3 30 eq) H\/OKH/:: f) m
N + N X N.__NH
o i NH, )i \Ir EtOAC/DMF (31 0.1 M) oY i ﬂ)i T
0 ~ph 0-20°C o ~ph o
212 213
446.59 g mol”! 200.24 g mol! 628.81 g mol™”
(1.00 eq) (1.10 eq)
Entry 3: (COCI),
COH i) (COCI), (1.61 eq)
....\2 | DMF (10 mol%) NEt5 (2.02 eq)
. oh . Ny DCM (0.3 M), -10 °C
Boc H i) MeHN-NHMe (1.50 eq) Boc
319.40 g mol”! 74.13 g mol”! Titz,(z'oz qu 220G 375.51 g mol”
(1.00 eq) (1.50 eq) 4-dioxane (0.7 M), -
Entry 5: CDI
| HoN | a
o CO,H i) CDI (1.28 eq) S N |
EtOAc (0.4 M), 50 °C H/\©\
+ N
o > 0 07N
lo) ¢} 7 ii) 4-Dimethylethoxy- fo)
g _\—N benzyl amine (1.14 eq) -
224 2.26 K,CO3 (1.03 eq) . 223
212.20 g mol! 194.28 g mol! EtOAc (0.4 M), <10 °C 388.46 g mol”'
(1.00 eq) (1.14 eq)
Entry 7: DCC Ph>
OH o Ph
/— DCC (1.00 eq)

0=,
NN |
T b
L) -
< O
279.25 g mol™! 318.42 g mol”!
(1.00 eq) (1.05 eq)

HOBt (1.00 eq)

—_— 0 HN
THF (0.2 M), 0-20 °C HN‘%)):
579.66 g mol!

7(\/'\002"'

2.16
146.15 g mol”!
(1.00 eq)

(P

0"
o)
338.42 g mol™!

(1.00 eq)

TSOH
+

CO,Et
494.78 g mol!
(1.00 eq)

CO,H
J O
HO

138.12 g mol”!
(1.00 eq)

Entry 2: SOCI,

SOCl, (1.13 eq)

o NaOH (0.90 eq) O COH
o i
Cl toluene / H,0 (1:2, 2.9 M) cl H o)
0-5°C
2.15 217
108.52 g mol”’ 236.65 g mol!
(1.03 eq)

Entry 4: (COCI), )

i) (COCl,) (1.29 eq)
DMF (cat.)

THF (0.3 M), < 30 °C <k
ii) 2-aminopiperazine (1.35 eq) o"S\\O

py (12.28 eq)

2 @

N&

H
N _N
~
T Q)
N

95.11 g mol”’! THE (03 M), <30 °C 415.51 g mol™
(1.35eq) (0.3 M),
cl Br
Entry 6: CDI
o) CDI (1.13 eq) ) OH
BocNH ——— socin M A _cozet
OH  E{tOAC/NMP (1:3.5, 0.4 M) H
25°C
175.18 g mol™’ 479.75 g mol™
(1.13 eq)

Entry 8: DCC o
HN/\ DCC (1.05 eq)

N i@

EtOAc (0.8 M), reflux HO NOUN

100.17 g mol”’
(1.02 eq)

220.27 g mol™!

Scheme2.6: Overview of selected amide bond forming reactions to evaluate the green metric paréfneters.
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Entry 9: EDC

Entry 10: EDC
EDC (1.12 eq) N 3 EDC (1.05 eq)
HoN .
HoN HOBt (0.05 eq) o ! N 2 2HCI HOBt (0.23eq) Ul
+ —_—
“ HCl * BocHN” “CO,H — > > < I | N~-Ph \G
° N co DMF (0.6 M), 70 - 80 °C o N _~_P
o hll NMM/EtOH (0.7 M), 25°C o~/ N 5 \ 2
218.23 g mol’ 291.26 g mol™
2.21 2.18 2.22 (1.00 eq) (1.05 eq)
226.71 g mol”! 189.21 g mol"! 361.44 g mol”!
(1.00 eq) (1.03 eq)

418.56 g mol”’

Entry 12: PivCl
Entry 11: PivCl
PivCl (1.00 eq)
o}

LiCl (2.00 eq) CFs
CFj4 )cl)\ PivCI (2.50 eq) E
F. NEt; (2.60 e N B
. N . o NH 3 ( q) n
H J\/ NEts (1.05 eq) : 2 J\/ HO,C THF (0.4 M), -20 °C °© N/S
: Ph i A4 M),
A e P A e T B P
H DCM (1.4 M), <-5°C I Bn 4 17720 gmol” 411.33 g mol”!
252.14 g mol (1.10 eq)
-1 -1 ) .
116.16 g mol 165.24 g mol 263.38 g mol” (1.00 eq)
(1.00 eq) (1.00 eq)
Entry 14: T3P
o)
E> T3P (2.00 eq) CO,Bn
0 0O N™
O}—NH \ (Entry13:1BCF ) C P—NH N COBN  Pyridine (3.40 eq) L
0 lo) CICO,i-Bu (1.10 eq) OH + L _— N
N NMM (2.20 eq N HoN MeCN/EtOAc (0.3 M) N H
0 ) 7 © « / 0°C 4 /
HO,C | B ¥ MeO,C QM N N
N THF (0.2 M) ‘,NH CF, CF,
*TsOH -10to 10 °C CO,Me
2 276.26 g mol! 228.25 g mol™! 486.50 g mol™’
¢ ;7 7 N (1.00 eq) (1.10 eq)
s—
2.29 N 5 2.27 2.31
774.73 g mol”! H 313.37 g mol’ 897.88 g mol”’
(1.00 eq) (1.12 eq)

Scheme2.6: Overview of selected amide bond forming reactions to evaluate the green metric par@oetiensed)->
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Table 2.5: Literature data and simulation-B with SOC} as coupling reageft.

imidazei. gssgl)q) H\/ﬁ/{%o Y
Reaction 1 /\ﬂ/ )i \ﬂ/ EtOAc/DMF (31 0.1 M) o/\g/N H E)I\‘\!INH
SPh
212 213
446.59 g mol™! 200.24 g mol™ 628.81 g mol”!
(1.00 eq) (1.10 eq)
SOCl, (1.13 eq)
NH, Q NaOH (0.90 eq) O COH
HzN\n/\/'\ + \‘)J\OH > \HLN NHz
. CO.H .
Reaction 2 Cl toluene / HyO (1:2, 2.9 M) c H o)
o 0-5°C
2.16 2.15 217
146.15 g mol™ 108.52 g mol™ 236.65 g mol™’
(1.00 eq) (1.03 eq)
AE RME PMI PMI rrc PMl solv Yield
%) (%) (9g) (@g) (9g? (%)

Literature data reported

Reaction 1: [Acid]=0.1M 97 87 17.3 1.8 15.5 92

Reaction 2: [Acid] =29 M 93 75 3.9 2.2 1.7 81

Modified AE & RME considering theeagents anthtermediate formed in the reaction

Reaction 1: [Acid]=0.1M 75 56 - - - -

Reaction 2: [Acid] =29 M 57 45 - - - -
Simulation A: [Acid] = 0.4 M, Literature yield

Reaction 1 97 87 5.7 1.8 3.9 92

Reaction 2 93 75 14.6 2.2 12.4 81
Simulation B: [Acid] = Literature data, Yield = 90%

Reaction 1 97 85 17.7 1.8 15.8 90

Reaction 2 93 83 35 2.0 15 90
Simulation C: [Acid] = 0.4 M, Yield = 90%

Reaction 1 97 85 5.8 1.8 4.0 90

Reaction 2 93 83 13.2 2.0 11.2 90
Simulation D: [Acid] = 0.4 M, Yield = 50%

Reaction 1 97 47 10.5 3.3 7.2 50

Reaction 2 93 46 23.7 35 20.2 50

*A full explanation of the metrics analysis can be found in the appendix
aReaction refer t&cheme2.6

Presented ifable2.5 is the metric data for two amide formation reactions which use
SOCk as the coupling reagemtooking at the literature data for these reactidremd

2, there is similarity between both réimns AE, RME and yieldAlthough there is

quite a difference in the PMI of 13.4 ¢g'.gA similar difference is also noticeable
between thé®Mlso of both reactions (15.5 versds? g @), this is due to a large
concentration difference which is, 0.1 and 2.9 M respectively. The dominance of the
solvent in the PMI calculation, as reported by Margewl1%is nicely illustrated in
thistable.
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In order to determine the impact of altering reaction parameters and the effect this has
on reaction metrics four simulations were performieahle2.5 simulationA i D. In
simulation A both reactions were scaled to have an identical concentration of 0.4 M,
and allother quantities remained constant (reactants, reagents, solvent, product, yield).
Scaling the concentration to 0.4 M had a dramatic effect on the PMI of both reactions.
In reaction 1 the PMtlecreased from 17.3 to 5.7 ¢ gnd in reaction 2he PMI
increased from 3.9 g4to 14.6 g ¢. When the PMircwasviewed for both reactions

there was no change as this ignores the effect of solvent. Looking adRddI
simulation A the relative values are opposite of those from the literature, reaction A
improves but reaction B gets worse. This is due to reaction A becoming more
concentrated and reaction B becoming more dilute, this again clearly shows the large
impact that solvent usage has on the PMI of a reaction or prdoe$sble 2.5
simulation B the only value that was altered was the yield, this was scaled to 90% and
a minimal effect on the reaction metrids simulation C and Croncentratiorwas

fixed at 0.4 M and the yields were changed to 90% & 50% respectively. In simulation
C as seen in simulation B altering the yield 81% and 92% to 90% had a minimal effect
but this was more drastic when the yield was decreased to 50% in simulation D.
Simulation D has the largest change in metric results when compared to the literature
data. This highlights the pitfalls and unreliable nature of comparing chemical
processes without defining what parameters are being compared.
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As mentionedn the discussiofor Table2.2 the absence of reagents which partake in
the reactiorcan lead to a misleading result toaditional AE & RME. In Table2.5
modified AE & RME have been calculated considering the reaction mechanisms and
intermediate formed in the reactidfor reaction 1 inTable 2.5 the mechanisms
displayedn Scheme2.7, an acyl chloride intermedia®l1is formed by reaction with
carboxylic acid2.12andSOCkb. This intermediate then reacts with the primary amide
forming the desiredmide2.13.1*°* The AE decreases from 97%aditional AEto 75%
modified AEand RMEdecreases fror@7%ttraditional RMEto 56% modified RME

when thionyl chloride is included in the calculation.

Ph SOCl, (1.25 eq) Ph
H\/C')i/:: (0] m Imidazole (3.30 eq) H\/C')i/__: o) m
N : + N__NH N - N__NH
HO
o/\g’ H NH, )i\g/ EtOAC/DMF (3:1, 0.1 M) O/\g/ H u)j/\\g/
\Ph 0-20°C \Ph
2.12 213
446.59 g mol' 200.24 g mol™ 628.81 g mol™’
(1.00 eq) (1.10 eq)
<)
0 *cr
(g O) cl CH cl
CI/ \Cl CI/ \Cl O_S\ e
0) — O/ —_— O—<\ Ko) — o Q
O‘« O—HA OJJ\ LS.
Q- ev o ¢
Co-H O-H
®
H® o o Hr(—D\CI. 1%
o
— S — ofbis — AL, My
4\0 (o] C cl o _A
ol SO “ Hal
Cr 2
2.1
©]
o o
O(ﬁ\m Q g — LOS' i O \N@‘H
—_— R — —— B
< HCN‘O HN dLN * l:) P
wQ
N- H
m Wy
V N~
N r

N

Scheme2.7: Mechanism for amide formation ifable2.5 reaction 1
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The mechanism for reaction 2 is shown belodaieme2.8, it proceeds through an
acyl chloride2.14formed by reaction of carboxylic ackil5 and SOCbk which then
subsequently reacts withdlutamine2.16 forming the desired amide17. Thepaper
which reported the reactian Scheme2.8 performedthe process two stepsfirst
formation ofthe acyl chloide intermediate2.14 followed by amide bond formation
This distinct twastep procesalone is a strong reason for includi@8@®Cb in the AE

& RME calculationeven before examination of the mechanism or balanced equation
ThetraditionalAE and RMEmetricsexcludingSOCb were 93% & 7%6 but decreased

to 57% & 45% when the reagenvas included in the modified AE and RME
calculation It is interesting to note thahé amide bond formation is performed in
biphasictoluene/aqueous NaOH solutjoa SchaenBaumann procedurg® These
conditions were chosen to prevent decomposition of the acid chloride and eliminate

other issues the authors had isolating a puvduct®®’

o SOCl, (1.13 eq)
NH NaOH (0.90 eq) Q  COH
HzN\n/\/'\COH + H)I\OH > \‘)]\NJ\/\H’NH2
2 cl toluene / H,0 (1:2, 2.9 M) c H o
© 0-5°C
2.16 2.15 2.17
146.15 g mol™ 108.52 g mol™’ 236.65 g mol”
(1.00 eq) (1.03 eq)
©
& o) ol (H+ cl
N S
CI”\Cl cl77ccl O-S
o) — ¥ >0y — 38
QX o5 ¢l oS¢
\ @V
Co-H O-H
®
H, ® H. H/(—B\ cr
4 SR X SR
04\0’ ~cl OiTo’ < Q ci ci *+HCl
Cl +802 Cl
2.14

(O O‘ka QOOCI 0
— Oli\Cl —_— ,-N@ — A OJLND +NaCIH
N H™H HN—D) H
HZN—O @ ( ®
Na SoH Na H,0 217
Scheme2.8: Mechanism for amide formation ifable2.5 reaction 2
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Table 2.6: Literature data and simulation-B with 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide EDGas coupling reagent.

EDC (1.12 eq)
H,N HOBt (0.05 eq) HN
cl * BocHN” ~CO,H —_—
Reaction 9 0 'i‘ NMM/EtOH (0.7 M), 25 °C BocHN 0O '\{
2.21 2.18 2.22
226.71 g mol™ 189.21 g mol™’ 361.44 g mol”’
(1.00 eq) (1.03 eq)
N EDC (1.05 eq)
/N\ HoN “2HCI HOBt(023eq) I :
i I | ¥ N Ph > O
Reaction 10 PN coH S oME 0.6 M), 70 - 80 °C 0 N AP
218.23 gmol”’! 291.26 g mol”! 418.56 g mol™
(1.00 eq) (1.05 eq)
AE RME PMI PMI rrc PMl soiv Yield
(%) (%) (9g)  (ggY (999 (%)

Literature data reported

Reaction 9: [Acid] = 0.7 M 87 79 5.8 2.6 3.2 92

Reaction 10: [Acid] = 0.6 M 82 61 8.3 3.0 5.3 76

Modified AE & RME considering theeagents anthtermediate formed in the reaction

Reaction 9: [Acid] = 0.7 M 59 53 - - - -

Reaction 10: [Acid] = 0.6 M 60 44 - - - -
Simulation A: [Acid] = 0.4 M Literature yield

Reaction 9 87 79 8.5 2.6 5.9 92

Reaction 10 82 61 104 3.0 7.4 76
Simulation B: [Acid] = Literature data, Yield = 90%

Reaction 9 87 77 5.9 2.6 3.3 90

Reaction 10 82 72 7.0 2.6 4.5 90
Simulation C: [Acid] =0.4 M, Yield = 90%

Reaction 9 87 77 8.7 2.6 6.1 90

Reaction 10 82 72 8.8 2.6 6.3 90
Simulation D: [Acid] = 0.4 M, Yield = 50%

Reaction 9 87 43 15.6 4.7 10.9 50

Reaction 10 82 40 15.9 4.6 11.3 50

*A full explanation of the metri@nalysis can be found in the appendix

aReaction refer t&cheme2.6

Table2.6 displays the metric data for reactions 9 & 10 frSoheme2.6. Both these

reactions us&DC as the coupling reagent and are run at a similar concentration,

reaction 9 at 0.7 M & reaction 10 at 0.6 Vhe most notable difference in metric

results from the literature is the overall yield and RME, reaction 9 has a yield of 92%
Vs 76% for reactio 10 and théraditionalRME is 79% vs 61% respectivelihe lower

traditionalRME of reaction 10 can be attributed to the reduced yield and the slightly

greaterstoichiometricexcess (1.05 eq) which can also account for a slightly higher

PMI. InTable2.6 simulationB, the yield for each reaction was scaled to 90%. This

levelling of yield reduced the difference traditional RME from 18 to 5%, the

difference in PMI was also reduced from 2.5to 1.1g g
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The slight differencegn PMI can be linked to a concentrati difference of 0.1 M
between reactions and the differencéraditional RME is attributed tahe molecular
weight of the starting material versus produdtis example shows the effect that a

differing yield can have on the same process.

In Scheme 2.9 the mechanism for amide formation vid-ethyt3-( 3 6
dimethylaminopropyl)carbodiimide hydrochloride (ED@ shown. Initially the
carboxylic acid2.18 forms a urea type intermedia2el9 which is converted into an
activated este2.20by hydroxybenzotriazol¢HOBt). Theamine2.21then attacks the
carbonyl of the activated est22Q, eliminating HOBt and forming the desirathide

2.21 No atomsn the final productre derived from EDC or HOBbut EDC should

be included in the calculation for AE and RME as without this reagent the reaction
would not proceednd it is present in stohiometric quantities, whereas HOBt is

present as a catalyst and can therefore be excluded

EDC (1.12 eq)
H,N HOBt (0.05 eq) HN
cl * ScopH —_— — N
o7 N NMM/EtOH (0.7 M), 25 °C oY

) \

2.21 2.18 2.22 4
226.71 g mol™! 189.21 g mol”! 361.44 g mol
(1.00 eq) (1.03 eq)

\n/\_\,H N\_ —_— OH’ e B
N—7
[¢] O N\_ ( C/ | go ('
o i N N

N=N 2.22

Scheme2.9: Mechanism for amide formation ifable2.6 reaction 9 & 10
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Table 2.7: Yield and concentration simulations for reactions with smallest and largest
molecular weight difference between tieactants.

pMW
reactants 8 cop i) COI (128 ¢q)
N j@/ . EtOAc (( 04M) 50°C /\©\
Reaction 5 1792¢ motf © 0 N u)4 Dimethylethoxy-
(@) N o
224 2.26 EtOAc (0.4 M), <10 °C 223
MW CDI 212.20 g mol”! 194.28 g mol! 388.46 g mol”!
(1.00 eq) (1.14 eq)
162.15 g mot
0,
>—NH
(pMW reactants O_ =€ { é) CICO,i-Bu (1.10 eq) O—oo=<‘ { cl)
NMM (2.20 eq) N
461.36 g mot oot 0 o e o (N 5
Reaction N * TsOH -10t0 10°C “C’\glMe l 2N
13 (IBCF) oy @
MW IBCF 220 ) Hlo/ - e
774.73 g mol”! 313.37 g mol”! 897.88 g mol”’ o
138.58 g mol (1.00 eq) (1.12 eq)
AE RME PMI PMI rrc PMl solv Yield
(%) (%) (@g) (999 (999 (%)
Literature data reported
Reaction 5: [Acid] = 0.4 M 96 81 8.8 2.2 6.6 89
Reaction 13: [Acid] = 0.2 M 83 67 8.3 2.0 6.3 84
Modified AE & RME considering theeagents anthtermediate formed in the reaction
Reaction 5: [Acid] = 0.4 M 55 45 - - - -
Reaction 13 [Acid] = 0.2 M 68 50 - - - -
Simulation A: [Acid] = 0.4 M, Literature yield
Reaction 5 96 81 8.7 2.2 6.4 89
Reaction 13 83 67 4.9 2.0 29 84
Simulation B: [Acid] = Literature data, Yield = 90%
Reaction 5 96 82 8.6 2.2 6.4 90
Reaction 13 83 72 7.8 1.9 5.9 90
Simulation C: [Acid] = 0.4 MYield = 90%
Reaction 5 96 82 8.6 2.2 6.4 90
Reaction 13 83 72 4.6 1.9 2.7 90
Simulation D: [Acid] = 0.4 M, Yield = 50%
Reaction 5 96 46 15.5 4.0 11.5 50
Reaction 13 83 40 8.3 34 4.9 50
Simulation E: [Acid] = 0.8 M, Yield = 90%
Reaction 5 96 82 5.4 2.2 3.2 90
Reaction 13 83 72 3.2 1.9 14 90
Simulation F:.CDI (1.1 eq) as coupling reagent for both reactions, [Acid] = 0.4 M in it = 90%
Reaction 5 96 82 8.6 2.2 6.4 90
Reaction 13 83 72 45 1.8 2.7 90
Simulation G:.CDI (1.1 eq) as coupling reagent for both reactions, [Acid] = 0.4 M in Ti#d = 50%
Reaction 5 96 46 15.4 3.9 11.5 50
Reaction 13 83 40 8.2 3.3 4.9 50
Simulation H: IBCF (1.1 eq) as coupling reagent for both reactions, [Acid] = 0.4TW Yield = 90%
Reaction 5 96 82 8.4 2.0 6.4 90
Reaction 13 83 72 4.5 1.7 2.8 90
Simulation I: IBCF (1.1 eq) as coupling reagent for both reactions, [Acid] = 0.4 M in THF, Yield = 50¢
Reaction 5 96 46 15.1 35 11.5 50
Reaction 13 83 40 8.0 3.1 4.9 50

A full explanation of the metrics analysis can be found in the appendix
aReaction refer t&cheme2.6
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Table2.7 containsreactions 5 & 13 fronscheme2.6. These two reactions have been
selectedas they represent the largest and smallest difference in moleaitdrt of
reactants. Reaction 5 has #raallest difference of 17.92 g maind reation 13 the
largest 461.36 g mdl These two reactions use different coupling reagents reagtion 5
carbonyldiimidazole(CDI) and reaction 18obutyl chloroformat (IBCF). However,

the difference in molecular weigh between both coupling reagents is a small23.57

mol?).

When the literature metrics are compared for both reactions there is very little
difference, yield 89% vs. 84%, PMI 8.8 vs. 8.3 MIrrc 2.2 vs. 2.0 g g and
PMlso 6.6 vs. 6.3 g §. However, when the concentraticaiestandardised at 0.4 M

as previously showndifference in PMlkan appear. In the case of reaction 5 &HE3

PMI of 8.8& 8.3 g g' was alteredo 8.7& 4.9 g ¢' for bothreactionsas carbe seen

in Table2.7 simulation A.

When alterations are taken to an extrefadle 2.7 simulation D the PMI values
change to 15.5 vs. 8.3 ¢ dhis example agaihighlights the problem of comparing

a PMI value withoustatingthe concentration it has been calculated for.

Forthe amide coupling reactionvolving CDI the mechanism shown 8theme2.10
highlightsthe integral role that COdlaysin the formation of the desireainide2.23
CDI deprotonates carboxylic acki24and is then converted into a mixed anhydride
intermediate which is quickly attacked by imidazole to form interme@i2® Then
the desired amide is formed when anfirf&reacts withntermediate.25eliminating
imidazole and C@° While no atoms from CDI end up in the fineompound the

reagenshouldbe included in AE and RME metric analysis.
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|
) COH i) CDI (1.28 eq)
:©/ . EIOAC (0.4 M), 50°C /\©\
o

(0] (0] , i) 4-Dimethylethoxy-
- _\— benzyl amine (1.14 eq)
K,CO3 (1.03 eq)
2.24 2.26 . 2.23
212.20 g mol™” 194.28 g mol™” EtOAc (0.4 M), <10°C 388.46 g mol”’!
(1.00 eq) (1.14 eq)
) ) ©
0 HN=\ O HN=\S O
| 0 | Q &,N‘«) X N7<’}
(0] - N/’\N N o (3\_/ \\\ OO N\\\
g wNg s/ N '}
~o ~o
o) AN
~© 224 - 0 o
~0 |
o] S
‘ PN, L Re o
— 0 S O I Jp
© N — o (/\N§9 & — N N
/O (’\/7 /O HN / /O H \?l
HN
©)
] o kO@ co, é o /}
NN
N/\> r/\r\,go /N =
—_— - + H 7 N —_— HN N N N
\o: ;j ( =y o= = o 2
0 N _0
- HoN
2.25 o—\_ /
N
\
0o /
_\_N
0
ke
—_— N 1)
¢
NN ° / 22y
D + 3

Scheme2.10: Mechanism for amide formation able2.7 reaction 5

In Scheme2.11themechanism involving ICBF to form an amide bond is stoiwo
equivalents oN-methylmorpholindNMM) are used as one equivaleatrequired to
convert the salt of the cyclopropane amiti27 into its free bas@.28 The second
equivalenthen deprotonates carboxylic a@@9 and this reacts with ICBF to form a
mixed, very unstable anhydride intermediat80. Whenthe cyclopropane amide28
attacks intermediat@.30 it rearranges t@liminate CO,, isobutane and the desired
amide2.314° Observing how ICBF is used and broken down in a similar fashion to
SOCk it is difficult to argue that it should not be included in the AE and RME
calculatons given the role it plays in the reaction.
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0
NH
o3¢ 03¢
o . r\\ CICO,i-Bu (1.10 eq) o}
D L

® N
Br MeO,C NHs NMM (2.20 eq) / O
+ - 0 Br
i THF (0.2 M) «NH | -
% -10to0 10 °C 'CO,Me
ZaN o)
& v
S
H © HN
o)
2.29 2.27 2.31
774.73 g mol™! 313.37 g mol” 897.88 g mol!
(1.00 eq) (1.12 eq)
’ N ’ AN
MeO,H,C' @H 0=8=0 —— MeO;H,C™§ .
1 / - -
HEY, & H 0=550 g
2.27 2.28 % [N—
./ O\)
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0
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231

Scheme2.11; Mechanism for amide formation ifable2.7 reaction 13

For the examples explored in this chapter a concentration of 0.4 M was chosen as it is
expectedo represent anodestconcentratiorthat could maybe be arbitrarily chose

in research and development lafBnepoint to mentionedaboutthe concentration
chosen for metric analysis tsat it is irrelevanif the concentratiofs standardised.

But importantly thigs not to say the concentration is irrelevant in the process as it has
already been shown that a marencentrated reaction significantly improves a
processes metric credentials. For exampl€ainle2.7 simulationC the concentration

is 0.4 M and in simlation E the concentration is 0.8 M and both simulations yields
are 90%. In both simulations CBthe PMkrcare identical at 2.2 & 1.9 g'gneaning
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that it a reliable comparisoomparing different processes can be useful but as we
have seen, some mwns have numerous reagents available to perform the
transformation, therefore the effect of changing the coupling agent on the synthesis of
the same amide product was evaluated. This analysis would enable a chemist to
guantitatively assess thgreenchemistry metrics of a process and make a more

informed choice before any reagents are selected.

Following on from our simulations with reactiohsand 13both were simulated and
evaluated usinglternativecoupling reagentsThe coupling reagents choskad a
larger MW rangehan thereagents originally selectg@etween 118.97 g midland
318.18 g mol) Table 2.8. For these simulationsiglid, concentition and excess

reagentremained constant
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Table 2.8: Simulations for different coupling reagents for reactions with smallest and largest
molecular weight difference between the reacténts.

HoN | 0
CO,H i) CDI (1.28 eq) 8} N
E1OAC(04M),50°C H/\©\ ,!‘
MW reactants S —> o 07N
o
-

Reaction 5 17.92 g mot N e o oy
K;CO3 (1.03 eq)
2.24 2.26 EtOAc (0.4 M), <10 °C 223
212.20 g mol™ 194.28 g mol! 388.46 g mol”!
(1.00 eq) (1.14 eq)
O, O,
>—NH }—NH
O_Ooﬁ }J CICO,i-Bu (1.10 eq) O_Ooﬁ |
N P_‘\\ NMM (2.20 eq) o N O
MW reactants Hoor o Y weoc,, oo &\)&)\o o
Reaction 13 461.36 g mot N o 010 X oe o
7 "N
s—‘kNl/ S//N —z,
229 H © 227 231 HN
774.73 g mol”! 313.37 g mol”! 897.88 g mol! o
(1.00 eq) (1.12 eq)
AE RME PMI PMI ggc PMI soy . o
® % @ @) (@gy V0o
Simulation A: SOG (1.1 eq, MW = 1187 g mot'), [Acid] = 0.4 M in THF
Reaction 5 96 82 8.0 1.6 6.4 90
Reaction 13 83 72 4.3 15 2.8 90
Modified AE & RME considering the reagents and intermediate formed in the reaction
Reaction 5 74 63 - - - -
Reaction 13 74 65 - - - -
Simulation B: (COCR (1.1 eq, MW = 126.93 g md), [Acid] = 0.4 M in THF
Reaction 5 96 82 8.0 1.6 6.4 90
Reaction 13 83 72 4.3 1.6 2.8 90
Modified AE & RME considering the reagents and intermediate formed in the reaction
Reaction 5 73 62 - - - -
Reaction 13 74 64 - - - -
Simulation C: CDI (1.2eq, MW = 162.15 g md), [Acid] = 0.4 M in THF
Reaction 5 96 82 8.1 1.7 6.4 90
Reaction 13 83 72 4.4 1.6 2.8 90
Modified AE & RME considering the reagents and intermediate formed in the reaction
Reaction 5 68 58 - - - -
Reaction 13 72 62 - - - -
Simulation D: DCC (1.1 eq, MW = 206.33wpl?), [Acid] = 0.4 M in THF
Reaction 5 96 82 8.3 1.9 6.4 90
Reaction 13 83 72 4.4 1.7 2.8 90
Modified AE & RME considering the reagents and intermediate formed in the reaction
Reaction 5 63 54 - - - -
Reaction 13 69 60 - - - -
Simulation E: EDC (1.1 eq, MW = 191.70 g mpl[Acid] = 0.4 M in THF
Reaction 5 96 82 8.2 1.8 6.4 90
Reaction 13 83 72 4.4 1.6 2.8 90
Modified AE & RME considering the reagents and intermediate formed in the reaction
Reaction 5 65 55 - - - -
Reaction 13 70 61 - - - -
Simulation F: PivCl (1.1 eq, MW = 120.58 g mpl[Acid] = 0.4 MTHF
Reaction 5 96 82 8.0 1.6 6.4 90
Reaction 13 83 72 4.3 15 2.8 90
Modified AE & RME considering the reagents and intermediate formed in the reaction
Reaction 5 74 63 - - - -
Reaction 13 74 65 - - - -
Simulation G: IBCF (1.1@ MW = 138.58 g mdf), [Acid] = 0.4 M in THF
Reaction 5 96 82 8.0 1.6 6.4 90
Reaction 13 83 72 4.3 1.6 2.8 90
Modified AE & RME considering the reagents and intermediate formed in the reaction
Reaction 5 72 61 - - - -
Reactim 13 73 64 - - - -
Simulation H: EP (1.1 eqMW = 318.18 g mot), [Acid] = 0.4 M in THF
Reaction 5 96 82 8.6 2.2 6.4 90
Reaction 13 83 72 4.6 1.8 2.8 90
Modified AE & RME considering the reagents and intermediate formed in the reaction
Reaction 5 54 45 - - -
Reaction 13 64 55 - - -

A full explanation of the metri@nalysis can be found in the appendix
2Reaction refer t&cheme2.6
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For reaction 5 irmmable2.8 simulations Ai H the PMkrchas a range of only 0.6 g ¢

1 (from 1.67 2.2 g g*)and0.3 g g' for reaction 131.57 1.8 g g*). Overall PMI has

a range 00.6 g g (from 807 8.6 g g*) for reaction 5 an@®.3 g g* (4.37 4.6 g g%

for reaction 13lt is noteworthy that these ranges are very small. The range of PMI
results can be related the variance of the molecular weight of the reactants. When
there is a large difference in molecular weight of reactants the values for PMI will be
larger thanf both substrates had a more equal molecular weidtg.PMI value is

also more weighted onhe reactants than reagents, this could therefore be a
consideration when screening a synthetic route. RRMbn its own could be
considered a possible alternative to PMI at a planning stage. This observation that PMI
is only marginally affected in thesémailations could enable chenssio take an
unbiased look at how efficient their reaction is. However, when their process includes

a solvent, concentration would need to be assessed independently.

As PMIrrc is generally a much lower value than Rdior PMIwy it could be used
alone to comparing the chemistry of two different routéss comparison would then
identify the greategireen potentialFor examplein a theoreticateactiors 1 & 2 had
metric analysibeenperformed and the PMgkcfor reaction 2 produced a lower value,
this would indicate thathe actual chemistry of reaction 2 was an improvement
compared toeaction 1.

When comparing the best yielding reactions from the eight separate amide couplisg agen
that have been covered in tmetric studyseveral trendand observatiorsre apparent in
Table2.9. Firstly, the overall yields for all the process are high, though this should be
expected given how optimised a process being run on a large scale should be. The best

yield was quantitative,ral the worst was 84%.

Secondly the results faraditional AE are also high and raadrom 831 97% when
only the reactants are considerdtie range changde 521 75% whens modified
AE is calculated withthe reactants includedable 2.9 (orange dafa The next
observation is that there is a large rangthantraditionaRME data with a range of
671 96% when only consideringgactantsThis range increases further to 366%

whena modified RME is calculated which considéne reagent3able2.9 (orange
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datg. These largeltanges in reportedraditional and modifiedAE and RME have
beenseenthroughout this chapter and the summary of amide readtiohable 2.9
for a final time highlights the misleading values that could be generated if incorrect

data is input into the calculation.

Table 2.9: Amide coupling reagents and corresponding metric val&s generated from
the iterature!*!

AE  Modified RME Modified PMI  PMIgrrc  PMlsoy  Yield
(%) AE(%) (%) RME®%) (@g) (9g) (@gy P

Reaction 1 (SOG) 97 75 87 56 5.7 1.8 3.9 92
Reaction 3 ((COC}) 95 60 79 33 12.2 3.2 9.0 91
Reaction 5 (CDI) 96 55 96 45 8.7 2.2 6.4 89
Reaction 7 (DCC) 91 59 7 47 6.7 2.1 45 86
Reaction 9 (EDC) 87 59 79 53 8.5 2.6 5.9 92
Reaction 11 (PivCl) 94 52 94 43 15.0 2.3 12.6 100
Reaction 13IBCF) 83 68 67 50 4.9 2.0 29 84
Reaction 14 (IP) 96 54 81 30 8.1 3.3 4.7 88

A full explanation of the metrics analysis can be found in the appendix

The final trend is witlPMI and its derivatives. Overall PMias a range from.91
15.0 g ¢* whichis quite impressivéor a synthetic proces$he best and wor&tMIrrc
are 18 & 3.3 g ¢' respectively. As previously mention@MIrrc relates to only a
small part of the overall PMI and therefdhe reaction with lowest PMkccould be
regarded & having the greategfreen potential By this logic lookingat the data
presentedn Table 2.9 the reaction with lowest PMkc should have the greatest
potential to be thgreenesteaction, excluding abther influencing factors (solvent,
concentration, temperature etc). The reaction with loweskkNH reaction 1 which
usesSOCb. Therefore(based solely on metrics) this valwouldindicate that this
coupling agent would be one of the best choices for amide couptirigat this
coupling agent has thgreenest potentiadbased on the comparative Rt values.
The notion thatSOCEk could be one of the more favourable couplagents is
supported by the OPRD review which states 8@Ch is one of the most common
and widely used reagents for amide synth&$ighe reagenis generally cheap and
easy to use. Theideproducts produakare gaseoufHCIl & SO,) which eliminates
the need for additional purification and can help reduce processpgand therefore
time which will reduce costddowever, theside products are toxic and corrosive
which will require specialised equipment to contmthe wastevill need treatment

beforeit can be disposed of (or recycled).
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2.2.3. PMI analysis of Mitsunobu reaction
The Mitsunobu reaction was selected as a second model reaction for our simulations

to see if the same trends and observations could be detected in another process.

The Mitsunobu reaction allows the conversion of primary and secondary alcohols to
esters Thisreaction was well suited @metrics analysisss itutilisestwo reagents,
compared to one for an amide coupling. This additional reagent was important because
reagent variation was not observed to impact the metrics for amide coupling.
Triphenylphospine (PPh) is combined with anazocompound such asliethyl
azodicarboxylate (DEADR.32, ethyl 2(3,4-dichlorophenyl)diazené&-carboxylate
(DCPEAC) 2.33 or ethyl 2(34-dibromophenyl)diazen#&-carboxylate (DBPEAC)

2.34 to generate a phosphonium intermediate that binds to the alcohol oxygen,
activating it as a leaving group. Subsequent nucleophilic substitution with a
carboxylate generates the desired ester togethertnytienylphosphine oxidas a

reasonably safe and stalideproduct

0 0

g /\OJI\N*.N\H,O\/ /\O)I\N»,NKD:CI

PPh o)
R Q N 2.32 2.33 cl

RZ O
Azo compound R’ .
o Fon ol e § O

- N B
Br
2.34

Scheme2.12 Mitsunobu process and reagents

For the Mitsunobusimulations benzyl alcohoR.35 was coupled with several
carboxylic acid.361 2.40with molecular weights ranging from 122.12 to 440.50 g
mol™t. The reaction conditions for Mitsunobu reactions using D42, DCPEAC

2.33 and DBPEAC 2.34 were collected and processed using the Chem21 metrics
toolkit. The simulations considered variations in yield, concentration and excess of
reagents as before. The results for the various simulations using REBRCare
displayed inTable 2.10. The simulations for the other Mitsunobu reactions using
DCPEAC2.33and DBPEAC2.34 can be found in appendiAl & A2.
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A comparison of the same reactionb@nzyl alcohoPR.35with benzoic acid®.36 at
the same concentration, but with varying yi€d@ i 50% is shown inTable 2.10
simulations T 4. For these four simulations the PMiries from 15.7 g§to 28.3 g
gl with a yieldvarying from 90° 50% For the reaction with benzoic a@d6atering
the concentration from 0.4 M to 0.8 Mhen theyield remains constant &0%
increaseshe PMIby 5.8 g @', entry A2.36in Table2.10 simulationsl and 6.This
observation that the yield and concentratiawe asimilar effect ona reaction$Ml
wasalsoobservedn the study with amide coupling reagenisis simulation again
highlights a potentiafor incorrect identification of a problematic or unfavoueab

reaction.

If the incorrect example to determine the greenness of a reastsnchosena
conclusioncould be madéhat the coupling between benzyl alcoB@5 and benzoic
acid2.36with a PMI of 15.7 g gis less favourable than the coupling betwbenzyl
alcohol2.35and an amingrotected ornithin@ 40with a PMI of 6.9 g ¢, Table2.10
simulation lentry A2.36& E 2.4Q In this simulation bth reactions arassignedhe
same yield, concentration and reaction stoichiometry. Howevergdhiparisordoes
not appreciate thgreen potentiafrom the reaction as this difference in PMbaely
dependent on the MW of the reactantswess observedpreviously with amide
coupling. Thisonceagain highlightsa limiting factor withPMI anddisplayshow a

favourable PMI ould be obtained.
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Table 2.10: Green metrics simulations applied on the Mitsunobu reaction of benzyl alcohol
2.35with various carboxylic acid®(361 2.40 featuring a different molecular weight.

PPh; (1.2 eq, 262.29 g mol”! o 0
©/\OH . j\ o 232 (12 00) =) OJLR /\OJLN"N\H/O\/
R™ "OH THF (0.4 M) ©/\ )
2.35 (A-E) 2.36 - 2.40 : ”
108.14 g mol™” (1.0 9) 174-126392"‘0'
(1.2eq) i
o] o) o) o)
©)LOH /dOH OaN oH /OWOH H H ’;
cl O/\o cl OYN\/IN\[]/O Q
NO, >ro Ho o ©
A-236 B-237 C-2.38 D-2.39 E-2.40
122.12 g mol’ 156.57 g mol’! 212.12 g mol™! 310.77 g mol”! 440.50 g mol™
. . Traditional Traditional  PMI PMlrrc  PMlsoiv Yield
CaboxylicAdd  ae)  RME(%)  (gg)  (9g)  (@g) (%)
Simulation 1: [Acid] = 0.4 M, Yield = 90%
A 2.36 92 76 15.7 4.1 11.6 90
B 2.37 93 78 13.7 3.6 10.0 90
C2.38 94 80 11.4 3.2 8.2 90
D 2.39 96 82 8.8 2.7 6.2 90
E2.40 97 84 6.9 2.3 4.7 90
Simulation 2: [Acid] = 0.4 M, Yield = 80%
A 2.36 92 67 17.7 4.6 13.1 80
B 2.37 93 69 154 4.1 11.3 80
C2.38 94 71 12.8 3.6 9.2 80
D 2.39 96 73 9.9 3.0 6.9 80
E2.40 97 74 7.8 2.6 5.2 80
Simulation 3: [Acid] = 0.4 M, Yield = 70%
A 2.36 92 59 20.2 5.2 15.0 70
B 2.37 93 60 17.6 4.7 12.9 70
C2.38 94 62 14.6 4.1 10.5 70
D 2.39 96 64 11.4 3.4 7.9 70
E2.40 97 65 8.9 2.9 6.0 70
Simulation 4: [Acid] = 0.4 M, Yield = 50%
A 2.36 92 42 28.3 7.3 20.9 50
B 2.37 93 43 24.6 6.6 18.0 50
C2.38 94 44 20.4 5.7 14.7 50
D 2.39 96 46 15.9 4.8 111 50
E2.40 97 47 125 4.1 8.4 50
Simulation 5: Scale reaction x $Acid] = 0.4 M, Yield = 90%
A 2.36 92 76 15.7 4.1 11.6 90
B 2.37 93 78 13.7 3.6 10.0 90
C2.38 94 80 11.4 3.2 8.2 90
D 2.39 96 82 8.8 2.7 6.2 90
E2.40 97 84 6.9 2.3 4.7 90
Simulation 6: [Acid] = 0.8 M, Yield = 90%
A 2.36 92 76 9.9 4.1 5.8 90
B 2.37 93 78 8.6 3.6 5.0 90
C2.38 94 80 7.3 3.2 4.1 90
D 2.39 96 82 5.7 2.7 3.1 90
E 2.40 97 84 4.6 2.3 2.3 90

A full explanation of the metrics analysis can be found in the appendix
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Toillustratethe effectthatthe molecular weight of the reagehtsson the metric data
benzyl alcohol2.35 was simulated reacting wittivo carboxylic acid2.36 & 2.40
Table 2.11. For each simulation the first entry Was a low molecular weight
compoundbenzoic acid2.36(112.12 g mot) andthe secondntry Ewith a much
higher molecular weighgd compoun@mincprotected ornithin@.40(440.50 g mol

1. In Table2.11 eachsimulation 1i 3 PPh (262.29 g mol) was either combined
with DEAD 2.32(174.16 g mot), DCPEAC2.33(335.98g mol?) or DBPEAC3.34
(335.98 g mol). The vyield, concentration and excess reagent were fixed in these

simulations so any change in the PMI result could be fairly assessed

Table 2.11: Mitsunobusimulations altering the AZ®@oupling reagent for reactions with a
small and large molecular weight difference between the reactants.

(e}

dOH )ol\
H <N O
° o7 N \n/ ~

A-2.36 PPh; (1.0 eq, 262.29 g mol™")

OH 11212 6 mol AZO (1.0 eq) O)LR : 232 © o)
+ 129 e ——— : 17ategmort L .n cl
(1.0 eq) THF (0.4 M) ; 0" “N*
2.35 :
108.14 g mol™ or H 2.33 cl
(1.2 eq) H H ’ : )Ol\ 335.98 g mol™
O N N_O : N B
YO saavd
o (o} H
>y moTo - Br

2.34

E-2.40 E 335.98 g mol”!
440.50 g mol™!
(1.0 eq)
. . Traditional Traditional  PMI PMI rrc PMlsonv  Yield
Carboxylic Acid
Y AE(%) RME()  (9g)  (@g)  (@g) (%)
Simulation 1: [Acid] = 0.4 M, Yield = 90%, DEAD as coupling reagent
A 2.36 92 76 15.7 4.1 11.6 90
E2.40 97 84 6.9 2.3 4.7 90
Simulation 2: [Acid] = 0.4 M, Yield = 90%, DCPEAC as coupling reagent
A 2.36 92 76 6.2 4.5 11.6 90
E2.40 97 84 7.1 2.5 4.7 90
Simulation 3: [Acid] = 0.4 M, Yield = 90%, DBPEAC as coupling reagent
A 2.36 92 76 16.7 51 11.6 90
E 2.40 97 84 7.4 2.7 4.7 90

A full explanation of the metrics analysis can be found imppendix

The PMkrcresults ranged from 4115.1 g g' with benzoic acid®.36and from 2.3

2.7 g ¢! with ornithine 2.40. The overall PMI ranged from 15i716.7 g ¢' with

benzoic acidA 2.36and from 6.9 7.4 g ¢* ornithine E 2.40. Thesefindings were

similar to amide coupling resulis that the effect on PMI is more dependent on the
reactants than the reagents, regardless of the number of reagents used in the reaction.
When comparing two processes it may be logical to assume the peoepksing

only one reagent would perform more favourable than the process usireptyemts
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This may not be the case when looking at PMI as only the mass is considered and the
sum of two moderate weight reagents may actually be lower than the mass of on

bulky metal complex!

2.3.Conclusions

Throughout this chapter several worked examples have shown the limitations and
pitfalls of massbased reaction metrics and how several common metrics could be

misunderstood and misused.

During the analysis of magsmsed reaction metrics and metric totskine early pitfall

was theproblems that can arise with issuing flags for reaction components and
parametersThis is because new data camerge,and legislation is constantly

changing in the context of a chemical s haza
and/or rankings that were in place when the system was designed may have changed.

This is not to say flags and colour coding systemsilshbe avoided in analysis

toolkits, but rather operators and users need to be familiar with the underlying

principles which are being used to score their work and guide their choices.

The need for understanding the underlying principles of a metric isasegplored

with the use ofAE & RME. For these metrics the wuse
determining an accurate result. This was shown through the analysis of several amide
formation reactions taken from the literature and practical experimentation. The
consequence of an incorrect assumption, balancing of an equation or misinterpretation
of a component was demonstrated by calculatingrdditional and modified\E &

RME for the given reactions and then performing a series of simulations with the data.
The most critical parameter for AE & RME is inclusion of the correct components
into the calculation. Throughout this chapter reaction mechanisms have been included
to highlight the importance of understanding what is happening during a process and
thenappling this tocorrectly include the relevant components into the calculation for

a modifiedAE & RME.
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When the direct comparison of madsssed reaction metrics and PMI were examined,
some potential pitfalls were discovered. Subsequently ways to avoedpiiedls and

ensure a fair metric comparison could be made between reactions has been described.
PMI has been adopted by the pharmaceutical industry as their favoured metric due to
its lack of ambiguity, but care needs to be taken when using PMI to cediffarent
reactions and processes. Through a similar process as for AE & RME, analysis and
simulations were performed on data taken from the literature for amide formation and
Mitsunobu reactions. This metric data revealed how misleading PMI data lw®uld
when comparing values without considering all the parameters of the process. If a
comparison between two processes is to be fairly made, then several parameters need
to be considered. The yield, concentration and molecular weight of the reactants
shouldbe as close as reasonably possible in order to compare the performance of the
process. This is to ensure the PMI value being compared is reflective of the process
not the difference in concentration or molecular weight. By performing a simulation
which s@les these parameters tireen potentiabf a methodology can be observed.

This analysis could help in early stage discovery work as a procedure taken from the
literature may have on first analysis have an undesirably high PMI but after the key
parameterare scaled the user discovers that the high PMI results was due to the
reported concentration. Therefore, tpeen potentiabf the process may be worth

exploiing.

Reaction metrics and toolkigge a powerful resource for generating information about

the efficiency of a process. They can be applied to a process regardless of the amount
optimisation it has undergone and to any scale, from milligram to multi tonne. But as
discussed in this chapter caution should be taken when comparing different processes
and the user must remember that metricshouldbe used in isolation. Rather a
holistic review of a process should be considerEuis holistic review will generally

be scaled to suit the proceas described in tteHEM21 metrics toolkitvhere small

saled reactions are analysed by a z@ass suite of metrics the whole way uphtiod

passfor commercial processé$: The ideal scenario would be ifelcycle analysis

(LCA) which shouldcover every aspect of a processigng from economicto
environmental and health and saf@grameters bugiven how detailed and time

consuming this can be is generally only performed when a process is commercialised
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Chapter3

Synthesis oCytosine and 1 ®xathiolanes leading

to Lamivudine
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3.1. Introduction

3.1.1. Cytosineand Fluorocytosine

Cytosine3.1was discovered in 1893y Kossel and Neumarand first synthesised in
1903 in the same laboratof. The first reported synthesis 8flis shown inScheme

3.1. It involved he condensation dhe sodium salt of ethyl formylaceta®e2 with
pseudothioure&.3, resultingin the formation of a 2nercapte6-oxypyrimidine 3.4.

Then addition of phosphorus pentachloride converted this intermediate te the 2
mercapte6-chloropyrimidine3.5, which was converted into aminopyrimidiBes by

the action of ammonia. This pyrimidineudd then be treated with hydrochloric acid

and converted toytosine3.1
SH

(0] SH )\ PCls
-z Dimethylanili
NaO/\)LOEt . N’gNH N“ "NH imethylaniline
2 EtOH \/&o Reflux, 2 h
Reflux, 12 h
3.2 3.3 3.4
SH SH i
—_— —_—
EtOH H,O D
N N 2
A t, 3 h K/kNHz 95°C, 2 h NH
3.5 3.6 3.1

55% Yield

Scheme3.1: First reported synthesis of cytosiBd.

More resent methods for manufacturing cytosié involve the condensation
between urea&.7 and 3,3diethoxypropionitrle3.8 under basic conditionScheme
3_2.143

(0]
0 OEt NaOEt M
J + )\/CN ————— 3 HN” N
H,N NH, EtO m-Xylene ~ |
Reflux, 3 h NH»
3.7 3.8 3.1
91% Yield

Scheme3.2: Synthesis otytosine3.1by condensatioof 3.7 with 3.8

Fluorocytosine3.9 alongside amphotericin B has been recommended by the World
Health Organisation (WHO) as the first line treatment ag@ngitococcal meningitis
(CM). This is the leading cause of adult meningitis in -Sdharan Africa, and
contributes up to 20% of AlD&lated mortality in lowincome and middléincome

countries every yedf* 14° Fluorocytosine3.9 is also of interest to industry as a
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precursor forCapecitabine3.10 (anticancer) and&Emtricitabine3.11 the fluoinated

analogue of Lamivuding.12

o HO  oH OH /(-—OH
a2 j\ o o 0 o
. S
| WP S A N
Y N, SO A AN l )I\/
F N™ 0 H,N H,N
F H F
Fluorocytosine Capecitabine Emtricitabine Lamivudine
3.9 3.10 3.1 3.12

Figure 3.1: Fluorocytosine core in medicine.

While it is difficult to confirm, he reportednethods for theynthesis ofluorocytosine
3.9found in the patent literature involve astep process beginning with uragill3.
Uracil 3.13 is directly fluorinated with f-gas in acetic acitb give 5fluorouracil3.14
which is chlorinaed with POCE to give 2,4dichloro-5-fluoropyrimidine 3.15. This
intermediate is then reacted with agueous ammonia soltdgigive 3.16 which is
hydrolysed with concentrated hydrochloric acightoducefluorocytosine3.9in 65%

overall yield from Sfluorouracil 3.14 Schemes.3,146148

o 0 | CI )OL
POCI,
HNJLNH Fa HNJ\NH _Dimethylaniline N’ N NH4OH N’ N HC' HN IN
AcOH NS Reflux 2h EtOH ™
SN o €l rt3n NH2 95 °c 2h NH;
F F
3.13 3.14 3.9

65% vyield from 3.14

Scheme3.3: Manufacturing process for fluorocytosi8e.

While an overall yield of 65% may be reasonable ftinraestepprocess, applying
metric analysis highlights several issugsble3.1. The route haseveral drawbacks;
multistep sequence, low yield, potraditional atom economyand avery low
traditionalreaction mass efficiency. There was also use of hazardous solvent (diethyl
ether) and some reagents were used in great eXdespoor traditional AEs due to

the combination of thresteps and the introduction of two chlorine atoms which do

not make it into the final product.
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Table 3.1: Metric analysis of the old industrial routeftoorocytosine3.9.

Metric parameter Scheme 3
Yield (%) 65
TraditionalAtom Economy (%) 31
TraditionalRME (%) 7

PMI reaction (g d) 192

Solvent choice
Catalyst?
Recoverable catalyst?
Critical element
Energy

Work-up

Health and safety

Ti1i1ttrit

Chemical of concern?

* Flag systemGreen flag™ preferred, amber flay acceptable but some issues and
red flag®™ is undesirableA full key and explanation of the metric analysis dlad)
classification can be found in the appendix.

In the light of these issues and through the Chem21 consortium Satfaidt
DurhamUniversitydeveloped a process for a direct fluorination of cyto8ideising
elemental fluorine gaScheme8.4 which has been successfully scaled up for use on a
pilot plant®® This process has been developed to be used with adastor has the

capacity of producing 60 g per hour per reaction chainéf

o) (0]
HN)LN F2(10% inNy) HNJLN
\/Ik Formic acid, 10 °C V\
NH, Continous flow 60 g/h NH,
F
3.1 3.9
83% Yield

Scheme3.4: Direct fluorination ofcytosine3.1

Given theonly difference between and Emtricitab®i@1and Lamivudine.12 is the
presence of a fluorine atom at8®n the pyrimidine ringasy access to fluorocytosine
3.9 could make access to EmtricitabiBell significantly more economicalt is
common for medicinal chemists to add a fluorine atom to a molecule as itlis wel

known that a fluorine can significantly improve the potency of a Hiligigure 3.2
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shows compoun@®.17 and 3.18, the difluorinatel analogue3.18 showed a Sold
improvement in the inhibition of tumour and nontumor cell lines compared to the

monofluorinated compound®

HO

3.17 3.18
(R)-mono97 (R)-fluorastrol

Figure 3.2: Improvement in potency including a fluorine.

3.1.2. 2,5Disubstituted-1,3-oxathiolanes

1,3-Oxathiolanes are a unique class of compounds whichaireommonly found in

the literatureOne use of oxathioaceta88sl9have been as protecting groups whereas
2,5disbustitutedl ,3-oxathiolaneshave received attention over the last three decades

when i ncorporated as fAunn adcleosidefigure31gar moi et
1,3-Oxathiolaneshave demonstrated great potential as potential therapeutic agents.

Areas of possible use include; antitumoeits, inhibitors ohepatitis B (HBV) and

as nucleoside reverse transcriptase inhibitors (NRTIs) which are used as treatment for

human immunodeficiency virus (HIV/§+165

0
S S R?
R e S N L O
~ A s Ve
HoN HoN

F

3.1 3.12 3.19 3.20
Emtricitabine Lamivudine Oxathioacetal 2,5-disubstituted
oxathiolane

Figure 3.3: Oxathiolaneheterocyclecore structure

There arenumerousreactionsthat can beexplored to form &,5disubstitutedl,3
oxathiolaneseveraimethodsareshown inScheme8.5. Thesaeactionsall lead tothe
2,5-disubstituteell,3-oxathiolenecore through a condensation reaction between a
thiol/hydroxythiol and an aldehyde or ketoffdnese routesummarisehe synthetic
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pathway to obtain the desired motif required to build emtricitaBidd and / or

lamivudine 3.12

Figure3.4 contains a summarfpr oxathiolane3.21 which will feature in the rest of
the chapter. The figure showee possible isometkeir stereochemical configuration
andrelationships to eaafther, is also serves as a quick reference to the nomenclature

used in this chapter.

2.0 s . ~0,2_0
Bz O/Esr\)(g;o’*c Diastereomers BzO (R-)rJ(sg)‘ OAc
S

(25,55)-3.21 (2R,5S)-3.21

Diastereomers Diastereomers

2.0 712 .0
BZOW OAc Diastereomers BzO (R')Zr 5aOAC
s/® < - > NG
(2S,5R)-3.21 (2R,5R)-3.21

o .
BzO/\rJ\rOAC Bz0” " '(\O>~OAC
S S
(25)-3.21 (2R)-3.21

Figure 3.4: Stereoselectivassignments of 2-8isubstituteel,3-oxathiolane3.21

In Scheme3.5 entry1 L-menttyl glyoxylatemonohydrate.22 and1,4-diathiane2,5

diol 3.23 are coupled togetheiollowed by acetylaion to give 3.24 which can
fortunately be obtained as a single isomeR %R)-3.24 by recrystallisation from
hexane containing a catalytic quantity of triethylantitfén entry 2the condensation

of glycolaldehyde3.25 andthiol 3.23 is driven by pyridine which also acts as the
solvent for the reaction, the alcohol produced is immediately acetylated with acyl
chloride to give oxathioland.26 as a racemic mixtur€’ Entry 3 taks a different
approach to form oxathiolan8.30 than the otherentries For entry 3 the
stereochemistry at C2 is formed through a enzymatic resolution with lipase and then
deprotection of the chiral acetal with HCI leadingrasitu cyclisation forming the

oxathiolanaewith C2 maintain the desired configuratiti
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Entry 4 was one of the early routes used to obgaiarge quantity of oxathiolarge33

for conversion into Lamivuding.128 189t js a straightforward condensation
between aldehyd&.31 and thiol3.32. The reaction shown in entfyis the second
enzymatic process examined. It was reported that the configuratio(2&f)Could be
controlledwith different enzymesC-(2S) could be obtained with CAL B using toluene
and (R) with subtilisin Carlsberg using THF->® Oxathiolane3.21 could be formed
through a cascade reactiasing, aldehyda.31and thiol3.23 with base, enzyme and
acetate donoEntry 6 saw the condensation of glyoxylic acid monohydBa®& with
thiol 3.23 under azeotropic conditions to givehgdroxy acid which was acetylated
with acetic anhydride and eatalytic amount of methane sulphonic acid to form
carboxylic acid3.35. Extensive resolutiorwas required to separate the isomers.
Finally, entry7 highlights a recent example of a route which utilises low cost and
widely available starting materigh obtain an oxathiolane intermedi&&8'7° The
route presented in entry 7 to oxathiol&1&8 can beaccomplishedn a one pot with

a 56% overall yield and >99% purityy reacting kmenthol 3.38 with thiol 3.37
followed with a controlled addition of sulfuryl chlde and vinyl acetate
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42% Yield

i (6] '.ro :
™ S\)'OH N
(2R,5R)-3.24

(0]
r OAc

A, . .
r - :
OAc R1, o 0y ACO/,"'
v

0
J\n/OH , HoS A0, MeSOsH _ HO™ ™
H ho TBME S : . |
o ST OH 500c,6n 3.35 : I/\)_Rz :
3.34 3.23 23% Yield %S ]
O 59% Yield
B20 /-0 A g
Dmone e w0
S _ : OEt
3.21 BzO "'-I/O
89% Yield \)—OMe 3.30
e s 35% Yield 35
A\
3.33 ERON
61% Yield S,
o)
O C\)N ° <
Y
S/S )
BZO\)LH + N dc§
()
@
3.31 o OMe
SH
BZO\)I\H + Meo)\/
3.31 3.32

Scheme3.5: Routedor the synthesis d,5-disubstituteell,3-oxathiolanes

DCM,0°C,1h

3.23

3

HO__S HO_ O
|GG
S” "OH 0~ "OH

.25
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3.1.3. Emtricitabine 3.11 and Lamivudine 3.12

Emtricitabine3.11and Lamivudined.12are antiretroviral drugs used to prevent and

treat HIV/AIDS’ 172Both these compounds are used as partomhbinatonal

therapies for the treatment of HI8ales in 2019 for the drugripla (combination of

Bristol Myers Squibbés efavirenz plus Gil ead

fumarate) was01 million sales in 201973

Coupling of cytosine 3.1 or Fluorocytosine 3.9 with a 2,5distustututeel,3
oxathiolane ighe most frequent method of synthesidimgtype of molecule Several
papers and patents have described the coupli@gpalistustututeel,3-oxathiolanes
with silylated of cytosines by a sililbert-Johnson (oWorbriiggen reaction 152 153
155,159,160 An example bthis is shown inScheme3.6, oxathiolane3.34is coupled
with protected cytosin&.39 and trimethylsilyl iodide (TMSI) used to promote the

reaction
0 OTMS 0 1)
~n,_0 NN _TMSI o s 0, PN
© rjOAc + L MeCN 0 (J_N\J—NHAC
S NHAc 0°C,1h S
3.34 3.39 3.40
51% Yield

(mixture of diastereomers)

Scheme3.6: Example of a Vorbriiggen couplifigtweera 2,5distustututeel,3-oxathiolane
andprotectecdcytosine

3.1.4. Chapter aims

The synthesis oemtricitabine3.11and lamivudine3.12 is na straightforward given

the unusual nature of both parts of the molecule and presence of two stereocentres.
There are several possible routes which can be chosen to obtain the target dpmpoun
each ofwhich possess their own uniqudallenges. The following chapter will look

to optimise areas within the synthetic routd_tomivudine3.12. Firstly, we focused
oncytosine3.1as this is a key intermediate loAmivudine3.12. Then attention was
turned to the synthesis of 2disubstututed,3-oxathiolanes and synthesising
optically pure material without the need for chiral resoluti®Once access tboth
compounds was possiblegwxaminedthe method ofcoupling cytosine3.1 with a

1,3-oxathiolane TheVorbriiggerreaction has beastandard procedure nucleoside

Page B6



synthesissowe were interested to see if an alternative procedure tewddveloped

or if modifications could be made to it.

Routinely a process is initiated frothe cheapest commercially available material,
which is generally produced in the fine chemical sector in relatively small quantities
< 1000 kg per annum. While this is acceptable it does not truly reflect the complete
synthesis of a compound nor showe fiall impact of its manufacture. The following
research and optimisation studies will begin from commercially available bulk
chemicals (>10,000 kg per annum) and will be compared to the state of the art methods
described in the literature via metric arsadyusing the Chem21 Metrics ToolKit.

This metric analysis will highlight any fundamental improvements in the synthesis

and allow a direct comparisons between the processes.
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3.2.Results and Discussion

3.2.1. Synthesis of Gjtosine

Analysis of reactions using metrics allows problematic areas within a synthetic route
to be identified.Table 3.2 contains the Chem21 first pass metric analysis of the
original route and a modern patent routecytosine 3.1 Table 3.2 Entry 1 is the
original synthesis of cytosine and Entry 2, an improved patented route. While the
numerical metrics have all improved in Entry 2, the flag classifications are identical
for both entriesin Table3.2 Entry 2, the synthetic route tytosine3.1 consists of a
single step which involves a condensation reaction between dufeand 3,3

diethoxypropionitrile3.8 Scheme3.8.

This newer process represents a significant improvement when compared to the
original synthesisTable3.2 Entry 2 vs Entry 1. Even thougrable3.2 Entry 2, shows

an improvement some issues are still present; solvent choice, energy required (reaction
temperatureandthe atom economig poor. The low atom economy nae attributed

to the choice of nitrile starting material.

Given these issues optimisation studies were performed to investigate the use of

alternative solvents, reaction temperature and starting material in this reaction.

SH
O SH PClg
/\)l\ . N NJ\NH Dimethylaniline
» _——
NaO Ot ™ HN"“NH g0 A,  Reflux 2n
o
Reflux, 12 h
3.2 3.3 3.4

SH SH JOL

N)\NH M» NJ\NH —Ho Hu
EtOH ~ H,0 S
vm t, 3 h K/kNHz 95°C, 2 h NH.

3.5 3.6 3.1

55% Yield
Scheme3.7: First reported synthesis of cytosiBd.
o]
0 OEt NaOEt PR
J\ + )\/CN ——>» HN N
Ho,N” "NH,  EtO m-Xylene ~ |
Reflux, 3 h NH,
3.7 3.8 3.1
91% Yield

Scheme3.8: Synthesis of cytosing.1by condensation with uréa7and 3,3
diethoxypropionitrile3.8.
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Table 3.2: Metric data for the synthetic routesdgtosine3.1 Schemes.8.

Metric parameter Entry 1 Entry 2
Scheme 3 Scheme 3

Yield (%) 54.8 90.8
TraditionalAtom Economy (%) 29.3 41.4
TraditionalRME (%) 3.8 34.4
PMI reaction (g d) 826.1 1118
PMI reagents, reactant, catalyst (§ g 11.0 3.7

PMI solvent (g ¢) 813.3 106.5
Solvent choice \ij \ij

Catalyst? P P
Recoverable catalyst? P P
Critical element P P

Energy \i:\ \ij
Work-up \::\ \ji\

Health and safety P P
Chemical of concern? P P

Flag systemGreen flag™ preferred, amber flag acceptable but some issues and red™tag undesirable.
A full key and explanation of the metrics analysis and flag classification can be found in the appendix.

3.2.1.1. Optimisation of reaction conditionsi Solvent

The use oimxylene and other aromatic hydrocarbons can be advantageous as their
properties aided in purification by forming an azeotrope with ethdftblanol is
produced during the reaction by hydrolysis of nit8l8. The azeotropérmed with
m-xyleneenalbesa simplified purification procedure athanol can be removed along
with m-xyleneandthe remaining solvent can then forrhiphasic mixture when water

is addedto dissolveand remove the pyrimidone salt. The metric analysisle 3.2
highlightedm-xyleneas unfavourable as aromatic hydrocarbons have been classed as
problematic by the Chem21 solvent selection guideaning special precautions
would be required at pilot plant sc&fTherefore a series of reactions were performed

to search for a suitable alternative solvent. We began by screening solvents which

wererecommended and classified asraem flag by the Chem?21 solvent guitkble
3_3.80, 101
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Table 3.3: Solvent screen on the synthesis of cyto8irie

0o

OEt

NaOEt
+ —_—
A EtO)\/ CN Solvent

PR

HN

Ho,N” NH '
? ? Temp / Time \/kNHZ
3.7 3.8
Entry Solvent Temperature Time Yield (%)
90°C 8h 91
! m-Xylene 130°C 3h 01
90°C 8h 72
2 Toluene 110°C 4h 94
3 c 90°C 8h 89
p-iymene 130°C 4h 90
. 90°C 8h
4 Limonene Room temperature 24 h 0
. . 90°C 8h
5 Diethyl succinate Room temperature 24 h 0
. 90°C 8h
6 Diethyl carbonate Room temperature 24 h 0
75°C 8h
! Ethyl acetate Room temperature 24 h 0
90°C 8h
8 Isopropyl acetate Roomtemperature 24 h 0
90°C 8h
9 Cyrene Room temperature 24 h 0
10 Anisole 150°C 2h 17
Room temperature 12 h 0
11 Ethanol 20°C 6h 88
124 t-Butanol Room temperature 12h 0

[l Sodiumt-butoxide was used in place of ethoxide

Due tom-xylene performing well in the reaction toluene gmdymene were the first

solvents to be investigated due to their similar physical properties and proximity in

solvent spaceTable 3.3 Entry 2 & 3 shows that toluene apecymene are viable

substitutes fom-xylene as the yields obtained are equivalent although a slightly longer

reaction time is requiregp-Cymene is a biodered aromatic hydrocarboderived

from limonene which in turn is derived from citrus p&éiThe use of limonene,

diethyl succinate, diethyl carbonate and ethyl/isopropyl acetate were all also examined

Table3.3 Entry4 71 8 but all were unsuccessful
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When limonene was used numeraide products where formed, while it was not
possible to identify every product the majority were formed by addition to one or both
of the alkenes present in limonene. Analysis of the crude proton NMR showed that the
typical signal for both alkenes in had vdres.

Anisole Table 3.3 Entry 10 showed some promise but due to the high temperatures
required was deemed unsuitable. When the reaction was perforraesblation of
sodium ethoxidexnd ethanoh yield of 88% was obtained at room temperature and
elevated temperatur€able3.3 Entry 11.The use of-butanolTable3.3 Entry 12 was
unsuccessfypresumablast-butanolis too hindered and cannot reaath nitrile 3.8

The discovery that Banol could be used as the reaction solvent was surprising and
eliminated the need to use any aromstilvent It should also be noted that when this
work was first performed toluene was categorised as amber but today would most

likely be considered redunsuitable due its suspected reprotoxicity properties.

3.2.1.2. Optimisation of reaction conditionsi Reagent

With a more suitable solvent to in place a brief attempt was made to screen possible
alternatives to sodium ethoxide. Several acids and bases whersestend.4 M
ethanolic hydrochloric acid performed just as well as sodium eth®sidie3.4 Entry

1 & 8. Sodium, potassium and lithium hydroxgl€able 3.4 Entry 2 - 4 all failed to

yield any productind the urea decomposed giving off ammonia and carbon dioxide.
Potassium-butoxideTable 3.4 Entry 7 rapidly produced a black tathen nitrile3.8

was added, this tar could be a polymeric residue formed by the polymerisation of
deprotected nitrile3.8 reacting with itself instead of uré&a7. When aluninium and

iron (1) chloride were examine@iable3.4 Entry5 & 6 no product could be detected

in either caseand the starting nitrile could be recowgrie would appear thdtewis

acids are not able to deprotect nitid& whereas this reaction is favourable when a

Branstedacid such as HCI is chosen.
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Table 3.4: Reagent effect on the synthesis of cyto§irie

(0]

JOL N )Oit/CN Reagent - HNJ\N
HoN NH, EtO EtOH. \/Ik
Temp / Time NH,
3.7 3.8 31
Entry Reagent Temperature Time Yield (%)

1 NaOEt 70°C 6h 88
2 NaOH 70°C 6h 0
3 KOH 70°C 6h 0
4 LiOH 70°C 6h 0
5 AICI3 70°C 6h 0
6 FeCk 70°C 6h 0
7 t-BuOK 70°C 6h 0
8 0.4 MHCI 70°C 6h 87
9 0.4 MHCI Room temperature 12 h 6

With the reaction proceeding witld.4 M ethanolic hydrochloric acida metric
comparisonof two reactionswas performed The metric analysis was used
determine the effect that replacing NaOEt va#hM ethanolichydrogen chloridéad

on the overall processThe results are presentedTiable 3.5 andit is clearentry 2,
using0.4 M HCI significantly reduces the reactions PMI. THecreasesvasdue to
thesimplified work up as the product can be isolated by direct filtration and therefore
minimisesthe volume ofsolventrequired in the process. Thsshown by thePMI
decreasindgrom 90.6g g with NaOEt to14.8 g g with 0.4 MHCI.

Table 3.5: Metric comparison NaOEt & 4M HCI as reagent fasynthesis 08.1

o OFt 0.4 M HCI j\
or NaOEt
J + )\/CN » HN” °N
HoNT NH, EtO EtOH U\
70 °C, 6h NH,
3.7 3.8 3.1
Yield Traditional Traditional PMI PMlrrc PMl solv
Entr Reagent
y g %) AE(%)  RME(%) (9gY) (9g) (ggY
1 NaOEt 88 41.4 33.2 90.6 38 85.1
2 0.4 MHCI 87 46.4 37.3 148 3.1 11.7

A full key ancexplanation of the metrics analysis and flag classification can be found in the appendix.
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3.2.1.3. Optimisation of reaction conditionsi Temperature

The temperature of the process was also highlighted as problem&ablan3.2 as
Entry 2 was performed at refluRerforming a reaction at reflux igery energy
intensive. Around 6 times more energy is required as an input for a procesgxat ref

when compared to the same process operating@bglow refluxt’™

During the optimisation of solvertable3.3 and reagentable 3.4 temperature was
also investigatedTable 3.6 Entry 7 shows that the optimum temperature for the
reaction of ure&.7and nitrile3.8was70°C. At temperatures below ?Q the reaction
was slowand above 70C the was a significant loss of product and starting material

possible due to decomposition.

Table 3.6: Effect of temperature ciormation of cytosing. 1

0O
JOL . f/CN 0.4 M HCI o HNJLN
H,N”™ “NH, EtO EtOH \)\
Temp, time NH,
3.7 3.8 341
Entry Reagent Temperature Time Yield (%)
1 0.4 MHCI Room temperature 12 h 0
2 0.4 MHCI 30°C 12 h 5
3 0.4 MHCI 40°C 12 h 26
4 0.4 MHCI 50°C 12 h 30
5 0.4 M HCI 50°C 24 h 34
6 0.4 MHCI 60 °C 12 h 40
7 0.4 MHCI 70°C 6h 87
8 0.4 MHCI 70°C 12 h 85
9 0.4 MHCI Reflux 6h 27

3.2.1.4. Optimisation of reaction conditionsi Starting material

As previouslyshownin Table3.2 Entry 2 the patent routbas a poor atom economy
which can be linked to thehoice of starting material® Therefore, the use of
alternative, more atom efficient reactants was explohgttile 3.8 containstwo
ethoxygroupswhich are lost as &éanol during the reaction to form cytosiBd. The
acetal is hydrolysenh situto form a reactivaldehyde3.41 as shown irScheme3.9.
Aldehyde3.41is then condensed with urd&/ followed bycyclisation onto the nitrile
to produe cytosine3.1 Schemes.9.
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Scheme3.9 shows how an acid can deprotect nitBl8 and this aldehyde can then
condense with ured.7. The use of nitrile3.8 can be justifiedasit is stable under
ambient conditios. The acetatan easilybe hydrolysed in theeactionflask andused
instanty. Whereasf compound3.41 were chosenas the tarting materialt would

likely self-polymerize anddecomposeluring storagef special conditionsvere not
employed These special measures would add additional expense and complication to

the process, especialbn a large scale

H+
C Et
3 H.+ Et Ete .+ ~o:
OEt 0 - EtOH -0 HS
Aoen > cN T o U __on —> HY CN
EtO EtQ5) H ) ©
3.8 : H
HY  H
Et<*.H
%
— > H CN — 3 CN
FI\/ HJI\/
0 3.41
H .
+’H @) (@)
0 © M rH U
| N N N N
CN H,N Z H,N Y ~
HpN™ "NH, H — Z  — M
3.7 3.41 H Ho: HCot,
H
@) 0
0] )L .
H )\\
- H0 N)/“\NHZ o hN NHE P HN (NHZ }
_> —~—— - , /N—
H Ig ZN Y~ HM+
H H H
o) 0 0
H
i HNJ\NQH A
HN™ “N=H ) HN™ °N
K - \)\ A .
CNH N NH,
H 3.1

Scheme3.9: Acid catalysechydrolysis of nitrile3.8 & mechanism to form cytosing.1

Whenmetrics analysis wagserformedsubstituting nitrile3.8for aldehyde3.41
Table 3.7, the AE significantly improved along with RME and a very slight
improvement in PMI. Thigerifiedthe negative effect the protecting group has on the
reaction metricend supported the invegé#tion into an alternative reactant
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Table 3.7: Metric analysis altering starting nitrile

Entry 1 O
Ji§ T on —oansn o
0.4 M HCI HN N
+ CN ——————
HoN NH, EtO EtOH ~ |
70°C, 6 h V\NHZ
3.7 3.8 31
Entry 2 o
(0] OEt Jj\
0.4 M HCI HN N
N + CN —————=—
HJJ\/C Eto)\/ " I\)I\
o NH»
70°C,6h
3.41 3.8 31
) Entry 1 Entry 2
Metric parameter Nitrile 3.8as Aldehyde341as
starting material starting material
Traditional AE (%) 46.3 67.1
TraditionalRME (%) 39.0 54.6
PMI reaction (g @) 97.7 97.0
PMI reagents, reactant, catalyst (§ g 3.0 2.3
PMI solvent (g d) 93.3 93.3

A full key and explanation of tmeetrics analysis and flag classification can be found in the
appendix.

Given theimprovements that could be gained from substituting the starting material
alternatesubstrates were screened for suitabilfystly 3-ethoxyacrylonitrile3.42

was chosen as it was very similar to nitBl&, as it can isomerise to form the same
intermediate3.41 that can be obtained from nitri88. Nitrile 3.42 was reacted with

urea3.7 under various conditions and the results aspldyed inTable3.8.

Table 3.8: Synthesis of cytosin®g.1from urea3.7 and 3ethoxyacrylonitrile 3.42.

O
JOL N EtO/\/CN Reagent HNJLN
HoN™ “NH, Solvent U
70°C,6 h NH,
3.7 3.42 3.1
Entry Reagent Solvent Yield (%)
1 NaOEt m-Xylene 56
2 NaOEt Toluere 51
3 NaOEt EtOH 46
4 0.4 MHCI EtOH 0
5 NaOH EtOH 0
6 AICI3 EtOH 0
7 FeCk EtOH 0
8 p-TSA EtOH 0
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Whennitrile 3.42 was used in place &.8a lower overall yield wasbservedTable

3.8. Entry 1used m-xylene as solvenwith NaOEt andgave 56% yield compared to
91% wten nitrile 3.8 was used. A lower yield was also observed with tolussm
NaOEtTable3.8. Entry 2, 51% vs a previouslgbtained 72% albeit at SC. When
ethanolic HCI was chosetiere was no product detected and no decreases in the
concentration of starting nitrilg.21 The trewl of inactivity continued with numerous

Lewis andBregnstedacidsTable3.8.Entry 41 8.

Subsequently attention turned to acrylonitBld3 to see if itwas possible to react
directly with urea3.7 to give the target compoundAcrylonitrile 3.43 is readily
available in bulk quantities and is very cheldpea3.7is also cheafherefore if it was
possible to use both substrates to form cyta3ihehiswould be ideal from a financial
perspective. When considering the atom economy, the reaction betwe@n/med
acrylonitrile 3.43 would be almost 100%based solely on reactis) as only 2
equivalents of hydrogen are lost per mole of proddithough when the reagent HCI
is included the AE drops, but the improvement with acryloni8i3 can still be
observedn Table3.9, Entry 4

Table 3.9: Atom economy comparison of starting material

Entry 1 Entry 2 Entry 3 Entry 4
OEt 0 ~ CN ~
CN CN Et0” X~ Z “CN
Eto)\/ HJK/
3.8 3.41 3.42 3.43
X‘E‘?&S’gf" 46.4 67.1 57.4 74.3

[a Reaction conditions, 1.0 equiv nitrile, 1.2 equiv urea, 1.2 eq HCI

The difficulties with using acrylonitril8.43 may be the possibility for it to polymerise
and for urea to add into the double bond. The amide nitrogen irButezay not be

nucleophilic enough to successfully perform a -do#jugate addition onto
acrylonitrile. Initially acrylonitrile 3.43 was screeed with urea3.7 using the same

conditions as for-&thoxyacrylonitrile3.42 Table3.10.
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Table 3.10: Synthesis of cytosing.1from urea3.7 and acrylonitrile3.43.
O

N

o)
A + ZCN HN™ °N
HNT NH, Conditions AN

NH,
3.7 3.43 3.1
Entry Reagent Solvent Temperature  Time Yield (%)
1 NaOEt m-Xylene 70°C 6h 0
2 NaOEt Toluene 70°C 6h 0
3 NaOEt EtOH 70°C 6h 0
4 0.4 MHCI EtOH 70°C 6h 5
5 0.4 MHCI EtO Room 24 h 0
temperature
6 NaOH EtOH 70°C 6h 0
7 AICl3 EtOH 70°C 6 h 0
8 AlCIs DCM Room 24 0
temperature
9 FeCk EtOH 70°C 6h 0
10 p-TsOH EtOH 70°C 6 h 0
11 p-TSOH H.0 Room 24 h 0
temperature

The results with acrylonitril8.43were disappointing but not unexpected. There was
an uncertainty if urea would be suitable substraterfazamicheal reaction. Looking

at the results imMable 3.10 it confirms that ure&.7 is not suitable as none of the
reactions were successful. Omeakly positive result wasvith Entry 4, but this yield
was not successfully repeated and has been considered an anomaly.

3.2.1.5. Metri c analysis of thescreenedsynthetic routes tocytosine

When a metric analysis is performed on the three main routegdsine 3.1 the
reaction with ure8.7, nitrile 3.8using ethanolic HCI comes out as the most preferable
reactionTable3.11 Entry 2. It has thesecond most favourablgeld at 87%, it also
has themost favourabl®@ME and PMIAlthoughTable3.11 Entry 2 is thethird least
atom efficientthis is dueo losing twoequivalent®f ethanol deprotecting the reactive
aldehyde given theside product is ethanol and the solvent is ethanolcWigan be
recovered this can metric result can be considered acceptakléealth and safety

and solvent choice for entry 2 also makhé preferred choice.
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Table 3.11: Metric comparison oinvestigated routes to cytosif8el

O
0 OEt J
Entry 1 + NaOEt HN N
HQNJLNHZ EtO)\/CN - '
m-Xylene NS NH
2
o]
3.7 3.8 70°C.6h 3.1
(0]
0 OEt JS
+ 0.4 M HCI HN™ N
Entry 2 HZNJ\NHZ EtO)\/CN !
EtOH NS NH,
0
3.7 3.8 70°C.6h 31
(0]
o . NaOEt HNJ\N
Entry 3 H,N NH, EtO/\/CN m-Xylene M
70°C,6h NH,
3.7 3.42 31
it
o]
0.4 M HCI
+ PN —_— HN™ N
Entrvd N7 SNH, Z "CN EtOH |
70°C,6 h NH,
3.7 3.43 3.1
Entry 1 Entry 2 Entry 3 Entry 4
Metric parameter Nit_rile 3.8 as Nitrile 3.8 as Nitrile 3..42 as Acrylonitrilg
starting material starting starting 343 as starting
NaOEth-Xylene material material material
HCI/EtOH
Yield (%) 90.8 87.2 56.3 5.4
Traditional AE (%) 41.4 46.4 50.0 74.3
TraditionalRME (%) 34.4 37.4 25.3 3.6
PMI reaction (g @) 111.8 14.8 160.0 4115
PMirre(g g%) 3.7 3.1 5.2 35.4
PMisow (9 %) 106.5 11.7 153.8

Solvent choice

P
P
P

58
v
P
P

Catalyst?
Recoverable catalyst?
Critical element P
Energy =

Work-up - Rtj
Health and safety

Chemical of concern?

Flag systemGreen flag™ preferred, amber flay acceptable but some issues and redfag undesirable.
A full key and explanation of the metrics analysis and flag classification can be found in the appendix
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3.2.2. Synthesis of 3,&iethoxypropanitrile

Following theevaluation of alternative nitriles focus wi&i®nturned to the synthesis
of nitrile 3.8. This wasbecause the highest yielding and simplest procedertified

for the synthesis otytosine 3.1 can be achieved using the reaction displayed in
Schemes.10.

0]
(0] OEt
i + L _on 0.4 M HCI HNJLN
H,N” °NH,  EtO EtOH \/Ik
70°C,6h NH,
3.7 3.8 3.1
87% Yield

Scheme3.10: Synthesis of cytosin®.1from urea3.7andnitrile 3.8.

The manufactuing procesgo obtainnitrile 3.8 could bethroughone of twopossible
synthetic pathwaywhich have been founadhithe patent literatur€! The first routds
a2-step proceswhichbeginswith vinyl acetate3.44, Scheme3.11. Vinyl acetate3.44
is converted to a brominated ace&d7 which then undergoes a substitution reaction

with sodiumcyanideto give nitrile3.8.

0] OEt NaCN OEt
4\0)1\ EtOH Eto)\/Bf DMSO Eto)\/CN
° 80°C,5h
3.44 0°C.48h 3.27 3.8
40% Yield
H+
EtuH
Q’Br\ )Ol\ Br EtO_I\-I )OJ\ \;\ J\ Et\O (0]
— —_— —_—
é\ Bra Br B
3.23
Et\o‘) €¢H Et\o+ Et\
AcOH
D | — Bl’\) —> Br\)\"' Et
7\ - —_—
A b} .
EtOH H
OEt OFEt
B - B -
Eto)\(/‘ r r Eto)\/CN
C N
3.27 3.8

Scheme3.11: Synthesis of nitrilé8.8 from vinyl acetate

Thesecondoute to nitrile3.8, Scheme3.12 uses3-chloroacrylonitrile3 .45 as starting

materia) whichcan bederived from acetylen®46 and cyanogen chloricg47.178. 179
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OEt

BaCN NaOEt
=z + N BBy, Gy ——i
Z o 200 °C CN " EtoH EtO)\/CN
Reflux, 3 h
3.46 3.47 3.45 3.8
59% Yield

Scheme3.12 Synthesis of nitrile3.8 from 3-chloroacrylonitrile3.45.

Employing3.45 as a reactarns relatively straightforwardbut its synthesis however
hasnumerous problems. Both substrates are gas, acetylene is explosive and cyanogen
chloride is toxic. High temperature ~ 28D has been reportediiis syntheseand the

product needs to be fractionally distilled. The product has also been refmtied
unstable and liable to polymerise which again is not ideal and leads to problems

handling and storing the material.

Metric aralysis oftheseprocessesighlights several issues, the mpsessing being

the toxic nature of the reagents involv&dble 3.12. Elemental bromine, sodm
cyanide,acetylene anatyanogen chloridare all extremely toxic and will require
special handling requirementslandling of gaseous reagents requires specialist
equipment and expertis€he data formetric analysis for entry 2 ifiable3.12 was
complicated due to the gaseous reaction to fuefin 3.45. The patent did not provide

any physical quantities only that the gases are combineppnoximately equal
volume rates a good vyield is obtained after condensation and subsequent fractional

distillation.
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Table 3.12 Metris analysis of thenanufactureof nitrile 3.8,

O OEt NaCN OEt
Entry 1 /\OJ\ EtOH Eto)\/Bf DMSO Eto)\/CN
3.44 0°C,48h 3.27 80°C,5h 38
OEt
Entrvz 2 * CI///N :;3:‘02 “nPen l\;gﬁt EtO)\/CN
3.46 3.47 3.45 Reflux, 3 h 3.8
Metric parameter Entry 1 Entry 2
Yield (%) 40.4 58.6
Traditional AE (%) 37.0 69.3
TraditionalRME (%) 8.2 28.4
PMI reaction (g d) 576.1 99
PMI reagents, reactant, catalyst (8 g 7.6 5.0
PMI solvent (g ¢) 529.2 4.2

Solvent choice

Catalyst?

Critical element

P
P
Recoverable catalyst? P
P
P

Energy

1Tt

o
8
7
U

Work-up

Health and safety P
P

Chemical of concern?

11

Flag systemGreen flag™ preferred, amber flay acceptable but some issues and redftag
undesirableA full key and explanation of the metrics analysis and flag classification can be four
the appendix

An dternative synthetic route to nitriB28 has been reported by Iskii al'8%183 They
claim that monosubstituted alkenes such as acrylonit8lé3 can undergo

acetalization via a Wacker typeocessScheme3.13

Pd(OAc), (0.1 mmol)
HQ-CI (0.4 mmol)
CH3SO3H (0.2 mmol)

OEt

NPMoV (0.02 mmol

Z N ( b A CN
EtOH/H,0/0, EtO

3.43 50°C, 20 h

87% Yield
Scheme3.13: Production of nitrile3.8as reported by Ishif®
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When the reported conditions were attempted in the lab the reaction gave a slightly
lower yield than reported, 81% apposed to 99%cheme3.13.283 While this is still
reasonable, the conditions were examined and after some optimization it was possible
to get a quantitative conversion of acrylonitidd3 to nitrile 3.8. The optimisation
involved supportingalladium (1) chlorideand molybdovanadophosphatslPMoV)

on activatedcarbonand substituting chlorohydroquinone witlepper(l) chloride
Thesemodifications allowed the reaction to run cleanly to completior6il@urs at

40°C.

Supportinga Pd(ll) catalyst andNPMoV on activated carboallowed for a simple
work up once the reaction was compldteis solid support also gave improved yields

at a slightly lower temperature. A theory for an improved yield at lower temperature
is that the activated carbon is promoting tlesired interactions between substrates.
Replacement ofhlorohydroquinone with copper (€hlorideincreased the speed of
the reaction presumably by allowing for a faster oxidation of t{{)Reshd NPMoV

catalytic species back into their active form.

[PCI, - NPMov] / C (0.1 mol%)

OEt
CuClI (0.1 mol%)
EtOH, O,
3.43 40°C, 36 h 3.8
98% Yield

Scheme3.14: Wacker route to nitril&.8.

Once thePd(ll) catalysed acetykaction was complete @uld befiltered acidified
with HCI to form reactive aldehyd&41. Addition ofurea3.7 and warming to 70C
allowed theformation of cytosine3.1 Due to the filtration transferring the reaction
mixture from one flask to another the conversion acryloni&id@ to cytosne 3.1is

not far from being a one pot process.

A comparison of the initial routeeported by Ishiand optimised route to nitril@8is
shown inTable3.13.
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Table 3.13: Comparison of routes to nitril& 8,

0 OEt __NaCN OEt
Entry 1 4\0)1\ EtOH Eto)\/Br DMSO Eto)\/ CN
0° 80°C,5h
344 0°C48N 3.27 3.8
BaCN _NaOEt_ OEt
Z ZN 29 Cla~
Entry 2 Z " a0’ oo CN "~ EtoH EtO)\/CN
Reflux, 3 h
3.46 3.47 3.45 3.8

[PdCI, - NPMov] / carbon (0.1 mmol)

Entry 3 A en CuCl (0.1 mol) o OFt o
EtOH, O, EtO
3.43 40°C, 36 h 3.8

Metric parameter Entry 1 Entry 2 Entry 3
Yield (%) 40.4 58.6 97.9
Traditional AE(%) 37.0 69.3 97.8
TraditionalRME (%) 8.2 284 95.7
PMI reaction (g d) 576.1 9.2 6.7
PMI reagents, reactant, catalyst (§ g 7.6 5.0 1.1
PMI solvent (g ¢) 529.2 4.2 5.6

Solvent choice
Catalyst?
Recoverable catalyst?
Critical element

Energy

Tt
Tt

o
G
o
G

Work-up
Health and safety

Chemical of concern?

1t
1t
1

Flag systemGreen flag™ preferred, amber flay acceptable but some issues and red™dg undesirable.
A full key and explanation of tmetrics analysis anflag classification can be found in the appendix

The improvement from the initial to the optimised proggessibstantialEvery metric

for the reaction has been improvedth the exception of critical element which
changed from green to redrhe catalytic system uses 4 metals, palladium,
molybdenum, vanadium and copper, which may pose a problem of contamination for
pharmaceutical sesand is not desirablom a sustainabilityaspect ashe natural
resources for Pd, Mo and Cu are at risk of depletion in the ned®Ggearss
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3.2.3. Synthesisof 2,5-disubstituted-1,3-oxathiolanes

With the route taytosine3.1developedt wasalogical stepto considerthe synthetic
endeavar requiredto obtain an2,5-disubstitutedl,3-oxathiolanemotif as this in
combination withcytosine3.1or Fluorocytosine8.9form the commercially important
antiretroviral medicines Emtricitabine 3.11 and Lamivudine 3.12. The initial
approach was to perform a metric screen of the reactions preseStdteme3.5 and

use this to guide to identify opportunities for improveine

3.2.3.1. Metric analysis of synthetic routes to 2,5lisubstituted-1,3-oxathiolanes

As discussed in sectidhl.2and presented ilicheme.5 the variougpublished routes
to obtain a 2Hlisubstitutedl,3-oxathiolane all follow a distinct pattern of
condensation of an aldehyde glyoxylatewith a thiol or 1,4diathiane2,5-diol 3.23
with the exception of Entry 3& 7 which both take unique routes to form the
oxathiolanering. In Scheme3.5, Entry 3 sets the stereochmstry at C2 througha
enzymatic resolution withpase and thedeprotection of the chiral acetal with HCI
leads toin situ cyclisation formingthe oxathiolane8.30.1°° The route presented in
Scheme3.5 Entry 7 wasdeliberatelydesigned to avoid the previously developed
routesand starting materials. The authors aim wadegign new routes from simple,
high-volume lowcost starting materiaishich couldpotentially decrease raw material
costs, increases supply chain securitizwitricitabine3.11andLamivudine3.12 and
alsoallow alternativemanufacturedo enter the market therefomecreasing global

productionof the medicines

In orderto identify any opportunities for improvement within the processes shown in
Scheme3.5 a metric analysisvas performed using theroceduregrovided in the
literature. The results from thémalysisarepresented ifable3.14. In the metric data
presented iTable3.14. For this analysisvork updetailshave been excluded. This is
becausehe information provide for work up and purificationariesgreatly between
authors and publicationf a generalassumption was made about the quantities use
this would have to be scaled to the size of the reactidicanldin the case aémalt
scalereactionsoverestimatevhich would unfairly disfavour a reactionThe fairest
optionwasto completely exclude all work up informatiogegardingsolventswashes

and reagents.
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As stereochemical transformations are alviiart of these synthesis an additional
column has been addedTable3.14. resolution This column is graded with the/o-
flag system;

- Green noresolutionrequired(separation of enantiomers)

- Red flag Resolutionperformed, edractional crystallisation

Table 3.14: Metric analysis of routes to 2disubstitutedl,3-oxathiolanes

ey Sy Sy Ewy ey ey
Yield (%) 42.0 61.3 88.9 22.9 56.4
Traditional AE(%) 53.1 60.2 51.0 42.9 61.4
TraditionalRME (%) 17.7 28.3 29.5 16.4 225
PMI reaction (g d) 21.2 49.2 313 33.6 8.7
ng;lysrteégg)ms’ reactan g g 35 4.0 6.1 45
PMI solvent (g ¢) 15.6 45.6 27.2 27.5 4.3
Solventchoice Rij V\ij Y\ij Rfi X

=R
oo
v e
nl ol ol

Flag systemGreen flag™ preferred, amber flag acceptable but some issues and red™tdag undesirable.
A full key and explanation of tmeetrics analysis antlag classification can be found in the appendix

Resolution P
Catalyst? P

Recoverable catalyst? P
Health and safety Ri:\
Chemical of concern? P

Poa BN o ool
a L oeNdNDN ol
P 9 o hr o k|
0 oy @ AW
N
©o @ N vk PR

In Table 3.14 the route whichperformed least favourable was entry 3 which uses a
lipase enzyme to set the stereochemistry atT@2.procesin Table3.14 entry 3to
obtain3.30 in involves four steps whereas each of the other entries involves one or
two stepsAll entries showfixed stereochemistry at C&hich is obtained through

chiral resolution apaftom entries 3 and 5 which sets the stereochemistry by the action
of an enzymeAnalysis of the data preated inTable3.14 revealghatentry 5hasthe
bestoverall yield and RMEEntry2 has the best AE and PMI metrics. Given RME is
dependent on yield it is unsurprising that these are most favourable in therggyme

Entry 2 has the best AE and PMI as the reaction is a condensation between two
aldehydes which are both consumed during the reaction, and the alcohols formed are

acetylated with acyl chloride generating HCI as the only by product.
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While the metricdata presented ifable 3.14 gives a good insight into how the
reactions compare to another caution must be taken when comparing reactions through
metiics analysis as discussed in Chapter 2. These examples are further complicated by
the stereochemical requirement and that some examples have been taken from the
literature and performed onnailligram scale whereas others taken from patent and
process liteaturewere reported at kilogram scale.
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0
/)
i O "'ro i
g™ S\)-OH N
o 56% Yield _.---=-. .
‘ .. 42% Yield

Ac0,MeSOzH  HO™ ™ r
o S\)_ H . \
NS

) HO_ _S
Jl\n/OH +
H
MO o TBME
0 2 H " 500c,6h 3.35
3.34 3.23 23% Yield y S ;
BZO/"'~rO
OA LT -
3 (o] MeO
3.21 BzO/"'~I/O
89% Yield S\)—OMe
3.33
61% Yield
[e) ~v, <
O/Q o
S/S
BZO\)LH + N, Q¢§
QO
@
3.31 o OMe
SH
BZO\)I\H + Meo)\/
3.31 3.32

Scheme3.5: Routes for the synthesis of 2jsubstituteell,3-oxathiolanes

(2R,5R)-3.24

Entry 6
A5 ‘
OAc R o \ AcO

r° -
\)—OAC ~
O 59% Yield

35% Yield N5,

»
?6‘0’5’

DCM,0°C, 1h

3.23

HO_ S HO O
L, LL
S” "OH O~ "OH

3.25
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3.2.3.2. Solvent study on the enzymatisynthesis of 2,&isubstituted-1,3
oxathiolanes

Through the metric analysis okathiolane synthesis presentedsicheme3.5, Entry
5 was identified as thmost ideal reactiom a laboratory settingThe chemistryn
Scheme3.5 Entry 5 works wellon a smalkcale~ 2 mmo]| but this doesot provide

any indicationas to howthe reaction would perform anlarger scale.

Given thegreen potential of the enzymatic reaatdescribed byHu et al a solvent
screen was carried outtiy and identify if an alternative to toluene could be fotiid.

The reaction presented$theme3.15was used to model the performance of different
solventsCAL-B was chosen for convenience as it is commercially available and gave
access to the compounds of interBstnzoyl protected aldedg3.31is obtained from
sodium benzoat8.48in two stepsThe frst step isaddition of bromoaceta.27to
sodium benzoatg.48to give acetaB.49which ishydrolysis with aqueous formic acid

to give ddehyde3.31whichis very unstable and sgtblymeises within a matter of

hours at room temperature. Therefore, it was made prior to each use.

0 (0]
Na* OFt OEt
o Br ————>» (0) >
©)‘\ Eto)\/ DMF ©)‘\ /HO/Et 80% Formic acid
Reflux, 5 h rt,2h

3.48 3.27 3.49
79% Yield
0 PhOAc 0
o OH CAL B, NEt o)
NZ S —_ S (0]
do P JL T s L
HO 4 °C, 4 days

3.31 3.23 (25)-3.21
98% Yield 89% Yield

Mixture of diastereomers

Scheme3.15; Enzymatic synthesis aixathiolang(2S5)-3.34

An alternative to aldehyd®.31 was dycolaldehyde dimer3.25 or L-mentlyl
glyoxylate3.22 andboth performed just as well &31and could have been used as
a suitable alternative for screening reactioBsheme3.16 Aldehyde 3.25 and
glyoxylate 3.22 have an indefinite stability wwen stored in a fridge arate solids
whereas aldehyd8.31is a liquid. Despite these benefttse route using.31 was
pursued due to the phenyl ring making analysisiMR andHPLC simpler.
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PhOAc

OH
oY S CAL B, NEt,
o) S
HO)\/ HO)\/ Solvent
4 °C, 2 days
3.25 3.23
0 3/\(OH PhOAG
oJ\/OH Y O _CALB, NEt;
/:\ OH HO Solvent
4 °C, 4 days
3.22 3.23

ACO/\r\O}l\rOAC
S

(2S)-3.26
59% Yield
Mixture of diastereomers

gy

trans-3.24

38% Yield
Mixture of diastereomers

Scheme3.16. Synthesis of oxathiolane $23.24 & 3.26

A wide range of solvents with varing properties where seledtad initial

screeningl'he results from the solvent screen are presented in

Table3.15.

Table 3.15: Solvent study on enzymatic synthe3i81

0] o PhOAc (0]
S
o ST SR e
HO 4 °C, 4 days S
3.31 3.24 (25)-3.21
Entry Solvent Yield (%) dr (%) ee(%) ©
1 Toluene 89 8:1 87
2 m-Xylene 87 8:1 87
3 Hexane 74 8:1 85
4 Heptane 52 8:1 85
5 THF 0 - -
6 TMO 74 7:1 80
7 NMP 0 - -
8 DMF 0 - -
9 Acetonitrile 42 251 50
10 Ethanol 21 2:1 50
11 DMSO 2 - -
12 Chloroform 0 - -
13 Ethyl acetate 13 - -
14 TBME 63 11 50
15 Diethyl ether 22 1:1 50

General conditions3.31(1.00 mmol),3.24(0.60 mmol), NEf (1.00 mmol), PhOAc3.00 mmol), CAL B (50

mg) & solvent (5 mL) 4 days at°C.
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[l eeof major diastereomer
Looking at the datpresented

Table3.15thereis no obvious pattern for which class of solvent is most suited to the
reaction. Lipase catalysis is highly solvent dependant, with toluene performing the
best giving gield of 89%with a reasonablenantiomeric excegse€) of 87% towards
C-(29), which was fractionally better than-xylenewhich had a yield of 87% hese
findings are inagreement with the reported procedarel other work showing that

the lipase Cal B performs optimalip hydrocarbond®3 18 Other hydrocarbons
heptane and hexane both give moderate yields of 52 & 74% respeetioety with
identical diastereoratiqsir) andeed sThe good performance of hydrocarbons could

be attributed totheir low miscibility with water and therefore having less
interreference with the enzymes active site and water which may be bound.

Table 3.15 Entry 5, 2,2,55-Tetramethyloxolane TMO) is a solvent which was
developed at the University of Yods an alternative for toluefig *°A yield of 74%

was obtained using TMO which was a pleasant surprise and encouraging to find it can
be toleratedinder these conditiona dr of 7:1 ancee80% obtained using TMO, was
slightly 1l ower than t hos eocabosalventellitawi t h t he
promising result for the new solvent givire limited amount applications it has been

evaluatedvith.

The reaction is thought to proceed throughcascadeScheme3.17. Initially
triethylamine (base) deprotonates the sulphur di323 to leave the reactive thiol
3.50thenthe lone pair on the sulphur can attack the carbonglaehyde3.31to give
intermediate 3.51 which cyclises to form 3.52 Oxathiolane 3.52 can be
stereoselectivly acylated witBAL B to generatéhedesired oxathiolane &-3.21as

a mixture of diasteomers at C5Triethylamine can be substituted with pyridine, di
n-butylamine, diisopropylamine andN-DiisopropylethylamingHunigs Base) with
no change on the yield or selectivity. In place of phenyl acetate acetic anhgmllide
acyl chlorideweretested and worked successfully
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o] ) o]
A0 NEts o/\ro"' o
° HS oy, —> — 0" y—on
+ o) S
~0 S
3.52

3.31 3.50 3.51

CALB
PhOAc

o)
O,
ST O/\(JN-OAC
S
(25)-3.21

Scheme3.17: Overview of cascade reaction to oxathiol&rl

The stereochemicalut come of this reaction arabnfigurationof compoundsvas
determined by conversion 8f21into Lamivudine3.12which was analysebly chiral
HPLC against an analytical standard of Lamivudri To begin aldehyd8.31and
thiol 3.23 were ondensed in pyridine anthen the oxathiolane intermediate was
acetylated withacetyl chlorideto give aracemicmixture ofrac-3.21 Scheme3.18.
The racemic mixture wasyntheised in this f&son to ensure that all four compounds
could be detected lhiral HPLCFigure3.5.

Q o S OH i) Pyridine Q 5
/\7 o
° NS 65 C.2h > OM\:)MOAC
HO ii) AcCl S

DCM,0°C,1h
3.31 3.23 3.21
81% Yield
Mixture of diasteromers

Scheme3.18: Determination of configuration &.21.

o

@*o«g...om

(28,55)-3.21

mAU - o
3 0O,
40 ~ ., O, OA(\)‘OAC
J o rJ «OAc S
350 s

(2S,5R)-3.21
o}

o)
SARTe

(2R,5R)-3.21

30| (2R ,55)-3.21
250—2
zuu—g
150—5
mu—f

50—

o

T T T T T =
0 2 4 5 8 10 min

Figure 3.5:Chiral HPLC ofrac-3.21.

With a reliable chiral HPLC method in place theoguicts from the enzymatic
reactions could be analysd8lut there was still uncertainty about which peak related
to each isomerFrom the reaction with CAIB the diastereomerproducedwere

separatedby column chromatography or recrystallisatiohhe most abundant
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diastereometrans-3.21 was reacted undekorbriiggenconditionswith protected
cytosine3.53to give N4-benzoyl protectetdlamivudine3.%4 which was deprotected
with potassium carbonate to leave eitheB %3)-Lamivudineent3.12 or (2R,5R)-
Lamivudine3.12Scheme3.19. Chiral HPLC analysishowed that the enantiomer of
Lamivudine was the major compound which been formetB.12 or (2559-3.12

which confirmed that (@-3.21 was the major patuct from reaction with CA B
Figure3.6.

PhOAc OTMS

* OH o
o s CAL B, NEt o A
G s g

I
4°C, 4 days VNHBZ
3.31 3.23 (2S,55)-3.21 R
71% Yield R' = H 3.53, Quantitative Yield
R' = F 5F-3.53, Quantitative Yield
Q o)
™SI Bzo/\ro - KoCOs /\,o N
MeCN S\)—Nt?—NHBZ MeoH S\)—N?;?—NHZ Major
0°C,1h ; rt, 14 h — R'=H ent-3.12, 63% Yield, 86% ee
R R R! = F ent-3.11, 61% Yield, 84% ee
R' = H 3.54, 84% Yield
R' = F 5F-3.54, 32% Yield HO

o)
O N
SJ-'INL2—NH2 Minor
— R'=H 3.12, 10% Yield, 14% ee
R R' = F 3.11, 8% Yield, 12% ee

Scheme3.19: Synthesis of Lamivudine for chiral HPLC

[¢)
N,
o >\"
Ja0- HO/\’\)AN\JNHZ
§ —
1200-
I ent-3.12
S ?*-N (2S,5R)-3.12
50 i, O, N
- HO' r\7,_|N\—)——NI-12
800 S =
3.12 \A
g (2R,55)-3.12

2 4 e s 10 12 14 18
maL -

O,
N
Ho/u,,r&“”\?\-’y_.NHz
1000 s =

3.12
(2R ,55)-3.12

T T T T T T
2] s 10 12 14 16

Figure 3.6: Chiral HPLC of Lamivudine and Lamivudine derived from enzymaaction.

Page [L12



3.2.4. Coupling of nucleobase & 1,3xathiolanes

3.2.4.1. Traditional coupling nucleoside coupling reactions

Traditionally Vorbriggenor theSilyl-Hilbert-Johnsorreactionhas been the standard
protocol to form a nucleoside by reacting a sugar or similar witifa pyrimidine

or purineScheme3.20.1°2 CommonLewis acids which have beénvolved in this
transformation include SngITiCls, Cu(OTfp, TMSI, Sc(SQCF)3 and BR.OEb.
These regents are problematic as they tend to be hazardous and expensive. The
reaction also favours chlorinated or acetonitrile as solvent. The hazards taslsocia
with the use of chlorinated are well known and acetonitrile can be prohibitive due to
the cost especially at a larger scal@e to the conditions generally used for
Vorbruiggenreactionbeing unfavourableand that his transformation is natlways
steeoselectivat would bedesirable to exploralternativepathways to couple 153
oxathiolanes with pyrimidinesvithout several protecting groups stoichiometric

reagents and harsh conditions
OTMS

0
O N
BZO/Y\)MOAC + NJ\N _IMSI BzO/\rO ,\?—-\ NHBz
S ) MeCN S\)‘ —
NHBz 0°C.1h
(25)-3.34 3.53 3.54
87% Yield

Scheme3.20: Standardvorbriiggencoupling reaction

Having worked with CALB in section 3.2.30 producel,3-oxathiolanantermediats,
focusmovedto the possibilityof reacting 1,3oxathiolang2S5S)-3.55 with cytosine
3.1via the Mitsunobu reactionThe hope was that this would result in the formation
of lamivudineent3.12 by inverting the stereocentre at @m (59 to (R) in 1,3
oxathiolane(2559)-3.55 Scheme3.23. The Mitsunobureactionwas alsoselected
because it is a reactiahat was identified by medicinal chemists desirable for
improvement® A typical Mitsunobu reaction makes use of toxic and stoichiometric
reagentandrequiresthe removal of phosphine oxid&leproductwhich makes this
reaction undesirable for larger scale processes. If improvements could beitmad
would be welcomed as the Mitsunobu reactiam be asery usefultransformation

whenthe conversion of atereocentrés required
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3.2.4.2. Mitsunobu reaction considerations

It has been previously reported that the couplingytdsine 3.1 via a Mitsunobu

reaction was very difficult and not favourateOne of the limitations afytosine3.1

is its poor solubility, without a protecting groggtosine3.1is almost insoluble in
most common organic solventsven when protected, cgsine derivativeare still

hampered by solubility problems. Another drawbaduld bethe possibility of
cytosine tautomerizing which allows for the formatiomNedlkylated andD-alkylated

productsScheme3.21.
OH

0
HNJ\N NJ\N
| ~ L
\/kNHZ NH,
3.1

Scheme3.21: Tautomerization o€ytosine3.1

With these considerations in mirdcautiousapproach was taken to investigate the
likelihood of our ideal pathway being feasitfleheme3.22.

0 0 _ o

o J]\ i.) Mitsunobu o y.N
O/\\/J.uOH +  HN IN ii.) Deprotection . HO/\(jN\)——NHZ
S vNHz S —_—
(25,55)-3.55 31 ent-3.12

Scheme3.22: Ideal reaction towardisamivudineent3.12.

Oxathiolane alcohdRS,55)-3.55was accessdhrough reaction of aldehyde31and
thiol 3.23 with CAL B and NEt partA, Scheme3.23. ThedesiredC-(2S) enriched
compound was obtained with &e of 80% and(2S59)-3.55isomer was obtained
through recrystallisation of the crude oil with hexane in a freezer overaiglehyde
3.31 could also be substituted with-rhenttyl glyoxylate 3.22 to give oxathiolane
alcohol 3.38 through the same reacti@nd purification procedurpart B, Scheme
3.23
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0
OH
o s CAL B, NE o
NS + S O “
© oS TMO /\S‘/J of

4 °C, 10 days
3.31 3.23 (28,55)-3.55
43% Yield

.
g%

JK(J nOH

3.22 3.23 (28,53)-3.38
28% Yield

OH 4 °C, 10 days

o) OH
on - S CAL B, NEt,
—_— Oy
; OJ\( PN T™O
P

Scheme3.23: Synthesis of alcohd.380r 3.55

An attempt was made to selectivegmove the acetyl group from @5 oxathiolane
3.21. The methoddried included reactiorwith potassiumcarbonateput this gave
predominantly3.58. Nextremoval of the protecting group witton (111) chloride in
acetonitrile and HCI in methanol/chlorofomasattempted?®”: 18Unfortunately poth
methods usingreCk thenHCI failed andgave a mixture of compoun@®ss6, 3.57 &
3.58 Schemes.24.

O
0 K,CO3 Ho’\r
BzO _2vs o JvOH
/\Srj"OAC MeCN s
rt, 24 h

(25)-3.21 cis/trans-3.58

o)
: 0 o)
BZO/\rJvOAc 0.5 M HClin MeOH Bzo’\( OH HO/\r OAc Ho’\rO OH
S s * s ¥ s

CHCls
(25)3.21 24 h cis/trans-3.56 cis/trans-3.57 cis/trans-3.58

BZO/\(f}NOAC _ FeCls BZO/\S(\O>~0H . HO/\S(f>MOAC . HO/\(\O>~0H
S S

MeCN
(25)-3.21 Reflux, 24 h cis/trans-3.56 cis/trans-3.57 cis/trans-3.58

Scheme3.24: SelectiveO-deacetylation 08.21.
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3.2.4.3. Solvent considerations for Mitsunobu coupling

To begin, an investigation on the effect of solvent on the reaction astrates was
performed, this investigation was performed in two pé&itstly, solubility of cytosine
and its protected derivativés1l & 35971 3.61 was screenechia range oforganic

solvents Table3.16.

Table 3.16: Solubility of 3.1 and protected derivatives in organic solvent

o o o OTMS
Solvent U M J
HN N HN N HN N N“ N
Entry (OOlM) ~ | M Ac K)\ Bz '\)\N/TMS
@ 30°C NH, N N et H
3.1 3.59 3.60
1 THF Insoluble Insoluble Insoluble Soluble
2 2-MeTHF Insoluble Insoluble Insoluble Soluble
3 TMO Insoluble Insoluble Insoluble Soluble
4 1,4-Dioxane Insoluble Insoluble Insoluble Soluble
5 Diethyl ether Insoluble Insoluble Insoluble Soluble
6 Acetone Insoluble Insoluble Insoluble Soluble
7 Chloroform Insoluble Insoluble Insoluble Soluble
8 DCM Insoluble Partly soluble Partly soluble Soluble
9 MeCN Insoluble Soluble Soluble Soluble
10 DMF Insoluble Partly soluble Partly soluble Soluble
11 DMSO Soluble Soluble Partly soluble Soluble
12 Toluene Insoluble Insoluble Insoluble Soluble
13 Hexane Insoluble Insoluble Insoluble Soluble
14 Cyclohexane Insoluble Insoluble Insoluble Soluble
15 Pyridine Insoluble Insoluble Insoluble Soluble
16 NMP Insoluble Insoluble Insoluble Soluble

As previously reportedytosine3.1is poorly soluble in every solvent tested apart from
Entry 12,DMSO. N*-acetylcytosine3.59 has a slightly improved solubility profile
which improves again witthN*-Benzoylcytosine3.60. TMS protected cytosing.61
wasvery soluble in every solvent tested, this can be explained by the presence of the
two TMS groups making the compound much less pal#nough3.61 was prone to
hydrolysis therefore storage was problemalite very limited solubility ifcytosine
3.1can be sualised below with a Hanseolubility sphere

Figure3.7. Cytosine has an extremely small sphere which expand8wiiland even
further with3.61.
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Secondly the solvent effect on the Mitsunobu reaction was studied. The Mitsunobu

reaction chosen for this study was the reaction betweedifdffobenzoic aci8.62

and benzyl alcohd.63 which produce®enzyl3,5dinitrobenzyl benzoatd.&4.

Table 3.17: Mitsunobu reaction solvent screen

O (0]
O2N OH | Ho/\© PhsP, DIAD OzN o/\©
Solvent
rt, 24 h
NO, NO,
3.62 3.63 3.64
Entry Solvent(0.01M) Conversion (%) @ Yield (3.64)
1 THF 100 98
2 2-MeTHF 100 86
3 TMO 100 79
4 1,4-Dioxane 100 60
5 Diethyl ether 100 60
6 Acetone 80 54
7 Chloroform 90 74
8 DCM 100 88
9 Acetonitrile 0 0
10 DMF 0 0
11 DMSO 0 0
12 Toluene 100 76
13 Hexane 0 0
14 Cyclohexane 0 0
15 Pyridine 0 0
16 NMP 0 0
17 Propylene carbonate 0 0
18 Isopropyl acetate 0 0
19 Ethyl acetate 0 0
20 Water 0 0
21 p-Cymene 93 74
22 Cyrene 0 0
23 MEK 0 0

3.63 (1.0 equivy, 3.63 (1.5 equiv), PPhs (1.5 eqiv), DIAD (1.5 equiv) and solvent (@1M)
[al Conversiondetermined by GEID. [?! Yield determined by GEID.

Factors influencing the Mitsunobu reaction couldtihe solvents ability to stabilise

the intermediate formed between phosphine anézbdicarboxylatandthe ability

dissolvethe nucleophile and ebhol. Analysing the results frorthe reaction either
T h dableBolgBntryfl folowed r a b | e
by Me-THF Entry 2. TMO, toluene, angtcymene, Entries 3, 12 & 21 all have very

proceeds or doesnoét

similar yields ranging betweefi 79%.
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3.2.4.4. Coupling of cytosines with 1,3oxathiolanes

Using the information gathered from the solvent studhia previousection 3.2.4.3
it was possible tadentify reaction conditions which would be the mtesisiblefor
the Mitsunobu reactiorio succeedavith substratesf interest to this workTheinitial

reatcionsareshown belowin Table3.18.

Table 3.18 Mitsunobu screening conditions

0]

N

HN IN
R
SN
H
2 31 R'=H
: = PhsP, DIAD o o 1
r OJK( 359R' =Ac @ —————— YN R
z 0
N

Neon
Ml O N ’
SJ 3.60R"=Bz THF : Jk(\)’N\_J’NH
: $ —
)

(2S,5S)-3.38 OTMS S
NJ\N 3.65R'=H
A s
3.61
Entry d?r/it\?astiir\]/z D(I:C‘][)) F()gg)?’ Temp (°C) Solvent Product (\g/‘S'S]

1 3.1 15 15 rt THF 3.65 0
2 359 15 1.5 rt THF 3.66 31
3 3.60 15 1.5 rt THF 3.67 44
4 3.61 15 1.5 rt THF 3.65 26
5 3.60 1.5 1.5 rt DCM 3.66 10
6 3.61 15 1.5 rt DCM 3.67 12
7 3.60 1.5 1.5 rt TMO 3.66 25
8 3.61 15 1.5 rt TMO 3.67 22
9 3.60 15 15 rt Toluene 3.66 12
10 361 15 15 rt Toluene 3.67 16

[l Determined by HPLC

The screeningeactionswerefocusdon determining if the reaction wagble with
our substrateandif the predicted product could be detecté&tie results agree with
previous reports that unprotectgdosine3.1lis unreactive under standard Mitsunobu
conditions, presumable due its insolubility in THR&ble 3.18 Entry 1. Acyl and
benoyl protected cytosin8.59 & 3.60 performedmorefavourably. TMS protected
cytosine3.61 showed promise however the yields weredothan with3.59 & 3.60
and the unprotecte®l65was formedThe low yield could be due tthe double TMS

protecting groups 08.61 making it less able to act as a nucleophiteerestingTMO
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performed better thatolueneTable 3.18 Entry 7 & 8 which could be due to its
similarity to THE

Several other 1;8xathiolane substrates were subjected to Mitsunobu conditions and
the conditions varied to try and improve the yields and obtain more of the dé&ired
addition productOne factor that could be contributing to the lower yieldshes
formation of O-addition product3.68. This could be formed through the
tautomerizatiorof the protected cytosine derivatives.

Table 3.19: Development of Mitsunobreactionwith 1,3-oxathiolans

le) [e] [e] 0.
X o )N
o o, HNT SN Ph,P, DIAD 0 \j—NHBz
©)L /\Srj o K/IKNHB Solvent /\SrJ‘N = i
74 O,
(25,55)-3.55 3.54 ©)L O/\rjo
3.60 s N

Y—NHBz
3.68 N\=)_

o o

o o}
0 HNT N PhsP, DIAD o/\ro >\’N\ NHBz
HO jOH + | —= " =X jN\z)"
S \/kNHBz Solvent S

3.54

3.69

DIAD PPhs  Temp N4-product  O-product
Entry Alcohol eq) (eq) (C) Sovent g (%)@
la o 15 15 rt THF 12 3
1b o 15 15 40 THF 40 22
1c @Ao/\gj'"o” 3.0 3.0 60  THF 51 35
1d 15 15 rt TMO 4 0
1e (2S,5R)-3.55 15 1.5 60 TMO 41 28
2a o 15 15 It THF 0 0
2b e 15 15 40 THF 0 0
2c [_)or 3.0 3.0 60 THF 0 0
2d 15 15 rt TMO 0 0
2e 500 15 15 60 TMO 0 0

8l Determined by HPLC

When alternative 1;8xathiolane substrates were examimatle3.19entry 1,benzyl
protected 1,3xathiolane3.55 gave slightly improved yields compar¢o 3.38 in
Table3.18entry 1. Oxathiolane carboxylic acdd69, Table3.19 Entry 2 failed to give

any productonly a complex mixture of products was formed which was most likely
due to the free carboxylic acid being deprotonated taking part in various side
reactionsOne important consideration was the order of addition for the reagents, this
played a key rie in determining the success of failure of the reaction. The cytosine
substrate should be dissolved in solvent WA, followed by dropwise addition of
DIAD and left to stir in the dark. This was found to promote the solubilitthef

substrate presurbly as it was deprotonated aoduldtautomerize.
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3.2.4.5. Scope ofthe Mitsunobu reaction

With confidence that the reaction should work with substrates of interest coupled with
understanding gained around solubility of various starting matesialtstitutes for

PPhs and DIAD were sought. Firstly, Hiross alhad described a reaction in which
the hydrazine was reoxididen the presence of catalytic iron phthalocyanine and
atmospheric oxygetf. Secondly Buonomo & Aldriclet alreported a process where
the phosphine could be recycled using phenylsitaiiéese methods were of interest

as they aimed to improve the fglinobu reaction by moving away from stoichiometric

guantities of reagent which will improve the reactions metric

(0]
Cl H (0] Cl H Jl\
NH,  + L _DMAP o N~ TOEt
cl” “OEt MeCN H
Cl o°c-rt,4h C
3.70 3.7 3.72
78% Yield
(6]
FePc 3.73 cl N JL
—_—_—m— <
THF, air j@/ § Ot
rt, 24 h cl
3.74
Quantitative

Scheme3.25; Synthesis oDCPEAC3.74

Ethyl 2-(3,4-dichlorophenyl)azocarboxylat¢DCPEAC) 3.74 Scheme 3.25 was
chosen as a direct substitute for DIAD in stoichiometric quantifies exchange of
DIAD for DCPEAC 3.74 had no impact on the outcoréthe reaction as shown in
Table3.20 Entry 1 & 2. Next the use of catalytic quantsief DCPEAC3.74 was
investigatedand a catalytic amount of FeB&3 was includedo oxidise hydrazine
3.72 which is formedduring the reactiorbackinto the startingazo3.74 using air as
the source of oxygehable3.20 Entry 3. The use of catalytic quantities of DCPEAC
3.74 and FePc3.73 was successful and the yiell®em Table 3.20 Entry 3 are
comparable tohe yields froniTable3.20Entry 1 & 2 wherDIAD & PPhz were ugd
Finally, several alternative solvents were seleGiaole3.20 Entry 4- 6, to ou delight
the reactiorproceededrery well with toluene andMO, Entry 4 & 5. The reaction

with DMF Table3.20 Entry 6 failed and only startinghaterialcould be detected.
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Table 3.20: Mitsunobu reactions DIAD vs DCPEAC.
0 (o]

0 BzO o]
"Ny o * o — 50N O ,\?\—,N\)——NHBZ . S\)_o)—N
SJ \/'kNHBZ sj = HN\=>—NHBZ

(25,55)-3.55 3.60 (25)-3.54 3.68
Entry azodicarboxylate Tepc:]; Izng)C T(fgp Solvent N4-(E’)/2<))g]u ct O-gj;)o)c[ial]lct
1 DIAD 1.5 eq 1.5 0 rt THF 51 29
2 3.721.5eq 1.5 0 rt THF 47 33
3 3.720.1 eq 1.5 0.1 rt THF 48 32
4 3.720.1 eq 1.5 0.1 rt TMO 48 32
5 3.720.1 eq 1.5 0.1 rt Toluene 45
6 3.720.1 eq 1.5 0.1 rt DMF 0

[a Determined by HPLC

Other pthalocyanine dyewere screened to investigate their impact on the reaction
Table3.21. Fe, Cu, Zn all worked at room temperature, the only differencedimas

to completion Table3.21 Entry 1 was thdastestwith FePc3.73, entry 5CuPcwas
slightly slowerr eachi ng compl etion in 3 ZhTeble s compar €
3.21 entry 3 was thslowesttaking 5 hoursFe, Cu & Znall successfully oxidise the
hydrazine3.72to azo3.74. InterestinglyTable3.21 entry 7 FeP&.73 did not oxidise

the reaction usinghe hydrazine3.75. 3.75 was not able to be oxidised due to the
absence of an aromatic ring which is thought to help stabilise a hydsatkyalrthat
could be formed during the Fe(lll) catalysed oxidation of a hydragise.the choice

of solvent did not appear to have any influence on the reaction as can besgae in
3.21Entry 1- 4.
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Table 3.21: Phthalocyanine screen

b0

MPc
Solvent

| N.

c NJ\OEt —_—
H

Cl rt

3.72

O

| Ns
c j@/ NJLOEt
cl

3.74

Entry 7 o o J\
H FePc N
\rO\IrN“JLOJ\ —r X \ro\n/N*NJLo
o H rt, 48 h o
3.75
Entry Metal Solvent Conversion (%)"! Time (h)
1 Fe THF 100 2.5
2 Fe TMO 100 2.5
3 Fe PhMe 100 25
4 Fe DMF 100 2.5
5 Cu THF 100 3
6 Zn THF 100 5
7t Fe THF 0 48

@ Ethyl 2-(3,4-dichlorophenyl)azocarboxylat¢éDCPEAC) 3.72 was replaced with
hydrazine3.76derived from DIAD.
b Determined by G&ID

After exploring thereaction scope with different azo compounds and phthalocyanine
oxidants focus moved to look at the possibility of substitutiRlgzRvith a @atalytic
phosphine The process reported by Buonomo & Aldrethal made use oPhSiH; to
recyclel-phenylphospholane-dxide 3.77 to 1-phenylphospholan®.78.>°

©/SiH3

3.76

0 /_\

3.78

3.79

Scheme3.26: Catalytic cycle of phosphin&77.

One issue with recycling the phosphine was the formatidPh&H.OH 3.79 as by
product which still needed to be removed during work up and purification of the
reaction. All this does is tonove aproblem elsewhereit is not a truly catalytic

reaction ayou still need stoichiometric quantities of Phsthl recycle oxide3.77.

Page [123



Table 3.22: Catalytic phosphine screen

o )OL o>\_
N
o) o
0N Non * HN N B0 N ez
O - (T
(25,55)-3.55 3.60 (25)-3.54
Phosphine . Temp N* product
Entry azo 377 Catalyst Oxidant (°C) Solvent (%)

1 DIAD (1.5eq) - - rt THF 2
2 DIAD (1.5eq) - - 60 THF 8
3 DIAD (10 mol%) - PhSiHs rt THF 0
4 DCPEAC (10mol%) FePc PhSiH; rt THF 0
5 DCPEAC (10mol%) FePc PhSiH 70 THF 0

[al Determined by HPLC

Table3.22 showsthe results from substituting?Rs with phosphine3.77. Table3.22

entry 1& 2 are straight swaps &tPh for 3.77, a trace of product was detected in
Entry 1 which was performed at room temperature and a little more product was
detectedn Entry 2when the reaction was warmed to @ Only starting material

was detected iffable3.22 entry3 & 4, these reactions were unsuccessful.

3.2.4.6. Metrics

Comparing the variations of Mitsunobu reaction through reaction metrics should
highlight the effect that any change of reagen conditions make on the overall
process. As explained earlier in this thesis, all workup materials and solvents have
been excluded so the metrics can focus on the reaction and the parameters that directly
effect the process. The metric analysis has lweeried out using experimental data
generated from the work presented in this chafiable 3.23 Entry 1 explores the
generic Mitsunobu reaction with5 eq of DIAD and Phs. Table3.23 Entry 2 is a
Mitsunobu reaction wer#&.5 eq ofDIAD is replaced withl.5 eq ofDCPEAC3.74.
Table3.23 Entry 3 is were the first major change occurs, DCPERL! is reduced

from 1.5t0 0.1 g and 0.1 eq of FeRx:73is used to regenerate the active hydrazine

in situ.
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At a glance the data presentediable3.23 for Entry 17 3 is very similar. The yield

for each entry had a range of 4% from lowest to highest. The AE for all three entries
is identicalat a respectable 96.0% and the RME varies by 3.4% from 41.0 to 44.4%.
The PMI ranges from 44.6 g'dor Entry 1 a typical Mitsunobu reaction to 48.74 g

in Entry 2 when DIAD is replaced with DCPEAZ74. The increases in PMI can be
explained by the ineases in molecular weight of the reagent, 46.88 ¢'nsothe
difference between DIAD and DCPEAZX74.

The PMI of Entry 2 is 46.3 g'gvere a semi catalytic cycle has been introduced. This
increase in PMI is unfortunate as the process has become ¢atglytic and one
would hope to see an improvement in the metric data. The slight increases compared
to the generic route Entry 1, can be explained by the marginally lower yield in Entry
3. If the yield in Entry 3 was identical to Entry 1 the PMI would48e6 g ¢ and

therefore would be an improvement.

Table 3.23: Metrics of Mitsunobu reactions

o) )OL o}-
0 N L, HNTON s Bz o "y—nHB2
©)‘\ /\S\’J OH A, B OASerJ
(25,5S)-3.55 3.60 (2S)-3.54
Entry 3
Entry 1 Entry 2 Ph3P (1.5 eq)
Ph3P (1.5 eq) PhsP (1.5 eq) DCPEAC (0.1 eq)
DIAD (1.5 eq) DCPEAC (1.5 eq) FePc (0.1 eq)
b b I .
THF (0.1M) THF (0.1M) THF (0.1M)
Metric parameter Entry 1 Entry 2 Entry 3
Yield (%) 51.2 47.2 48.2
Traditional AE(%) 96.0 96.0 96.0
TraditionalRME (%) 44 .4 41.0 41.9
PMI reaction (g d) 44.6 48.7 46.3
PMirrc(g g%) 5.4 6.2 4.6
PMisow (9 %) 39.2 42,5 41.6

Solvent choice
Catalyst?
Recoverable catalyst?
Critical element
Energy

Work-up

188888
iz ggsgg
188888

/
u
/
u
/
u

Health and safety

L
L
L

Chemical of concern?

Flag systemGreen flag™ preferred, amber flag acceptable but some issues and red™tag undesirable.
A full key and explanation of the metransalysis and flag classification can be found in the appendix

Page [L125



Looking at only the effect of reagents, RiM¢can demonstrated that Entry 3 has the
lowest value of 4.6 g hand this highlights the improvement moving to a catalytic
process can have. Onssue with many metal catalysts and large ligands is the
molecular weight of the compounds, in this work F8P&8has a MW of 572.41 g
mol! which means a significant mass is required to melesired loadingf 10 mol%

The effect of molecular weightausing a distortion witlieaction metrics anth
particularly PMI has already been covered in detail in ChapfEn& solvent used in
Entry 3 is also an improvement, although only highlighting it for one entry is unfair
asTHFcan be substituted for TMDable3R¥Tobeessf ul |y i
overall picture presented by the metric analysis shows that the chaangess little

effect. PMI is dominated by the solvent choice which remains constant as all the
reactions are performed at a constant concentration. Thes®iy&relatively constant

as the yields are similar and there is not a large excess of substrate.
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3.2.4.7. Mitsunobu reaction scope of nucleoside coupling

After investigating the coupling of I @&xathiolanes witltytosine3.1attention moved

to examine the scope of the Mitsunobu reaction betweeoxi®iolanes and other
compounds. It has been mentionedha literature thatytosine3.1is not favoured

for the Mitsunobu reaction, suggesting this would not be a fruitful area of
investigation®® In this work, with a careful selection of conditions it was possible for
cytosine3.1to participate in the Mitsunobu reactiddowever,the reactions of 1;3
oxathiolane alcohol with purines and other substrates proved shgbgly more

successful that withytosine3.1

To further explore Mitsunobu reactiowith unusual substratesix reactions were
performed,Table3.24entry11 6. The conditions were identical for each reaction and
DCPEAC3.74 was used in conjunction with FeB&3 both at 10 mol%with TMO

as the solventEntry 1 involved oxathiolane alcohd.38 coupling to benzoyl
protected Sluorocytosine3.80and proceeded smoothly giving a yield of 45%. For
entry 2 ancentry 3, 6-chloropurine3.81 was used with alcohol338 & 3.55. These
reactions again provided access to the desired product in 40% vyield after purification.
Alcohol 3.55 was then coupled to 3dichlorobenzoic acic.82 which once again
gave a yield of 40% after purificatiomhese four reactions showed that talanes
3.38and3.55have the scope to react with a varietgolbstratedn thefour reactions
Table3.24 entry 11 4, a single diastereoisomer walstained but the configuration of
this isomer is unknown.

To conclude the investigation into the Mitsunobu reaction, coupling was attempted
between 2 lisubstituted pyrrole8.83 & 3.84 with 3,5dinitrobenzoic acid3.62.
These pyrrolesvere selected due their novel structure and to see if a pyrrole was
compatibké withtheseMitsunobuconditions as pyrroles are known to decompose and
oxidise relatively easily’® under the semi talytic conditions using DCPEAG.74

and FeP@&.73in 10 mol%with air/oxygenas oxidantPyrrole3.83 and3.84 couldbe
accessed from propargyl alcol®85in 6 and 7 steps respectively. It was surprising
to find that unprotected pyrroB83 gave the desired produc8®0in 55% vyield and
protected pyrrole3.84 yielded 86% of3.91 Both nitrile pyrroles and their
corresponding productould not be found ithe literature and it was promising to

discover these novel compournésicted as hoped.
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Table 3.24: Expansion of Mitsunobu reactians

Time Yield
Entry Alcohol Substrate Product
(h) (%)@
0
o)
('j\ o HNJLIN 0 o o\>‘__N @
1 I OJK\/\O}--OH VN 24 : OJK(}N NNH 451
A S FoH PN S =
F
3.38 3.80 3.86
SN le) /=N
2 Y OJK\/f). \OH </N I . 24 H ok\/J\fN ol 400!
/=\ s H N P S = )
N
338 > 3.87 SN
o cl Q
o) /=N
O, SN (6]
0 wOH < ©/K N bl
3 ©)k SJ H N/) 24 SJI\' NI N\~ Cl 40
3.55 ZN
381 3.88 het
Cl
i o HOEUC' P o O@CI
4 0 wOH 24 0 40"
SJ c ©)L SJV ©
3.55 3.82
3.89
N
4
N o %
4 NO, HN ) o}
HN HO N NO,
5 3 24 0 55
OH NO,
3.83 3.62
3.90 NO,
EtO
EtO o %\j
o%\j N HO NO2 ° Z
6 N~ 24 9 0 86
S N o)‘\@Noz
OH NO,
3.84 3.62
3.91 NO,

General reaction condition8icohol (1.0 equiv), carboxylic acid (1.5 equiv), RRh.5 equiv), DCPEA@.74
(10 mol%), FeP8.73 (10 mol%) 60°C, 24h in TMO(0.01M)
[@ |solated yield after chromatography
[ Single diastereoisomer was obtained the configuration of this isomer is unknown

The synthesis of pyrrolg.83 began with propargyl alcoh8l85 whichwas protected

with a tetrahydropyran ether by reaction watd-dihydropyran3.92 with catalyticp-
TSA to give 3.93. Ether 3.93 then reacted withthyl isocyanoacetat8.94 and a

catalytic amount of silver carbonate to give the-disbustituted pyrrole€8.95. To

access nitril@.98, estei3.95was hydrolysed under basic conditions to give carboxylic
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acid 3.96 which was convertetb amide3.97 using EDC and HBOt as activating
agents. Amide3.97 was dehydrated with trifluoroacetic anhydride (TFAA) in
pyridine to give nitrile 3.98 which could be deprotected with pyridinep-
toluenesulfonate (PPTS) in methanol to give alc8t&3with an overall yield of 526

over 6 stepScheme3.27.

o)
cat p-TSA (j\ Ag,CO
Z _calpTSA . _A%CO;
@ + HO/\/ SoM /\/ + /\OJK/N‘C : NMP

(0]

0 °C, 90 min 0
3.92 3.85 3.03 3.94 80°C,2h
92% Yield
o)
7 EDCI, HOB,
- Y/
oo Y 2O/EtOH DCM o
reflux, 2 h r, 2 h
3.95 3.96 3.97
94% Yield 77% Yield 85% Yield
_TEAA O\ /\):) _PPTS /\i)
Pyrldlne r';/lz?li
0
C.4h 3.98 3.83
96%Yield 95% Yield

Scheme3.27: Synthesis of 2 8lisubstituted pyrrole8.82.

To accesgyrrole 3.84 THP protectednitrile 3.98 was N-alkylated with ethyl 4
bromobutyrate8.99using sodium hydride in DMF to give pyrrdel00which could
be deprotectedith PPTSto give alcohoB.84 Schemes.28.

OEt

N
\\
a
0" o 7+ en~HAo

“omE
3.99 rt, 30 min 3.100
84% Yield
OEt
N ﬁ/’%
AN N
PPTS | ,
MeOH o Y
i, 24 h H
3.84
93% Yield

Scheme3.28: Synthesis of 2 lisubstituted pyrrole3.84.
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3.3.Conclusions

The work presented in this chapter highlights the improvements that can be made to
someprocesses that are already efficient and may appear almost optimal from an
initial glance.The improvements highlighted in this chapter were first identified by

performing a reaction metric analysis on the process, as discussed, this analysis can

highlight pinch points or possible area for improvement.

With the synthesis afytosine3.1an initial metric review of theeaction which used
urea3.7 and nitrile 3.8 with sodium ethoxide im-xyleneindicated thatreas with
scope for improvement. Through experimentation it sla@wvn that the solvemi-
xylene and reagent sodium ethoxide could both be substituted for more
environmentally friendly and safer alternativEthanolic HClproved to be a suitable
alternative acting as both reagent and solvent. The improvements and benefits over
xylene and sodium ethoxide have been demonstrated through a review of the modified
process metrics profile. This changen@hing extraordinary,but the improvements
lessen the hazards and potential negative impact of the pfom@smenvironmental

and health and safety vipwint. The next improvement was acetylating acrylonitrile
3.43through a modification of a known procedurée solid supported catalysts were
easily filtered out and the crude filtrate could be acidified with HCI and then reacted

with urea to forntytosine in a direct and efficient process.

The dscovey that the safe and potentially bisasedsolvent TMO was a viable
replacement solverih the chemoenzymatic formation of ig&athiolanesand the
Mitsunobu reactiomas anotheimportant discoveryThe use successful use of TMO
is significant and welcomasthis solventcould reduce angotentiallyeliminate the

need tause hazardousolvents such as toluene aniF.

The scope of the Mitsunobu reactiand catalytic versions of the process wals®
investigatedand these reportethtalyticprocedures used to attenthe coupling of
oxahiolanes to cytosine, purines and other carboxylic agdids.results were mixed

with success and failure, but the successful reactions demonstrated that the Mitsunobu
reaction could be applied to couple cytosines and oxathiolane which creates the
opportwnity for further research into the reactivity of oxathiolanggh other
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substratesThe success of TMO as a suitable solvent for all the Mitsunobu reactions
performed in this chapter. TMO showed no detrimeefééct on the Mitsunobu
reaction when simpleeactants such as benzyl alcohol anddfitrobenzoic acid
were used or more functionalised reactants such asdig)Bstituted pyrroles or

oxathiolane alcohols.

By using the metrics tool kit developed by the Chem21 consothisimprovements
in organt synthesighroughout this chaptdrave been quantifiednd highlighted
When an improvemermian be madeisible it is more likelyto be used and the method

of analysis also more likely to be shared and used
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OH Activation
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4.1.Introduction

4.1.1. OH activation

In 2005 & 2015 through the American Chemical SocietyGreen Chemistry
Pharmaceutical Roundtab{CS GCIPR)developed a list of reactions and topics
they believed the mostenefitfrom future advancements could be maidem. The

most populartransformationfor improvement was amide formation which is not
surprising given that this is the most frequently used reaction in the pharmaceutical
industry As stated in Chapter 2 amide bond formati®rihe largest category of
reactions carried out in the pharmaceutical industry (16% of all transformdfiéns).
Second on the list was OH activation farcleophilicsubstitution(2005) updated to
direct substitution of alcohols (2015able4.1.

Table 4.1: Reactions which are inse,but companies have a strong interestémeloping
better reagent&.

Number of Roundtable
Research area companies voting forthis
research area as a priority area

Amide formation avoiding poor atom economy

6 Votes
reagents
2005- OH activation for nucleophilic substitution
5 Votes
2015- Direct substitution of alcohols
Reduction of amides without hydride reagents 4 Votes
Oxidation/Epoxidation methods without the use of
; 4 Votes
chlorinated solvents
Safer and more environmentally friendly Mitsunobu
. 3 Votes
reactions
Friedel Crafts reaction on unactivated systems 2 Votes
Nitration 2 Votes

The substitution of activated alcohols is a frequently used approach for the preparation
of active pharmaceutical ingredientsA P | A sudvey of reactions scaled up at
Pfizerds Groton site over a 17 year peri

the conversion of alcohol treactivehalide tosylate or mesylaté! The conversion
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of an alcohol into these reactive intermediates allows for a nucleophilic substitution
reaction to occuA major disadvantage of activating an alcohol is the uadditional
resources and decrease in efficiency of a process that this entails. Having to proceed

through derivatisation results in generation of waste and a lower atom economy.

Another limitation of direct OH activation is that several procedures equiexcess

of sulfuric or polyphosphoric acid or a stoichiometric amount of a Lewis &éfd?

The use of these reactants and conditions therefore severely limits the scope of
nucleophile that can besed. Akylating reagents used to activate alcohols also tend

to be toxic which is a further drawback.

These numerous drawbacks therefouerently limit direct nucleophilic substitution

of an alcohol. However, thiéit could be optimiseddirect nucleofilic substitution

of an alcohol is a very appealiragp the onlysideproducts from the reaction would be
water Scheme4.1. The obstacle that direct OH activation needs to overcome is
hydroxide being a poor leaving group as this limits the potential of the reaction.

RI—OH *+ Nu—H -Saalvsty RNy + H0

Schemed.1: Nucleophilic substitution of an alcohol

Currentlyin situOH activation can be achieved through the Mitsunobu readtlus
requires a stoichiometric quantity of activating reageatmtively impacting upon the
reaction metricsvhich lowes the metric performancelso, the azodicarboxylates

tend to be toxic and the phosphine oxides formed can cause difficditiesy
purification of the final productOne approach to OH activatidras been termed
iBorrowing Hydrogen Mettrhaondsof edt PinHhysckersesgpe n Au:
methodthe hydrogens removel from the alcohol to formraintermediate carbonyl

4.1, which can react more easily with various nucleopl8igsemet.2. In this process

the removal of hydrogen is catalytic, and it is returned to the product meaning there is
no overall oxidation or reduction happeniidis application covesthe formation of

C-C and CGN bondsalthough imitations of this process can be high temperatures and

catalyst loading along with using expensive platinum group méfzfe.
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Schemed.2: Borrowing hydrogen methar formation of GC & C-N bonds.

4.1.1.1. Catalysts for OH activation

Recent advances in OH activation have focused on the use of transition metals and
complexesas catalysts A vast number of catalystsate been used successfully for
nucleophilic substitution with alcohols. The catalysts range in complexity from a
simple Lewis orBrgnstedacid such as Fegbr p-TSA throughto complexes with
various ligands such as [Cp*Ir{J14.5, [RuCkL(PPh)s] 4.6, ruthenium terpyridindg.7

& [Ir(COD)CI]2 4.8 as shown irFigure4.1. A review of direct §1 type nucleophilic
substitution of alcohols by Cozet alexamined over thirty different cataly<f€.The
catalysts covered in thhreview were Lewis acids; montmorillonitéay and numerous
metal triflates ancchlorides (Bi(OTf)s, Cu(OTfp, Ag(OTf), Hg(OTfp, La(OTf),
Yb(OTf)3, In(OTf)3, BF3, FeCk & InClz), dong with Brgnstedacid; p-TSA and TfOH

and metal complexes of Ru, Au, Mo, Ni, Pd, Re. The fact that so many catalysts can
be used for similar transformations highlights the enormous potentiahlteady

exists for OH activation.
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As promising and useful as Lewis acids may appear from a green chemistry
perspective theisustainabilityshould also be considered. It is common for Lewis
acids to be destroyed before a reaction is worked up which leads to several issues. If
thecatalyst is destroyed it cannot be recovered and recy®éadg destroyed will also

result ininorganic saltdeingdissolved inthe aqueous waste streamwich canbe
hazardous and expensive to dispokeThe siitability of the metal is another cause

for concernas the vast majority of common metals used are at risk of depéetbn
sourced from mining®* Some of the metalgithin the highest risk categofgepletion

of knownreservesn 57 50 year¥are bismuth, indium, iridiunruthenium, rubidium
andzinc.%% 18None of these issues support the twelve principles of green chemistry

although they do provide many opportunities for improvement and research.

Cl

\ Cla,,
4——|F\CI,|I‘~ -2

Cl

4.5 .
[Cp*IrCl5], Ru terpyridine complex

PPhs

| | NI l
—p—Cl Ir. ,LIr
PhsP Rlu\CI I/ o \Ll

PPh,
4.7 4.8
[RUClo(PPhs)s] [Ir(COD)CI],

Figure 4.1: Example of catalysts used for OH activation.

Several transition metal catalysts have also been shown talaéditechucleophilic
substitution withvarious primary and secondaajcohols?®*2%° Secondary benzylic
alcoholscontaining a propargylic or allylic alcohol has been shown to nedht
variousdifferent nucleophiles catalysed by La, ScHirsaltsand catalysts derived
from Fe a Au.?%213 |n addition, InC and In(OTfy have emerged as powerful
catalyss to perform direct nucleophilic substitution of allylipropargylic and
benzylic alcoholg!: 42 44202, 21§ chtransformations have been discovedee toan
increased understandingtbk electrophiliccarboniumion that is formedvhen these

alcohols are treated with acidhis understanding was made possible by work
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performed by Olah and Mayt>?'’ When the electrophilic and nucleophilic character
of compounds wastudied and understoqdhe development of new reactions became
possible. Using the Mayr reactivity scale it is possible to rationally design varidus S
type reactiong!® 21’The reactivity scale isriited though as there have been reports
Swltype reactions involvingf less activated alcohot$® 2*°This anomalyillustrates

the opportunityfor further researchnto reactions with very reactive and electrophilic

carbocations.
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4.1.2. p-Cymene sulphonic acid §-CSA)

p-Toluenesulphonic acig{TSA) is astrong Bensted acidvhich is soluble in organic
solvens and routinely used in organic synthesis as a catatygiagentSome uses of
p-TSA include the protection of carbonyls, esterification of carboxylic acids and
transesterification of estef® p-TSA has also been reported to catalyse the
nucleophilic substitution of allylic and propargylic alcohtig-TSA is produced
industrially by the sulphonation of toluene as an intermediate in the producten of
cresol??! A major drawback of this process is its use of petrochemical feedstocks.
Recently pressure from governments and consumers hapbsigngmanufactures

to become more sustainable. This has led manufadtusesirce anthakeuse of bie
basedchemicals and resources. As{basedmaterials become more common place
it is not unreasonable to assume that a bioderived equivalgni 8A would be
welcomed and widely adopted.

A renewable alternative for toluen p-cymene4.9 a monoterpene which can be
obtained from limonend.10 an extract froncitrus wastep-Cymene4.9 has been
successfullyused as m alternative for toluene and can be sulphonated to give
cymene2-sulphonic acid f-CSA) Schemet.3.222 223Sylphonation op-CSA occurs
mostly at G2 relative to the methyl group amdnbe isolatedas a single isomer by

recrystallisatiorwith conc. HCI

Schemed.3: Synthesis op-CSA with from limonenet.10.

Sherwoockt alhave shown thgi-CSA has beesuccessfullysed in place gb-TSA

for a number of chemical applications such as, esterification of carboxylic acid in ionic

liquids, the condensation of aldehyde with a ketone and also acetal protection using

ethylene diof?* 25 Sherwoodet albs paper det ai IpiCBAgwas he synt h
available online iJanuary2012, almost 10 years ago, but since then thasebeen

no uptake in the use pfCSA (according to a SciFinder search 09/11/2021).
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