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Abstract

This thesis describes work on the use of atropisomeric biaryl compounds in fragment-based drug
discovery (FBDD) and probe compound development. Part | describes the investigation of
derivatisation methodologies and fragment growth methodologies to generate axially chiral
biarylpyrimidines with high rotational barriers, for potential incorporation in FBDD screening
libraries. We explored 6 derivatisation methodologies, yielding 23 examples. When carried out on

enantioenriched substrates, conservation of the enantiomeric ratio was observed and the

compounds displayed high enantiomeric stability in most cases (AG;E > 30 kcal/mol) (Figure 0.1).
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Figure 0.1: The synthesis of highly stable atropisomeric biarylpyrimidines for the development of
FBDD screening libraries.

Part Il describes the exploitation of axially chiral biarylpyrimidine fragments to synthesise
molecular probes for KRas G12C covalent inhibition, following the discovery of sotorasib
(AMG-510). Probe 120 was synthesised, assessed in biological studies, and optimised to lead to

probe 150, active against KRas G12C in the low micromolar range as a racemate (Figure 0.2).
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Figure 0.2: The synthesis of KRas G12C probes containing an axially chiral biarylpyrimidine
scaffold.

X



Table of Contents

l. Atropisomers in Fragment-Based Drug DiSCOVEIY......ccuiiiiriiiiiiiriiiieeeniieee e sireeessiveeeesnvaeeens 2
100 R [0 o e Yo [ o1 4T o PPN 2
[.1.1  Fragment-Based Drug DiSCOVEIY.......uuuiiiiiiiiiiiicciiiteiee e eeetree e e e e eevaee e e e e e e e s nenees 2
[.1.2 Complexity and three-dimensionality in FBDD.........ccccceviiriiieeiiiiieeeeciieeeceieee e 6
[.1.3 Atropisomerism as a source of three-dimensionality ........ccccccoeeevieeeniieei e, 8
I.1.4 The challenges of atropisomerism in drug diSCOVEry ........cccccveviiiereiiiiiieeiecieee e, 10
[.1.4.1  Atropisomerism: a “lurking MeNace”? .......cocciiiieeiiiiie et 10

1.1.4.2 The different classes of atropiSOMErs ........coccciiieiiiiiiie i e 11

1.1.4.3  Giving atropisomers another chance in medicinal chemistry..........cccccevviiveennns 12

I.1.4.4 Recent successes in the development of single enantiomer axially chiral drugs 14

.2 Generating atropisomeric fragments for FBDD libraries .........ccccoecuveeiiviieeeeiicieec e 16
[.2.1  Project rationale. ... e 16
[.2.1.1 The enantioselective synthesis of biaryl pyrimidines.........ccccccceeeviiiiiiiiiieeeeeiennn, 16
[.2.1.2  Biarylpyrimidines in medicinal chemistry........cccccoveiiiiiiciiie e 18

19020 N o] o TT=Tox - 1] - TTTRTTTTTTTTR 21
1.3 ReSUItS @Nd diSCUSSION ......eiiiiiiiiiiieiee ettt e ene e 22
I.3.1  Precursor synthesis and thermodynamic properties .......cccooeeeeeieeieciiiriereeeeeeeeeccnnee, 22
[.3.1.1  Synthesis of the sulfonyl PreCcursor ... 22
1.3.1.2  Assessing the rotational barrier of the sulfonyl precursor.........cccceeevvvveeeiieeinnnnn, 24

[.3.2  Derivatisation at the chloro Site ... 26
[.3.2.1  Sonogashira cross-COUPINEG ...ccoeiieiiiiiiee et e e e e e e e e 26
1.3.2.2  Other potential derivatisations ......cccceeeiieiiiiiiiiiieeiee e e 34
[.3.3 Derivatisation at the sulfonyl Site ... 39

Xi



1.3.3.1  Nucleophilic aromatic substation (SNAF) .....ccccvrririeiiiiiecrrreeeee e 40

[.3.3.2 The serendipitous discovery of a solvolysis effect ........cccccveivviiieiiniiieiiiiciieeens 43
[.3.3.3  One-pot hydrolysis and electrophilic trapping seqUENCE ......ccceevvvecrriveieeeeeienne 47

I.3.4 Fragment growth: copper-catalysed azide—alkyne cycloadditions ..........ccccccceuuuueeee. 51
[.3.4.1  Preliminary 0bServationS.......cooccciiiiieiiie et e e e e e e 51
1.3.4.2 Developing the tandem CuAAC/methanolysis sequence........cccccecueeeeveeecrveeenneen. 53

[.4  Conclusions & FOIHOW-UP WOTK ......cciiiuiiiiiniiiiei ittt e e e s svae e e s eaaaee e 55
[ R o T o] [V 1] o o PP PPRPRR 55
[.4.2  FOHOW-UDP WOTK oottt e e e e et e e e s s nta e e e e nnnrneeas 57

II.  The synthesis of atropisomeric biarylpyrimidines for the inhibition of KRAS G12C ............. 62
1.1 INEFOAUCTION . s e e 62
11.1.1 The Ras GTPASe family.....cccueieiieiiiec e e 62
[1L1.1.1 RS ONCOBENES evvvvuuiieieiieiiiiiiieieeeeerettttiaiaseeeeeettesssaasseseesteesmssnsseseessensssnnsnsessssseens 62
[1.1.2.2 RAS GTPASES .eeeiieeeieieieeete ettt et e e e s s et e e e e e s e s ennre e e e e e e e e senaans 63
11.1.2 KRas mutations in human tumoOUrS.........coceiiiiiiiiiieee e 66
11.1.3 KRas: an undruggable target? ... e 68
[1.L1.3.1 Direct inhibition of KRas MUTaNTS.........cccceeiiiriiriiiieeeeeeeee e 68
[1.L1.3.2 Indirect inhibition of KRas MULaNtS ........cccceeiiiiiiiiiiiicee e, 69
1.1.4 KRas G12C: an “Achilles’ heel” in KRas mutant tumours........cccoceeevieeniiieiiieennen. 75

I1.1.4.1 The discovery of KRas G12C covalent inhibitors and the switch Il pocket (S-1IP) 75

[1.11.4.2  The precliniCal YEAIS ......uuiiieiee ettt e e et e e e e e e e e e erraee e e e e e e e enanns 77
11.1.4.3 The development of sotorasib (AMG-510)......ccceeeeeeieiiiiiiinreereeeeeeeeeireeeeeeeeeeeens 79
11.1.4.4 The development of agradasib (MRTX849).........ceuviieiiiiiiiinireeieeeeeeeecireeeeeeeeeeeans 83
[1.1.4.5 Other notable KRas G12C inhibitors in the pipeline........cccocevveeeiiieciiiiieeeeeeees 86

1.2 The synthesis of an atropisomeric KRas G12C covalent inhibitor........cccccceeevvecnrnennnn.n. 87
11.2.1 Project ratioNale ... e 87



11.2.2 g oY [=Tot f- 11 0 L3R 90

.3 ReSUItS aNd diSCUSSION ..cc.uviiiiiiiiiiiieeee ettt et sneee e 94
11.3.1 The synthesis of a [iINChPIN Precursor.... ..o 94
11.3.2 Towards the racemic synthesis of probe 52 .......cccceviiviiieeiiiiiien e, 97

[1.3.2.1  Preliminary STUAY ...ttt e e e e e e s e e e e e e e e eanes 97
[1.3.2.2 Synthesis of the pyrimidinyl coupling partners.........cccocoveeeeiceee e 100
[1.3.2.3 The cross-coupling issue: hitting a wall .........c.ccooviiiiiiiiiiiiii e 102
[1.3.2.4  ReViSing the StrategY ....uuuiiiiiiii e e e e e 109
[1.3.2.5 Synthesis of a less hindered probe ..o e 117
[1.3.2.6 Preliminary biochemical and physiochemical analysis.........c.ccccceeveiieiiiriinennns 120
11.3.3 Towards the enantioselective synthesis of probe 52 .......ccccceiieiiieeee e, 121
[1.3.3.1 Issues with the Malonate roUte........coocuieiriiiiiiiii e 121
[1.3.3.2 Direct coupling of a dichloropyrimidine on a less hindered isoquinoline?........ 126
11.3.4 The racemic synthesis of an optimised probe .........ccceveveeeiviciiiiiccee e, 132
[1.3.4.1 Designing an optimised Probe.........uveeeeiiiiieiiiiiiiiee e ee st e e e 132
[1.3.4.2 The synthesis of a new linchpin intermediate.........ccooeciiiieieiiiricccceee e, 135
I1.3.4.3 Anisole demethylation and completing the synthesis of 150.........cccccceeveeeennes 140
[1.13.4.4  Refining the rOULE ... ..eeeieieeee e et e e e e e 146

11.3.4.5 Thermodynamics and preliminary biochemical and physiochemical studies....149

1.4 Conclusion and fULUIE WOTK ........cceeriiiiiiiriieereeeeee e 154
1.4.1 CONCIUSION 1.t e s esnree e 154
1.4.2 FUBUIE WOTK <. s 156

I, EXPEIIMENTAI PArt cooeiiiiiiiiieeeee ettt e e e e st e e e e e e e s e s nnbraaeeeeeeeesesnsrraneaeeens 162

.1 Materials and Methods ......ccc.ueiiiiiiiiiie e e e 162
.1.1 Naming and NUMBEIING........coi ittt e e e e e saanees 162
11.1.2 General CONAITIONS ...ccocueiiiiiiiiiieeee e s s 162



.1.3 SOIVENTS AN FEAZENTS .ccceeeiireeeeee et e e et e e e e e eenarbaereeeeees 162

[1.L1.4  Thin-layer chromatography.....cccoccuiiiiiiiiiei e 163
[11.L1.5  Flash column chromatography.......cccceeeiieicciieee e 163
[1.L1.6  High-performance liquid chromatography ......ccccoccvieiiiiiieiiiiiiee e 164
.1.7 Nuclear Magnetic Resonance (NMR) SPECtrOSCOPY ..cceevurrireeriiiieeeeiiiieeeeeireeee e 164
[111.7.1  TH NIMR SPECIIOSCOPY v.evverrieereereeireereeteeeseeiseeseesseesesssesseesesseessessesssessessesseensens 164
[11.1.7.2  13C NIMR SPECLIOSCOPY vvvevveniereireeteeteereeteeseetestesseeseeseeseeseessessesessessessesseeseeseens 164
[1111.7.3  19F NIVIR SPECLIOSCOPY ..vveveeeriereeireereereeiseesesseesseeseessesseesesseessessesssessessesseensens 165
[11.1.7.4  31P NMR SPECLIOSCOPY veevververrereereireeteeseeseeeesesseeseesesseeseeseessessessessessessesseeseessenes 165
[11.L1.8  High resolution mass SPeCctromMetry ......ccccveveiiiie e 165
1.1.9 Fourier-transform infrared SPeCtroSCOPY ..cccvvieeieiiiieeeciiiee e e 166
0 I 1= T = o Yo ] | APPSR 166
[11.L1.11  Specific optical rotations .....cccooeciiiiiieiic e e e 166
[11.1.12  X-Ray CryStallography ....coeecceiiie ettt e e e e 166
11.1.13  Protein dOCKING......coo ottt e e e e e e et rr e e e e e e e e e enananres 167
[11.1.14 Biochemical and physiochemical assays ........cccccceeeeeieciiiiiiiee e 167
1.2 Experimental procedures and data .....cccccceeeeeieeiinireeeee e e eerreree e e e e e e e anneees 168
.2.1 Part |: Atropisomers in Fragment-Based Drug DiSCOVErY ......cccceeeivieccviiieeeeeeeeenns 168
[11.12.1.1  GENEral ProCEAUIES ......uviiieieeeieicciiieee e e e e e eeccttree e e e e e e e sserrtreeeeeeeeseesnnrrareeeaaeeennans 168
[11.2.1.2  EXPerimental data......cccoveeeiiiiieiicirieeeee et crrree e e e e e s eear e re e e e e e e e e 173

[11.2.2  Part Ill: The synthesis of atropisomeric biarylpyrimidines for the inhibition of KRAS

G107 PP PR PSR 240
[11.12.2.1  GENEral PrOCEAUIES ....ouiiiieieee ettt e e e e e ettt e e e e e e e e s cratreeeeaaeeseesnbbeaeeeaaeeeenans 240
[11.2.2.2  EXPerimental data......cccoeeeeiiiiiiiiiieieeiee ettt eeeerrree e e e e e s eaarrereeeeeesennnns 244
[11.2.2.3  BY-ProdUCES data......cccciirrrieieeeiiiiiiiieeieeeeeeeeitireeee e e e eessntarrereeeeeesensnraereeeeessenanns 350

1.3 ROtAtioNal Barriers ..o e s s 360

Xiv



1.4 X-RaAy Crystallography ..ccccuuveeeiiiiiiieiieeeeie ettt ettt e e e e e s seabbreeeee e e e sesasaneeees 374

LY = 11 ] T =4 T o] o VAR SRR 378
RV Y o o =1 o Vo [ U 408
Appendix A — Origin of rate of racemisation equation..........cccccveeriiiiiiiiiniiein e 408
Appendix B — Failed attempts at SNAr on the sulfonyl group ........cccoeecvieeieiiiiee e 411

Appendix C — MPLS PGR Student Log — Impact of the Coronavirus (COVID-19) Public Health

0 T=T =L o oY T T U U T TP 412

XV



Xi






Part |

Atropisomers in Fragment-Based Drug

Discovery




I. Atropisomers in Fragment-Based Drug Discovery

1.1 Introduction

.1.1 Fragment-Based Drug Discovery

A key step in the development of small-molecule drugs is the identification of a lead chemical
compound. A chemical lead should display high potency in biological assays, as well as physical
and biological properties that will provide it with an optimal absorption, distribution and
metabolism profile (ADMET).[Y) Methods to identify chemical leads have been evolving alongside
the rapid development of new chemical technologies, which have allowed chemists to move from
designing chemical leads by deriving them from natural products, to using high throughput
screening (HTS) as a tool to rapidly screen millions of drug-like molecules against specific targets of

interest (Figure 1.1).[%%

eNatural eQuantitative eStructure- eCombinatorial

product- Structure Based Drug Chemistry and

derived leads Activity Design High
Relationship Throughput
(QSAR) Screening

Figure 1.1: Chemical lead identification methods have evolved alongside the rapid development of
new chemical technologies.[/

A lead compound not displaying an appealing ADMET profile is one of the main causes of
attrition in the drug discovery process. A basic set of rules, known as “Lipinski’s rule of five”, was
established to guide medicinal chemists in their quest for lead compounds.[*3! A small molecule

should display a better oral absorption profile if its molecular weight (MW) is less than 500 Da, its



calculated logP (or clogP, an indicator of lipophilicity, where P is the partition coefficient between
octanol and water) is less than 5 (or measured logP < 4.15), it possesses no more than 5 hydrogen
bond donors (the total number of N-H and O-H bonds) and no more than 10 hydrogen bond
acceptors (the total number of N and O atoms).B! Indeed, multiple clinical studies have established
a link between high-MW/high lipophilicity and disappointing ADMET profiles or increased
likelihood of toxic events.*®! These rules, albeit not universal (many natural product or natural-
product-like oral drugs, such as the immunosuppressant cyclosporine,l! do not comply with the

rule of 5), have helped chemists identify a plethora of drug-like molecules.

HTS has established itself as the dominant paradigm in chemical lead identification and
world-leading pharmaceutical companies are now equipped with multimillion drug-like compound
libraries that they can swiftly screen upon discovery of new biological targets.l'®! However, the
total of drug-like molecules (i.e. with a molecular weight < 500 Da and up to 30 non-hydrogen — or
“heavy” — atoms) is estimated to be on the order of 10% (the number of stars in the universe is
estimated to be between 1022 and 102*).['1] The proportion of the chemical space explored by a
library with tens-of-millions compounds (107) is therefore extremely small, rendering finding hit
compounds with HTS a tedious endeavour for some biological targets (especially targets with a
shallow pocket, often deemed undruggable).l'? Moreover, the aforementioned issues caused by
high molecular mass and lipophilicity are likely to arise after hit-to-lead optimisation campaigns, a
process which usually starts with the derivatisation of a molecule with a molecular mass already

close to 500 Da.[12:10]

These observations have led the scientists of the 2000s to diversify their approach to lead
compound identification, by exploiting much smaller libraries of smaller molecules for their

preliminary hit identification campaigns. This new approach was named “Fragment-based Drug



Discovery” (FBDD). A fragment is usually defined as a weakly-binding molecule of less than 20
heavy atoms (the general consensus being around 17 heavy atoms).[%%1% |n 2012, Reymond et al.
calculated that the number of organic molecules containing up to 17 key heavy atoms (carbon,
nitrogen, oxygen, sulfur, chlorine, bromine, iodine and fluorine) reaches around 166 billion
(1.66 x 10°).133] Albeit still being a considerable number of compounds, it makes up a chemical
space that can be explored by multimillion fragment libraries in a more exhaustive way than the
one explored by HTS campaigns. Indeed, Novartis reported in 2005 that the preliminary hit rates
for NMR-based fragment screens was around 10 to 1,000 times higher than for regular HTS
campaigns.™ With analogy to successful chemical leads being likely of fulfilling Lipinski’s “rule of
five”, fragments are more likely to yield good results in a screening campaign if they comply with
the “rule of three”. This means that their MW should not exceed 300 Da, their clogP should be
lower than 3, and they should contain fewer than 3 hydrogen bond donors, hydrogen bond

acceptors and rotatable bonds. [15:16]

Despite being initially weakly binding, fragments have been estimated to contribute to over half
of the favourable binding energy of the final drug they are incorporated into.[! However, this low
affinity is at the root of one the main challenges of FBDD, which is the need for specialized
biophysical methods to detect fragment binding. This challenge has been tackled by advances in
X-Ray crystallography, NMR spectroscopy, Surface Plasmon Resonance (SPR) and, more recently,
microscale thermophoresis, thermal shift assays (TSAs) and weak affinity chromatography.*10
Once screened, preliminarily successful fragments are confirmed as “hits” and then developed into
potential leads, either by being “grown”, “hopped” or “linked” together.'%12l Fragment growth is
the most commonly used strategy to develop lead compounds via FBDD and entails adding
chemical groups to an existing fragment. Fragment hopping (or fragment “merging”) is applied to

different fragments which display overlapped binding sites and refers to combining/merging their
4



chemical features together. Finally, fragment linking is considered as the most powerful way to
develop potent leads from fragments and consists of liking two or more weakly binding fragments
together.[*2l Analysis suggests that following this process generates smaller, less lipophilic leads
than those emerging from HTS.'7! The whole process of FBDD and how it falls within the greater

process of Drug Discovery is illustrated in Figure 1.2.11%

Target selection Hit Hit-to-lead Lead Preclinical Clinical Aporoval
g - identification development optimisation Development Studies PP
L J > >
||

SAR Drug Development

| Fragment-Based Drug Discoverv |

!

Fragment Screening
eX-Ray, NMR, SPR, TSA,

Fragment Confirmation Fragment Growth
eX-Ray, NMR, SPR, *Growing
MS etc.

eDocking & other
computational methods

Biochemical assays *Hopping/Merging
eDocking & other eLinking
computational methods

Figure 1.2: A flow chart of FBDD and its place within the Drug Discovery process. Inspired by Li,
2020.114

FBDD has only recently started to bear fruit, with the approval of the very first BRAF-mutant
cancer drug, Zelboraf® (Vemurafenib), for late-stage metastatic melanoma in 2011 (Figure
1.3A).18] Since then, dozens of drug candidates discovered via FBDD have entered the clinic.!*?)
Only a few of them have been approved so far, with one of the most notable examples being the
selective Bcl-2 (despite Bcl-2 and Bcl-X. having very similar sequences) inhibitor
Venclyxto®/Venclexta® (venetoclax), approved in 2016 for the treatment of chronic lymphocytic
leukemia for patients with a chromosomal 17p deletion (Figure 1.3B), after having been stuck in
development for decades.[*21 |n 2019, Turalio® (pexidartinib) was approved for patients with

symptomatic tenosynovial giant cell tumours (Figure 1.3A),[1222] and Balversa® (erdafitinib) was
5



approved as the first targeted therapy for metastatic bladder cancer (Figure 1.3C).[1223] |n May
2021, Lumakras®/Lumykras® (sotorasib or AMG-510), was approved as the first targeted therapy
for patients with lung cancer caused by the previously considered resistant KRAS G12C mutation
(Figure 1.3D).[2*28] Sotorasib (AMG-510) was studied in further detail in the second part of this

project.
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Figure 1.3: Approved drugs that resulted from FBDD and their initial hit fragments. (A)
Vermurafenib (2011) and Pexidartinib (2019). (B) Venetoclax (2016). (C) Erdafitinib (2019). (D)
Sotorasib (2021).

1.1.2 Complexity and three-dimensionality in FBDD

The early days of FBDD led to many discussions on the topic of what makes an efficient fragment
library. From these discussions arose the heavy atom count limitations as well as the “rule of
three” mentioned earlier.[*13! Additionally, Hann et al. suggested that compound libraries built for
FBDD should contain compounds of reduced complexity to allow for better molecular recognition
between a ligand and its receptor.l?’”l However, a few years down the line, medicinal chemists

observed an imbalance regarding FBDD success rates across all target classes, and analytical
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studies led by pharmaceutical companies such as GSK and Pfizer suggested that stepping away
from the all-aromatic/all-achiral formula in drug design and increasing the proportion of sp3
centres in hit/lead candidates might result in improvements in profile and project
progression.[?2%1  Furthermore, Jorgensen et al., AstraZeneca and Astex, sparked similar
discussions when they evidenced that the ring dearomatisation and addition of a methyl group on
their fragments/compounds resulted in a significant increase in their potency (and ligand
efficiency), by allowing conformational changes for better access to receptor pockets.3%31 |Indeed,
the complexity model suggested by Hann et al. deals with matching the number of
pharmacophoric points on the ligand and the receptor, rather than matching their 3D
arrangements. Therefore, the use of 3D structures that comprise of equal numbers of
pharmacophoric points to their 2D counterparts should not necessarily have a negative impact on
molecular recognition between a ligand and its receptor.?? The 3D Fragment Consortium
(founded by 9 UK leading not-for-profit drug discovery research institutions”) suggested that the
overall “flatness” of most FBDD libraries might explain why they are less successful in identifying
hits for targets that might require ligands bearing alternative substitution vectors for optimal
molecular recognition, and decided to start building a shared library of 500 to 3000 compounds.
This database would include compounds found in many existing libraries but would also
incorporate a complementary set of fragments with greater three-dimensionality, with hopes of

making FBDD more universally suitable for hit identification.3?

* The 3D Fragment Consortium was founded in 2013 under the leadership of the Drug Discovery Unit (University of
Dundee) and counts as it members University College London, the Medical Research Council Technology, the Beatson
Institute for Cancer Research UK, the Paterson Institute for Cancer Research, the Institute of Cancer Research, Cancer
Research Technology, the University of Cambridge, and the Structural Genomics Consortium (University of Oxford).



I.1.3 Atropisomerism as a source of three-dimensionality

Atropisomerism (or “axial chirality”) is a dynamic type of chirality that arises from restricted
rotation about a bond due to a hindered substitution pattern. George Hallatt Christie and James
Kenner discovered this phenomenon at the University of Sheffield in 1923 while studying the
molecular conformations of the ortho-tetrasubstituted biaryl system of 6,6'-dinitro-[1,1’-

biphenyl]-2,2’-dicarboxylic acid 1 (Figure 1.4).133

HO,C E NO, HO,C E NO,
HO,C l NO, HO,C l NO,

(R)-1 (8)-1

Figure 1.4: The two enantiomers of 6,6’dinitro-[1,1’-biphenyl]-2,2’-dicarboxylic acid 1 were isolated
in 1923.1331

In addition to hindered biaryl systems, atropisomerism has been observed in hindered amides,
puckered medium-sized (7/8-membered) rings formed under conformational restrictions and
macrocyclic compounds containing large moieties unable to swing through the plane of the

macrocyclic ring (Figure 1.5).134-37]

Figure 1.5: Axial chirality can be found in (from left to right): biaryl compounds, hindered amides,
puckered medium-size rings and macrocyclic compounds.

Axial chirality is widely observed in natural products, such as gossypol, viriditoxin or longithorone

B (Figure 1.6).136.38-40)
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Gossypol Viriditoxin Longithorone B

Figure 1.6: Examples of axially chiral natural products.

Perhaps the widest application of atropisomers, however, is their use in asymmetric synthesis as
chiral ligands or auxiliaries for enantioselective reactions.[*#2] BINAP has cemented itself as a
go-to ligand for the enantioselective reduction of m bonds using ruthenium,“3#4 and the chiral
phosphoric acid TRIP has been widely used as a catalyst for asymmetric transfer

hydrogenations,!*>! Diels Alder reactions,*®! Pictet-Spengler reactions*” and more (Figure 1.7).148!

BINAP

Figure 1.7: BINAP, an axially chiral ligand, and TRIP an axially chiral catalyst.

The inclusion of polyaryl fragments in FBDD libraries has proven successful, with hits from such
fragments leading to the design of venetoclax and sotorasib (Section 1.1.1, Figure 1.3).119:20:2532]
Due to steric hindrance about the chiral axis, biaryl atropisomers cannot exist as flat systems, and
are therefore an undeniable source of three-dimensionality. Therefore, interest in exploiting

atropisomerism for the construction of 3D compound libraries for FBDD has been growing.3%



1.1.4 The challenges of atropisomerism in drug discovery

1.L1.4.1  Atropisomerism: a “lurking menace”?

In essence, atropisomers are conformers that interconvert slowly enough that they can be
isolated as two different stereoisomers. Unlike classical point chiral compounds, which require
bond breaking and making to enantiomerise, atropisomers interconvert via a dynamic process that
only involves single bond rotation. The interconversion rate of two atropisomers is quantified by

their half-life of racemisation (t;7;). ti/; is calculated while determining the rotational barrier

(AG;E) at a given temperature. AG;E represents the amount of energy required to interconvert one
mole of atropisomer into the opposite enantiomer. It is generally assumed not to be temperature
dependant and is usually just written as AG¥ (however, the extrapolation of tfj‘zc, and thus AG;E, at
temperatures different from that of the measurement is not recommended. This is due to the
temperature-related changes in entropy).[*®! Oki arbitrarily decided that, for a compound to be

considered atropisomeric, its half-life of racemisation at r.t. should be above 1000 5.0

Atropisomers may generate geometrical isomers, diastereoisomers or enantiomers which also
have a potential to readily interconvert at biological temperatures (typically around 37 °C). The
effect of chirality on the biological activity, pharmacokinetics and toxicity of pharmaceutical
compounds is well documented and illustrated by the infamous examples thalidomide and
perhexiline.®>>4 The US Food and Drug Administration (FDA) recommends that chiral drugs be
developed as a single enantiomer in cases where this leads to improved safety.[>>! Nonetheless,
drugs like Ibuprofen, or even the axially chiral lomperol, showcase acceptable toxicological profiles
when used as a mixture and are approved to be sold as racemates.®>’1 However, guidance was
established with solely classical, point chiral molecules in mind. In the case of axially chiral

pharmaceuticals, the ability to develop the compound as a single enantiomer or a racemate is
10



heavily influenced by its rotational barrier, and exerting control over this thermodynamic value is
not trivial. This practical challenge and the lack of regulatory guidance has led medicinal chemists
to eschew atropisomerism, deemed a “lurking menace”, and many projects were abandoned upon

the discovery that the identified chemical leads existed as isolable atropisomers.[>%57:58]

1.1.4.2 The different classes of atropisomers

When LaPlante discovered a very potent axially chiral HIV-integrase inhibitor during his time at
Boehringer Ingelheim (Canada), he initiated a collaboration with the FDA to issue guidance for
medicinal chemists who encounter atropisomeric compounds during their lead identification
campaigns (Figure 1.8).3%57] LaPlante et al. had previously proposed to differentiate axially chiral
compounds into three different classes, depending on the size their rotational barrier.>®! Class 1
atropisomerism describes molecules with rapid axial rotation (AG}F < 20 kcal/mol;
nanoseconds < tlrjlzc < minutes) and which cannot usually be isolated as different enantiomers.
Class 2 atropisomerism describes molecules with moderate to slow interconversion rates (20
kcal/mol < AG; < 30 kcal/mol; hours < tlrj‘zc < days) and which can be isolated as separate
enantiomers, but for which racemisation is observable on human timescales. Class 3
atropisomerism describes molecules with slow interconversion rates (AG# > 30 kcal/mol;
rac

ti2~ years) and which are rotationally stable (kinetically inert), meaning that they will show little

to no racemisation on human timescales.[3°9

Class 1 20 Class 2 30 Class 3
atropisomerism | atropisomerism | atropisomerism
Free rotation Atropisomers Atropisomers 3
; . . . ) 4Gy ()
Develop as a single compound Observable interconversion No interconversion keal/mol
15~ nsec to a few minutes 175 ~ hours to days 1/ ~ years (keal/mol)

Figure 1.8: The three different classes of atropisomerism, as described by LaPlante et al.[>8!
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1.1.4.3 Giving atropisomers another chance in medicinal chemistry

Class 1 atropisomers, due to their relatively fast rotation rates, do not display any axial chirality
and can therefore be considered as a single entity that will not lead to stereocisomers. Class 3
compounds, on the other hand, display such slow interconversion rates that they can easily be
isolated via chiral separation methods, without loss of their stereochemical integrity, and can
therefore be developed in a similar fashion to conventional stereoisomers that result from point
chiral centres. Class 2 atropisomers pose more of a conundrum when it comes to their
development as drugs, as their moderate interconversion rates compromises their stereochemical
integrity over time. Problems of stability could cause the mis-interpretation of biochemical assays,
and instability during production and storage. A compound developed as a single eutomer (most
active enantiomer), but with a half-life of racemisation at biological temperatures that is much
faster than its half-life of in vivo elimination, will cause inevitable patient exposure to its other
enantiomer (and thus, to a different toxicology profile).3%! Four strategies are recommended to

mitigate the effects of intermediate atropisomeric stability in a lead candidate and are described

be|ow_[37,39,55]

Several examples of structure redesign upon recognition of a class 2 chiral axis during early lead

development were reported. Raising AG; by increasing steric hindrance to produce stable
separable atropisomers of negligible interconversion was used in the development of locked NKj
rac

antagonist 3 by the rigidification of lead compound 2 (t1/2 ~ days), a class 2 atropisomer, via

linking of the amide and the naphthyl moieties into a methylated eight-membered ring (Figure

1.9).16061]
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Figure 1.9: The development of a locked NK: antagonist by rigidification of the rotatable
bonds.>%% Quickly rotating bonds are shown in lavender, bonds with a slower rotation rate are
shown in blue.

The approach of steric hindrance reduction was fruitful in the case of the human-gonado-tropin-
releasing hormone receptor antagonist 5, where the removal of a methyl group in the uracil region

of compound 4 rendered it non-atropisomeric (Figure 1.10).15%

OMe OMe

F. F.
©\/\ i ©\/\ i
I N I N N [

HoN _— HN -

2 OJ\N 2 OJ\N

F F

4 5
Class 2 No atropisomers observed

Figure 1.10: Reducing steric hindrance allows for the development of a potent non-chiral human-
gonado-tropin-releasing hormone receptor antagonist.[1]

In the case of SCH 351125 (7), a CCR5 antagonist that inhibits HIV entry into host cells, four
diastereoisomers arose in precursor 6 due to a hindered rotation around the N-CO and Ar-CO
axes in the amide region of the inhibitor, and the two pairs of enantiomers displayed half-lives of
interconversion of around 5 hours at 37 °C. Symmetrising the Ar—CO bond resulted in elimination
of the chiral Ar—CO axis, leaving only a chiral N—CO axis that interconverted extremely rapidly,

transforming the compound in a class 1 atropisomer (Figure 1.11).[63
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Class 2 Class 1

Figure 1.11: Symmetrising as a tool to develop a class 1 axially chiral compound for the treatment
of HIV.182 Quickly rotating bonds are shown in lavender, bonds with a slower rotation rate are
shown in blue.

1.1.4.3d Shift the equilibrium to a single desired atropisomer by introducing

another stereochemical element
Bristol-Myers Squibb (BMS) reported the discovery of the atropisomerically stable Bcl-2 inhibitor
9. The atropisomeric axes of the lead BMS compound, 8, were not stereochemically stable, but the
addition of a point chiral centre generated a Bcl-2 active atropisomer (9) that was more stable
than its other diastereoisomers, leading to an equilibration at room temperature to a mixture that

primarily contained the active atropisomer (Figure 1.12).[6465]

Qq KR o R
cl N cl N
R2? R2
\ R \n R
4 N E—— 4 N
N o N o
CHO0 CHO0
OH
8 9
Class 2 Stabilised by chiral center

Figure 1.12: The introduction of a point chiral centre drives the equilibrium to the more active,
stable atropisomer of a Bcl-2 inhibitor.[636% Quickly rotating bonds are shown in lavender, bonds
with a slower rotation rate are shown in blue.

1.1.4.4 Recent successes in the development of single enantiomer
axially chiral drugs
LaPlante and co-workers’ guidance allowed for a better understanding of axial chirality and

provided medicinal chemists with new means of tackling issues related to atropisomerism in drug
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discovery. They opened the gates to the development of single enantiomer, axially chiral
compounds. Atropisomerism has proven useful in the field of kinase inhibition, where the
development of selective probes is of crucial interest but extremely difficult. In 2018, it was
estimated by Gustafson et al. that up to 80% of FDA-approved kinase inhibitors contained an
atropisomeric axis (mostly class 1).°%%1 His team had also evidenced a few years prior that
increased kinase selectivity can be achieved by using only one atropisomer instead of the racemic
mixture, and that the complementary enantiomer usually displayed higher off-target activity.[®7!
Stéphane Perreault and co-workers at Gilead computationally engineered and subsequently
synthesized the selective, highly stable (AG3*93= 35.0 kcal/mol at 120°C) Phosphoinositide 3-Kinase
(PI13K) B inhibitor 10, for the treatment of cancer (Figure 1.13).[%8] An atropisomeric Bruton’s
Tyrosine Kinase (BTK) inhibitor developed by Bristol-Myers Squibb completed phase Il clinical trials
for the treatment of rheumatoid arthritis in 2019 (11, Figure 1.13).[6%701 |n other therapy areas,
axially chiral Sotorasib was approved in May 2021 as the first inhibitor for the previously deemed

undruggable lung cancer caused by the G12C mutation of KRas (Figure 1.13).[242%]
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Figure 1.13: Examples of single-enantiomer high-barrier drugs in the clinic or already approved.
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1.2 Generating atropisomeric fragments for FBDD libraries

1.2.1 Project rationale

1.2.1.1 The enantioselective synthesis of biaryl pyrimidines

The enantioselective synthesis of atropisomeric compounds using phase-transfer catalysis has
been an area of interest in the Smith group over the last decade.l”?74 Racemic atropisomeric
mixtures were used to enantioselectively generate a single enantiomer of a desired compound in a
biphasic mixture by performing kinetic resolutions employing a chiral cinchona alkaloid derived
catalyst (RaN*X", Figure 1.14). A kinetic resolution is a method allowing the differentiation of a pair
of enantiomers in a racemic starting material by exploiting the different reactivities of the two
enantiomers. The theoretical maximum yield of a kinetic resolution is of 50% as only one of the
two enantiomers is consumed.”®! In a dynamic kinetic resolution, the non-reactive enantiomer of
the racemic starting material epimerises quickly to its reactive counterpart which increases the

theoretical yield to 100%.[7¢]

For example, Jolliffe and Armstrong were able to exploit the tight ion pair formed by the
deprotonated racemic 2-tetralone analogues and the chiral phase-transfer catalyst to achieve the
enantioselective dynamic kinetic resolution of the former via O-alkylation (Figure 1.14A).072
Cation-directed O-alkylation was also used by Fugard in the enantioselective dynamic kinetic
resolution of naphthol anilides (Figure 1.14B),”3! and by Balan, Jones and Jolliffe for the

enantioselective kinetic resolution of C,- and non Ca-symmetric BINOLs (Figure 1.14C).l74
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Figure 1.14: (A) Jolliffe and Armstrong’s enantioselective dynamic kinetic resolution of 2-tetralone
derivatives.”!/(B) Fugard’s enantioselective dynamic kinetic resolution of naphthol anilides.”?/(C)
Balan, Jones and Jolliffe’s kinetic resolution of BINOLs.[73!

Most notably, Armstrong reported the desymmetrisation of pro-atropisomeric biaryl
dichloropyrimidines using a cation-directed nucleophilic aromatic substitution (SNAr) reaction.
Armstrong utilised the idea that, under asymmetric phase-transfer conditions, the tight ion pair
formed between a deprotonated thiophenol and a chiral cation allows for a stereo-controlled
attack on the electron-poor and sterically encumbered dichloropyrimidine. Twelve different
pyrimidines were reacted in tetrachloromethane in the presence of aqueous potassium carbonate
and thiophenol to yield the desymmetrised SNAr products in moderate to high yields and with
enantiomeric ratios (e.r.) ranging from 85:15 to 97:3 (Figure 1.15A). Armstrong also explored the
derivatisation of enantioenriched naphthylpyrimidine 12 (97:3 e.r.) via oxidation, SNAr, and Suzuki
cross-coupling (Figure 1.15B).7Y All of these attempts showed that it was possible to achieve
derivatisation of the enantioenriched atropisomer without loss of stereochemical integrity. The

absolute configuration of compound 12 was determined by X-Ray crystallography and it was
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postulated by analogy that all the other products obtained with the same chiral catalyst were of
the same absolute configuration. The rotational barrier of the least hindered compound (R, = OBn,
Rs = H, Figure 1.15A) was determined to be 28.0 kcal/mol at room temperature (AG;lC98 =
28.0 kcal/mol), which indicates that the more hindered substrates in this family of compounds the
may potentially be class 3 atropisomers. This result also implied that the moderate
enantioselectivity observed in the desymmetrisation step resulted from low enantioinduction

from the catalyst, rather than thermal racemisation of the product.!*?!
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Figure 1.15: (A) Armstrong’s enantioselective desymmetrisation of dichloropyrimidines via a
cation-directed SNAr.[”%7¢1(B) Armstrong’s derivatisation of enantioenriched substituted biaryl
pyrimidines.[”°l

1.2.1.2 Biarylpyrimidines in medicinal chemistry
Of all molecular classes involved in drug discovery, heteroaromatics are probably the most
crucial. Despite the numerous examples of approved small-molecule drugs that contain one or

several heterocyclic moieties, a sizeable portion of the chemical space they make up remains
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unexplored.””78  Although examples of biarylpyrimidines in drug discovery are few, they
demonstrate the potential for using this class of molecules to inhibit difficult targets, such as

kinases or “undruggable” KRas.!72-82]

Zheng, Matulenko and co-workers at Abbott Laboratories showed the potential of
pyridopyrimidines as oral adenosine kinase (AK) inhibitors, for the treatment of pain (via
neuroprotective, antinociceptive and anti-inflammatory properties).””! This discovery resulted in
the chemical lead ABT-702, which was further optimised into biarylpyrimidine 13 (Figure 1.16) in a

effort to reduce toxicological and CNS side effects.

/\ N
K/O K/O
ABT-702 13
ICs50 = 1.3 nM (cytosolic) IC50 = 2 nM (cytosolic)
ICs0 = 43 nM (intact cells) ICs0 = 68 nM (intact cells)

Figure 1.16 Abbott Laboratories’ work on adenosine kinase inhibitors allowed the identification of
biarylpyrimidines as potential drug candidates.[7>8°

Compound 13 turned out to be a comparable in vitro AK inhibitor to ABT-702, and performed
well in the formalin animal assay of inflammatory pain, but did not show any activity in the Chung
animal model of pain.[® This study, however, highlighted biarylpyrimidines as a potent alternative
to nucleoside-based compounds in the treatment of nucleoside kinases such as AK, especially
since these compounds adopt a different binding mode that channels an increased number of

stabilising interactions as compared with the binding mode of adenosine (Figure 1.17).[8
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Figure 1.17: (A) Predicted binding mode of 13 in AK based on the interactions of adenosine. (B)
Observed binding mode (X-Ray crystallography) of 13 in AK.[5%

The discovery process of sotorasib also highlighted biarylpyrimidines as strong contenders for
the development of covalent inhibitors of the “undruggable” KRas G12C.[2>8182] Amgen reported
numerous examples of active, symmetrical (non-atropisomeric) biarylpyrimidines with
encouraging activity profiles in both KRas inhibition biochemical assays and the p-ERK1/ 2 cellular
immunoassay. Examples of compounds with comparable potency to sotorasib are highlighted in
Figure 1.18 (14a—c).l?>8182] One atropisomeric example, 14d, was also reported as one of their
final optimisation attempts. Despite having lower cellular potency than its pyridine counterparts,

14d, exhibited the best aqueous solubility (lowest logD).[?*]
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Figure 1.18: Examples of biarylpyrimidine KRas G12C covalent inhibitors and their potencies
against KRas G12C (biochemical potency) and in the p-ERK1/ 2 immunoassay (cellular potency),
compared with sotorasib.[?>?

.2.2 Project aims

Albeit scarce, the examples of biarylpyrimidines in drug discovery show the relevance of this
class of compounds in the lead identification process and makes them a useful asset to FBDD
libraries. We therefore decided to exploit Armstrong’s enantioselective desymmetrisation of
pro-atropisomeric biarylpyrimidines to generate a high-barrier axially chiral precursor iii (Figure
1.19). That precursor could then, in turn, be derivatised at the remaining chloro site or at the
newly-generated sulfonyl site via orthogonal methods to generate an array of compounds that
could be added to 3D libraries designed for fragment-based sceening. Derivatisation methods
could include SNAr-type reactions or cross-coupling reactions, as Armstrong demonstrated such
methodologies are likely to preserve the stereochemical integrity of the atropisomeric

precursors.[’1]
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Figure 1.19: Generating atropisomeric fragments for FBDD libraries.

1.3 Results and discussion

1.3.1 Precursor synthesis and thermodynamic properties

1.3.1.1 Synthesis of the sulfonyl precursor

For this study, we decided to focus on the synthesis of ortho-trifluorophenyl pyrimidines. The
trifluoromethyl group is widely employed in medicinal chemistry for its unique chemical and
physiological properties, especially its ability to protect a position from metabolic degradation,
thus increasing a compound’s metabolic stability.[®3] Examples of drugs where the insertion of an
aryl-trifluoromethyl group was a key development step include the selective serotonin reuptake
inhibitor, fluoxetine (Prozac®),8¥ and the cyclooxygenase 2 inhibitor celecoxib (Celebrex®) (Figure
1.20).3%1 Moreover, an ortho-trifluoromethyl group generates enough steric bulk to restrict
rotation about a bond formed with a di-ortho-substituted pyrimidine and will therefore allow for

the synthesis of atropisomeric compounds. (!
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Figure 1.20: Fluoxetine and celecoxib.

We completed the synthesis of sulfonyl precursor 20 by adapting Armstrong’s procedure for the
enantioselective synthesis of atropisomeric biarylpyrimidines.”%8% Commercially available diethyl
malonate 16a was a-arylated via heating to 50 °C in 1,4-dioxane in the presence of
trifluoromethyliodobenzene 15, caesium carbonate and catalytic amounts of copper iodide and
2-picolinic acid, to yield malonate 17 in moderate to high yields (Figure 1.21).7%8 Formamidine
hydrochloride was then condensed onto malonate 17 by heating to 80 °C in a 3:2
methanol/tetrahydrofuran mixture in the presence of in situ-generated sodium methoxide. The
resulting crude was precipitated in concentrated hydrochloric acid and subsequently heated to
90 °C in phosphorus (V) oxychloride to vyield pro-atropoisomeric dichloropyrimidine 18 in

moderate yields (Figure 1.21).[72.80

F,C
o
0 cttmen i
1 2-picolinic acid (10 mol%) (2.0 eq.)
15 Cs,C0;(3.0 eq.) F1C NaOMe (5.0 eq.) [ F,C POCI; (0.75 M) _ F3C
+ 1,4-dioxane EtO. OEt 4 o MeOH/THF | HO~ AN OH 90°C, 3 h MNP
o o 50°C, 48 h 80°C, 24 h | l
T °° | e e
EtO OEt 17 18
16a 65-97% yield 35-42% yield

(2 steps)

Figure 1.21: Synthesis of the pro-atropisomeric dichloropyrimidine 18

The desymmetrisation product 19 was synthesised both as a racemic mixture and an
enantioenriched mixture. Both mixtures were synthesised via a phase-transfer catalysed (PTC)
SNAr. Racemic 19 was obtained in moderate to high vyields by vigorously stirring
dichloropyrimidine 18 in toluene at room temperature in the presence of thiophenol, catalytic

amounts of tributylammonium bromide and aqueous potassium hydroxide (50% w/w)
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(Figure 1.22A).1 Enantioenriched 19 was obtained in high yields and moderate e.e. (81:19-89:11
e.r.) by vigorously stirring dichloropyrimidine 18 in tetrachloromethane at room temperature in
the presence of thiophenol, catalytic amounts of N-benzylquininium bromide and aqueous
potassium carbonate (50% w/w) (Figure 1.22B)."Y1 The absolute configuration of the major
enantiomer was determined by Armstrong.[*>71 The oxidation of sulfide 19 was performed on
both the racemic and enantioenriched mixtures by stirring them at room temperature in
dichloromethane with an excess of meta-chloroperbenzoic acid to yield sulfone 20 in quantitative
yields and with no erosion of the enantioenriched substrate (Figure 1.22).'1 We decided to work
with sulfone 20 rather than sulfide 19 as the arylsulfonyl moiety would be easier to displace once

it had served its desymmetrisation purpose.

PhSH (1.1 eq.)
KOH (aq.) (5.0 eq.)
F3C BuyNBr (10 mol%) F;C m-CPBA (>5eq.)  F,C
G PhMe/H,0 G\~ SPh CHCl, Gl S02Ph
' | rt,16h I

N N r.t., 30 min NN NN
18 19 20
66-91% quant. yield
rac. rac.
B
PhSH (1.1 eq.)
F3C K2CO3 (aq.) (5.0 eq) F,c m-CPBA (>5eq.)  FsC
—_— —_—
C ~ Cl _ cl . SPh CH,Cl, I\~ SO,Ph
N IN Cl (10 mol%) N |N rt. 16 h N |N
X S ’ S
et CCl,H,0 el g
18 rt, 48 h 19 20
92-97% yield quant. yield
81:19-89:11 e.r. 81:19-89:11 e.r.

Figure 1.22: (A) Synthesis of the racemic precursor 20. (B) Synthesis of the enantioenriched
precursor 20.

1.3.1.2 Assessing the rotational barrier of the sulfonyl precursor
To determine whether the compounds resulting from a derivatisation of 20 (Figure 1.22) would
make for suitable high-barrier atropisomeric fragments, its rotational barrier was assessed.
Rotation student Lucia Starofiova dissolved a small quantity of an 88:12 e.r. sample in

meta-xylene. Heating the sample to 80 °C and removing aliquots at regular intervals over the
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course of several days lead to measurable racemisation. As a result, the mixture was heated to
130 °C and, by withdrawing and analysing aliquots by chiral HPLC over the course of 27 hours, a

reduction of the e.r. to 86:14 was observed (Figure 1.23).187)

Plotting lni = f(t) for such data should result in a straight line with a gradient of 2k,,,; = k4.
(where k,,. is the rate constant of racemisation and k., is the rate constant of
enantiomerisation).[*! Starofiova’s data was plotted in this manner and allowed us to determine
that k.qc = 5.32 x 107 57, corresponding to a half-life of racemisation t;/; of 15 days at this
temperature. Using the Eyring equation, we calculated that the rotational barrier of
sulfonylpyrimidine 20 at this given temperature (AGZ“03 ), is approximatively 36.0 kcal/mol (Figure
1.23). Compound 20, thanks to the bulk generated by the sulfonyl and trifluoromethyl groups

around its chiral axis, is therefore an extremely stable class 3 atropisomer.

In(1/e.e.) = f(t)
E/ E/ | .
F3;C m-xylene F;C '
Cl SO,Ph 130°C,27 h Cl SO,Ph :
z | z | ; 0,300 /

NN Ny N
y = 5.32E-07x + 2,85E-01

2 20 {0250 - R? = 9.53E-01
88:12eur. 86:14 e.r. '
b =15.1 days :
46k = 36.0 keal/mol : 0200
: ;

0 50000 100000 150000
time (s)

Figure 1.23: Experiment to determine the rate of racemisation of compound 20.
Data collected by Lucia Starofiova. 8¢

It can be shown that lni = 2kt + constant. For a derivation of this equation, please refer to Appendix A.
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1.3.2 Derivatisation at the chloro site

1.3.2.1 Sonogashira cross-coupling

Taking inspiration from Matulenko and co-workers’ AK inhibitors (Section 1.2.1.2, Figure 1.16),
we decided to explore the possibility of derivatising the chloro site of pyrimidine 20 using a
Sonogashira cross-coupling. The Sonogashira reaction, named after Kenkichi Sonogashira, is a
useful tool in the creation of carbon—carbon bonds between aryl (or vinyl) halides and terminal
alkynes, involving a palladium catalyst and a copper co-catalyst.[®8 As the acetylene group is a
gateway a multitude of chemical transformations (cycloadditions, electrophilic and nucleophilic
substitutions, etc.), it is a useful group to equip our fragments with for potential fragment growth

(see Section 1.3.4).

21 (1.1 eq.)

Pd(PPhy)Cl, (3 mol%) ~N O
F3C Cul (6 mol%) FiC
Ci\~ SOPh ™ MeGNEGN 111 MeCN/Et;N 1:1 X PN
Ne N 60 °C, 4-66 h I
X N N
20 22a
rac. 45-69% yield

rac.

F;C
Cl z |

N N
20

89:11 er

21 (1.1 eq.) |
Pd(PPh,)Cl, (3 mol%) N O
Cul (6 mol%) O FyC
SOPh  MeCN/EL;N 1:1 X . SO0:Ph

60 °C, 66 h |
N N
22a

96% vyield

89:11 eur.

Figure 1.24: Application of Matulenko’s Sonogashira conditions to substrate 20./5%

(A) On a racemic mixture. (B) On an enantioenriched mixture (89:11 e.r.).

As a preliminary investigation, we decided to couple racemic pyrimidine 20 with 4-ethynyl-N,N-

dimethylaniline 21, one of the alkynes that gave the best results on coupling with Matulenko and
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co-wokers’ substrate (Figure 1.24).18% Chloropyrimidine 20 and terminal alkyne 21 were coupled at
60 °C in a 1:1 acetonitrile/triethylamine  mixture in the presence of
bis(triphenylphosphine)palladium(ll) dichloride and copper iodide. An initial reaction time of 4
hours yielded 45% of the desired cross-coupling product 22a.[8% Considering that the oxidative
addition on a carbon—chloride bond is usually slow due to the greater strength of such a bond,®!
we extended the reaction time to 66 hours, which allowed the yield to be increased to 69% (Figure
1.24A). The reaction was also performed on an enantioenriched sample of chloropyrimidine 20
(89:11 e.r.) and yielded compound 22a in excellent yield (96%) and with no loss of stereochemical

integrity (Figure 1.24B).

Rotation student Lucia Staroriova also studied the racemisation of compound 22a by heating it in
meta-xylene at 130 °C for 5 hours, withdrawing aliquots at regular intervals. An erosion of the e.r.

was identified (from 86:14 to 83:17) and plotting lnizf(t) allowed to determine that

rac

k,qc =5.25 x 107®s71, corresponding to a half-life of racemisation at 130 °C (t1/7) of 1.5 days. This

means that the barrier to rotation of compound 22a at 130 °C (Afoo3) is 34.1 kcal/mol, which

corresponds to class 3 atropisomerism (Figure 1.25).187]

In(1/e.e.) = f(t)
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_N O N {0400 |
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z ) z H
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Figure 1.25: Experiment to determine the rate of racemisation of compound 22a.
Data collected by Lucia Staroriova.[8°!
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We grew crystals of 22a by slow evaporation of an isopropanol solution and fellow DPhil student
Owen Smith analysed them by single-crystal X-Ray diffraction to obtain a crystal structure, thus
elucidating the absolute configuration of 22a and confirming Roly Armstrong’s observation of the

enantioselectivity of the dichloropyrimidine desymmetrisation (Figure 1.26).14°!

Figure 1.26: Crystal structure of compound 22a. The absolute configuration is the same as that
reported by Armstrong.”¢! Data collected by Owen Smith

Considering the encouraging preliminary results we obtained using the methodology developed
by Matulenko et al. for the Sonogashira coupling of a biaryl halopyrimidine, we decided to try to
apply these conditions to substrate 20 using other terminal alkynes. Another example found in the
Abbott Laboratories’ reports is trimethylsilylacetylene,® which we reacted with 20 for 24 hours
under the same conditions as previously reported. Disappointingly, we were only able to obtain
compound 22b in 7% vyield (Figure 1.27A). Electron-rich arylalkynes such as 4-ethynyl-anisole
(Figure 1.27B) and electron-poor arylalkynes, such as 1-ethynyl-3-fluorobenzylacetylene and

1-ethynyl-4-nitrobenzylacetylene (Figure 1.27C) did not react at all.
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Figure 1.27: Attempts at scoping Matulenko and co-workers’ Sonogashira reaction on substrate
20.189(A) On aliphatic substrates. (B) On electron-rich arylacetylenes. (C) On electron-poor
arylacetylenes.

Despite the heartening results obtained with 4-ethynyl-N,N-dimethylaniline 21 (Section 1.3.2.1a,
Figure 1.24), no other terminal alkyne gave encouraging results with the conditions reported by
Abbott Laboratories, making these conditions unsuitable for a scope study of the Sonogashira
reaction. Katherine England (Brennan group) reported in her PhD thesis that using
tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s), in combination with the addition of catalytic
amounts of triphenylphosphine helped her to dramatically increase the yield of a Sonogashira
cross-coupling reaction between a chloropyrimidine and trimethylsilylacetylene.®® Looking at the
mechanism of our reaction if it were carried out using Pd(PPhs)s as a palladium source, we can see
that the oxidative addition step of the mechanism generates triphenylphosphine, while the
reductive elimination step uses this free triphenylphosphine for the recycling of the palladium
catalyst (Figure 1.28).18% Therefore, we can assume that introducing triphenylphosphine into the

reaction mixture would increase the rate of the reductive elimination step, at the expense of the
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rate of the oxidative addition step. As mentioned in Section 1.3.2.1a, carbon—chloride oxidative
additions tend to be slower due to the greater bond strength.[® Nonetheless, as we did not
recover any starting material from both our successful and unsuccessful Sonogashira coupling
attempts, we postulated that the issue with the reaction conditions might reside in the
transmetallation or reductive elimination steps, rather than in the oxidative addition of the

catalyst on 20, and opted for applying England’s optimised conditions to our substrates.

' ®
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N FaC
A 502Ph cl SO,Ph
| 1 A
NN

N 2N
22a Pd(PPh3), 20
Reductive
elimination Oxidative addition
2 PPh,
FsC SO,Ph FsC
PPh; 2 PPh, SO;Ph
e | =

PhsP-Pd—( |\ C-Pd—( |

I N—7 PPh; N—7

cis/trans

isomerization Transmetallation

Figure 1.28: Mechanism of the Sonogashira cross-coupling and the influence of adding
triphenylphosphine on the rates of the oxidative addition and the reductive elimination steps.

We dissolved racemic 20 and 4-ethynyl-N,N-dimethylaniline 21 in a 1:2 mixture of
N,N-dimethylformamide and triethylamine and heated the resulting solution to 50 °C in presence
of tetrakis(triphenylphosphine)palladium(0), copper iodide and an additional 20 mol% of
triphenylphosphine (Figure 1.29).1°°! Contrary to our previous set of conditions, where we would

not observe full consumption of the starting material before a minimum of 2.5 days, these
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conditions allowed for full completion of the reaction overnight, yielding product 22a almost
guantitatively (99% yield). This result comforted us in the idea that the reductive elimination step
was one of the limiting steps of this cross-coupling, and that the extra triphenylphosphine helped

accelerate it without too much of a negative impact on the oxidative addition step.

\-@-—
/
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— . 3!
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| 50°C,16 h
NN Ny N
20 22a
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rac.

Figure 1.29: Applying England’s conditions for the Sonogashira reaction, using our initial acetylene
21.189

We also decided to apply these conditions to the coupling of trimethylsilylacetylene with racemic
compound 20, for which the previous set of conditions were very low-yielding (7% yield). These
conditions allowed for an extremely quick reaction (3 hours), affording product 22b with a high
yield of 83% (Figure 1.30A). The coupling of trimethylsilylacetylene with an enantioenriched
sample of compound 20 (81:19 e.r.) also led to a quick reaction (3 hours), with an almost

guantitative yield (98%) and no erosion of the enantiomeric ratio (Figure 1.30B).
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50°C,3h : o |
NN NN ; NN 50°C,3h NN
20 22b : 20 22b
rac. 83% yield ! 81:119e.r. 98% yield

rac. . 81:19 e.r.

Figure 1.30: Applying England’s conditions for the Sonogashira reaction, using our initial acetylene
21.1%91: (A) Using trimethylsilylacetylene on a racemic 20. (B) Using trimethylsilylacetylene on an
enantioenriched 20
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The trimethylsilylacetyl moiety being a rather small group, we decided to evaluate the rotational
barrier of compound 22b. An enantioenriched sample of 22b (81:19 e.r.) was dissolved in

meta-xylene and heated to 80 °C, with regular aliquot sampling. After 4 days, the e.r. had dropped
to 78:22, allowing us to plot lni = f(t) to determine that k,,. = 3.57 x 10 77 s, corresponding
to a half-life of racemisation at 80 °C (t;;;) of 22.4 days and AG3*53 = 31.9 kcal/mol (Figure 1.31).

Despite the small size of the trimethylsilylacetylenyl group, the steric hindrance generated by the

trifluoromethyl and phenylsulfonyl groups allow 22b to be a class 3 atropisomer.
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Figure 1.31: Experiment to determine the rate of racemisation of compound 22b.

We decided to evaluate the functional group tolerance of the newly-optimised Sonogashira
reaction conditions for substrate 20. Chloropyrimidine 20 was coupled to eight terminal alkynes,
split into three categories: aliphatic acetylenes (2), electron-rich arylacetylenes (3), and
electron-poor arylacetylenes (3). Chloropyrimidine 20 and the corresponding alkyne were heated
to 50 °C in a 1:2 mixture of N,N-dimethylformamide and triethylamine, in the presence of
Pd(PPhs)s, copper iodide and an additional 20 mol% of triphenylphosphine (Figure 1.32).0°0)
Trimethylsilylacetylene gave compound 22b with a short reaction time and high yield (83%) and
cyclopropylacetylene gave compound 22f in moderate yield (71%) (Figure 1.32A). Electron-rich

arylalkynes reacted readily with 20 under these conditions, with 4-ethynyl-N,N-dimethylaniline
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yielding compound 22a in 99% vyield. Methyl and methoxy groups were also tolerated, with 1-
ethynyl-4-methylbenzene yielding compound 22g in 93% vyield and 1-ethynyl-anisole yielding
compound 22c in 84% yield (when the previous set of conditions had led to no product formation
at all) (Figure 1.32B). Electron-poor arylalkynes showed less compatibility with these reaction
conditions. The tolerance of the fluorine group was confirmed by using 1-ethynyl-3-
fluorobenzylacetylene, yielding compound 22d in 63% vyield (when the previous set of conditions
had led to no product formation at all) and the methyl ester was also tolerated in methyl-4-
ethynylbenzoate, yielding compound 22h in 46% vyield. These more moderate yields testified for
the reduced reactivity of electron-poor arylalkynes, and 1-ethynyl-4-nitrobenzylacetylene was
therefore not reactive under these conditions (Figure 1.32C). Indeed, we can postulate that,
during the reaction process, electron-withdrawing groups on the arylacetylene stabilise the
electron-rich Pd(ll) metal centre, thus rendering the whole metal complex more resistant to

reductive elimination.[®
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Figure 1.32: Attempts at scoping England’s Sonogashira reaction on substrate 20.%/(A) On
aliphatic substrates. (B) On electron-rich arylacetylenes. (C) On electron-poor arylacetylenes.
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The optimised Sonogashira reaction allowed for the generation of a respectable range of
atropisomeric fragments with acceptable functional group tolerance. When applied to
enantioenriched samples, the conditions did not lead to any loss of stereochemical integrity.
Fragments with even a small acetylene moiety such as trimethylsylilacetylene still displayed a high

rotational barrier.

1.3.2.2 Other potential derivatisations

Although we did not explore other transformations at the chloro site in as much depth as the

Sonogashira reaction, we still report our preliminary investigations in this section.

Taking inspiration from Armstrong’s successful Suzuki-Miyaura coupling of phenylboronic acid
with substrate 12 (Section 1.2.1.1, Figure 1.15), we decided to explore the derivatisation of
compound 20 using these conditions.l”! First published in 1979 by Suzuki and Miyaura,®? the
eponymous reaction is the most commonly used carbon—carbon bond forming reaction in the
pharmaceutical industry and shares a Nobel prize with the Negishi coupling.®3* Due to its ability
to generate a wide range of C(sp?)—C(sp?) bonds, it has established itself as the go-to reaction to
synthesise multiaryl motifs with a high level of functional group tolerance and is therefore of great

relevance in the context of generating atropisomeric fragments for fragment-based screening.

We started by assessing whether our sulfonyl precursor 20 would react as readily as Armstrong’s
sulfide 12 with phenylboronic acid. Chloropyrimidine 20 was heated to 75 °C in toluene in the
presence of phenylboronic acid, potassium carbonate, and catalytic amounts of
tetrakis(triphenylphosphine)palladium(0) (Figure 1.33)."Y The reaction yielded phenylpyrimidine
23a in high yield (88%) and we therefore proceeded to assess this set of conditions on other

substrates.

34



PH
QB\ (1.6 eq.)
OH

Pd(PPh;), (10 mol%)
F5C K,CO; (2.0 eq.)
—_—
Cl_ - S0:Ph PhMe
| 75°C, 16 h

N\éN
20 23a
rac. 88% yield

Figure 1.33: Preliminary attempt at a Suzuki-Miyaura coupling on 20.17°

Upon being subjected to the same set of conditions, allylboronic acid and chloropyrimidine 20
reacted to yield compound 23b in 16% yield (Figure 1.27). Compound 23b, despite having been
obtained with a mediocre yield, makes for an interesting fragment, as it is of small size (the “rule
of three” for FBDD advising the use of molecules no bigger than 300 Da for fragment-based
screening!®!) and, allows for potential fragment growth after hit-identification by introducing a
terminal alkene handle onto the molecule. However pyridin-4-ylboronic acid and (1-methyl-1H-
pyrazol-4-yl)boronic acid did not show any reactivity with 20 under these conditions and only a
trace amount of compound 23e was detected upon reaction with (1H-pyrazol-4-yl)boronic acid

(Figure 1.34).
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Figure 1.34: Attempts at expanding the scope of the Suzuki-Miyaura derivatisation of 20

Heterocyclic boronic acids such as the three we experimented with earlier (Figure 1.34) are

known to easily undergo proto-deborylation under Suzuki-Miyaura coupling conditions. If such
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degradation occurred at a faster rate than the oxidative addition of the palladium catalyst onto
the aryl halide, then there would be no boronic acid left for transmetallation onto the
palladium—aryl complex and no product would be observed. To prevent this from happening,
David M. Knapp et al. developed a method for the slow-release of a boronic acid into a Suzuki-
Miyaura reaction medium, by exploiting the slow hydrolysis of MIDA boronates by aqueous
tripotassium phosphate in 1,4-dioxane.”® We had at our disposal (1H-pyrazol-4-yl)-MIDA
boronate and (thiazol-5-yl)-MIDA boronate and decided to try to apply Knapp and co-workers’
strategy to the coupling of these boronates and our precursor 20. Chloropyrimidine 20 and the
MIDA boronates were heated to 60 °C in 1,4-dioxane in the presence of aqueous tripotassium
phosphate, and catalytic amounts of palladium(ll) acetate and dicylcohexylphosphino-2,6’-
dimethoxy-1,1’-biphenyl (SPhos) (Figure 1.35). Although we did not observe any reactivity
between 20 and (thiazol-5-yl)-MIDA boronate, (1H-pyrazol-4-yl)-MIDA boronate did react with our
substrate, but it did not yield the expected compound (23e). Instead, we isolated the product of
both the Suzuki-Miyaura coupling of the boronate at the chloro position and the hydrolysis of the
phenylsulfonyl moiety 23f. Spectroscopic data evidenced the preferred tautomeric state of this
product as the pyrimidone form instead of the hydroxypyrimidine. The solvolysis of the sulfone in

aqueous basic media is described in further detail in Sections 1.3.3 and 1.3.4.
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23e 23f 23g

10% yield
(observed instead of 23e)

Figure 1.35: Attempts at improving the derivatisation of 20 by Suzuki-Miyaura coupling, replacing
unstable boronic acids by their MIDA boronate counterpart.®?l

Considering it drastically improved the Sonogashira reaction (see Section 1.3.2.1), adding extra
triphenylphosphine (33 mol%) to Armstrong’s conditions was explored.l’2?% Chloropyrimidine 20
was heated to 75 °C in toluene in the presence of the boronic acid of choice, potassium carbonate,
and catalytic amounts of tetrakis(triphenylphosphine)palladium(0) and triphenylphosphine.
However, this resulted in the deterioration of the yield in compound 23a when carried out with
phenylboronic acid, which dropped to 33% (with quantitative recovery of remaining starting
material). These conditions and resulted in full recovery of starting material with both allylboronic
acid and (1H-pyrazol-4-yl)boronic acid) (Figure 1.36). This hinted that the effect of the extra
triphenyl phosphine on slowing down the oxidative addition step prevailed over the effect of

speeding up the reductive elimination step.
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R—B\ (1.6 eq.)
OH

Pd(PPhj), (10 mol%)
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| 75°C,16 h |

NN NN
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g
| N SO,Ph X | N SO,Ph NS | N SO,Ph
NN NN NN
23a 23b 23e
33% yield
(quant. BRSM)

Figure 1.36: Attempts at improving the derivatisation of 20 by Suzuki-Miyaura with PPh3.[7%.8%
Despite proving successful in the coupling of phenyl boronic acid with 20 and leading to the
obtainment of useful fragments with the likes of allylpyrimidine 23b, the Suzuki-Miyaura reaction
was not developed any further as it appeared considerably more sensitive and substrate-specific

than the Sonogashira reaction.

Armstrong’s successful derivatisation of compound 12 by SNAr using pyrrolidine (Section 1.2.1.1,
Figure 1.15) inspired us to try the same strategy with our sulfide substrate 19.7% A racemic
mixture of chloropyrimidine 19 was stirred in N,N-dimethylformamide in the presence of
N,N-diisopropylethylamine at room temperature to yield the desired SNAr product 24 in good yield
(89%) (Figure 1.37A). Sulfide 24 could not be converted into sulfone 25 using excess
meta-chloroperbenzoic acid, and this transformation necessitated milder conditions. Therefore, a
racemic mixture of sulfide 24 was stirred in trifluoroacetic acid at room temperature in the
presence of aqueous dihydrogen peroxide (30 wt.%) to yield sulfone 25 in moderate yield (68%)
(Figure 1.37A). This sequence was also applied to an enantioenriched sample of compound 19
(85:15 e.r.) and vyielded an enantioenriched sample of sulfone 25, without any loss of

stereochemical integrity (Figure 1.37B).
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NN C‘ SPh  CFiCOOMH0 C SO,Ph
Ne N rt,3h rt, 48 h
- Ny N Ny N
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85:15 e.r. 89% yield 61% yield
85:15 e.r. 85:15e.r.

Figure 1.37: Assessing the potential of sulfide 19 to be derivatised by SNAr.’I(A) On a racemic
sample. (B) On an enantioenriched sample.

The rate of racemisation of compound 25 was studied by stirring an enantioenriched sample

(85:15 e.r.) in meta-xylene at 120 °C for 24 hours. By sampling aliquots at regular intervals, we
observed a decrease of the e.r. to 79:21 e.r., allowing us to plot lni = f(t) and determine that
Krqc =2.00 x 10 = s™%, corresponding to a half-life of racemisation at 120 °C (t;/;) of 4.0 days and

AGZ,. = 34.0 kcal/mol (Figure 1.38).

In(1/e.e.) = f(t)

0,600
F;C

m- xylene FsC E 0,500
Gl . -SO.Ph 120°C,24 h C‘ SO,Ph : 0,400

y = 2.00E-06x + 0.3635
0,300

NN Ne N : g R = 0.9984
H 0,200
25 25
8515 er. 79:21er. : 0,100
i = 4.0 days : 0,000
6}, = 34.0 keal/mol : 0 50000 100000

time (s)

Figure 1.38: Experiment to determine the rate of racemisation of compound 25.

1.3.3 Derivatisation at the sulfonyl site

Though it contributes greatly to the steric hindrance about the chiral axis in our compounds, the
high molecular weight (141 Da) of the phenylsulfonyl group renders most of our atropisomeric

fragments non-compliant with the “rule of three”.[>] Additionally, several reports have shown the
39



usefulness of an amino substituent ortho to one of the nitrogen atoms of the pyrimidine ring in
the development of kinase inhibitors (adenosine, Src and Brk kinases, amongst others).[80%] we
decided to explore the possibility to substitute the arylsulfonyl group on our compounds by
smaller moieties, making our compounds more amenable to use as fragments and, potentially

more drug-like.

1.3.3.1 Nucleophilic aromatic substation (SNAr)

Several examples in the literature describe the phenylsulfonyl and para-toluene sulfonyl groups
as good leaving groups for aromatic nucleophilic substitution.[®®=1%! However, due to the softness
of the C=S electrophilic site, substituting an arylsulfonyl group with a simple nitrogen or oxygen
nucleophile usually requires harsh conditions. Most of the reported methodologies call for
temperatures exceeding 120 °C for several hours in strong basic media,®’~1%! which would lead to
an erosion of the enantiomeric excess of the generated products if they were to be carried out on
our substrates. Cardenas et al. adapted the conditions of Armstrong’s cation-directed
desymmetrisation of biarylpyrimidines to the kinetic resolution of 3-substituted
pyrrolopyrimidines, for an enantioselective synthesis of known Scr/Brk kinase inhibitors (Figure
1.32A).°¢1 They were able to oxidise the resulting atropisomeric sulfides 26a-d using
meta-chloroperbenzoic acid and, by stirring the resulting sulfones in neat
2,4-dimethoxybenzylamine at room temperature for 72 to 96 hours, obtained the desired
protected amines.®®! Subsequent treatment with trifluoroacetic acid in dichloromethane for a few
hours at room temperature yielded the desired kinase inhibitors 27a-d with no loss of

stereochemical integrity over the whole sequence (Figure 1.39).
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rt,4-16 h

26a-d
82:18-96:4 e.r.

27a-d
24-40% yield
(2 steps)
82:18-96:4 e.r.

Figure 1.39: (A) Cardenas and co-workers’ conditions for the derivatisation of sulfony!
pyrrolopyrimidines vial SNAr.[%3

We attempted to apply Cardenas and co-workers’ conditions to both sulfone 22a and sulfone 25.
The racemic sulfones were stirred in neat 2,4-dimethoxybenzylamine at room temperature for 3.5
to 4 days (Figure 1.40).°¢! We observed no reaction for sulfone 25, for which a similar reaction
with diethylamine was also attempted but did not lead to any reactivity at all. In the case of
sulfone 22a, we did observe the formation of a new product, which was subsequently treated with
trifluoroacetic acid in dichloromethane for 4 hours to yield compound 29. 29 was identified as the
deprotection product resulting from the addition of 2,4-dimethoxybenzylamine onto the alkyne
site of compound 223, indicating that the desired SNAr at the sulfonyl site had not taken place.
Harsher methodologies consisting of heating sulfone 25 to high temperatures (above 100 °C) with
either neat or diluted diethylamine or morpholine, in the presence or absence of a base, were also

attempted, but did not lead to any reactivity (see Appendix B).
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Figure 1.40: Attempts to apply Cardenas and co-workers’ conditions to substrates 22a and 25.13

An alternative to the use of high temperatures in the SNAr of amines onto sulfonyl electrophiles
is to deprotonate the amine. Lithium amides have proven successful in the displacement of
phenylsulfonyl groups on aromatic compounds, sometimes even favouring the attack on a sulfonyl
electrophilic centre over a halide electrophilic centre, due to the softness of the C—S bond.[”!
Matulenko and co-workers also reported the use of lithium amide (LiNH.) to synthesise their
amino-pyrimidine AK inhibitor 13.89 We used n-butyllithium to deprotonate morpholine,
N-ethylpiperazine and methylimidazole at —=78 °C in anhydrous tetrahydrofuran. We also dissolved
some lithium amide salt in anhydrous tetrahydrofuran. These solutions were added to a solution
of sulfone 25 in anhydrous tetrahydrofuran and refluxed overnight (Figure 1.41). The reactions
with lithium morpholinide and lithium N-ethylpiperazinide were successful and respectively
afforded compounds 32b and 32c¢ in moderate to good yield. The reaction with lithium amide did
not yield any of the desired product 32d. The reaction with the deprotonated methylimidazole did
not yield any of the desired product 32e, but we were expecting such a result as we would imagine

a carbon-lithium substrate would more readily act as a base than a nucleophile.
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Figure 1.41: Attempts at derivatising the sulfonyl moiety of compound 25 via SNAr using lithium
adducts

Lucia Staroriova also attempted these conditions on Sonogashira product 22a, using both lithium

morpholinide and lithium amide, but did not observe any formation of the desired products

! ® ? ! ®
e F.C N, . e F3C
—_— 1
X . SOPh THF X P NPLES
| reflux, 16 h |

(Figure 1.42).187

NN NN
22a 32x
rac. x=a.b

(o]
X X
N Z I N\) N = I NH,
NN NN
32a 32b

Figure 1.42: Attempts at derivatising the sulfonyl moiety of compound 22a via SNAr using lithium
amides.
Data collected by Lucia Staroriova.[8¢

1.3.3.2 The serendipitous discovery of a solvolysis effect

With the potential of the acetylene group to serve as a handle for fragment growth we decided
to investigate the deprotection of trimethylsilylalkyne 22b. Classic deprotection conditions for silyl

alkynes include the use of fluoride anions, in the form of tetra-n-butylammonium fluoride (TBAF),
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at low temperatures.l'° We decided to dissolve 22b in tetrahydrofuran and stir it at =5 °C in the
presence of TBAF (Figure 1.43). In such conditions, we obtained fluoroalkene 33 as a single isomer
(assigned by nOe NMR spectroscopy). Buffering the TBAF solution with acetic acid in
tetrahydrofuran allowed for milder reaction conditions,'?! |eading to slower conversion, but the
deprotected alkyne was also attacked, yielding acetylalkene 34 as a single isomer (confirmed by

nOe NMR spectroscopy) (Figure 1.43).

F3C TBAF (1.2 eq.)
T™ms_ FsC _TBAF(1.2eq) ™S F3 _AcOH (15eq) _
\\ X SO,Ph THF SO.Ph SO,Ph THF SO,Ph
| -5°C, 30 min 2 -5°Ctort,16h N N
/
N\7N N N N

F

22b 22b 34
rac. 22% yleld rac. 21% yield

Figure 1.43: Deprotection attempts on the trimethylsilyl alkyne 22b using TBAF.[95%9]
Matulenko et al. reported the deprotection of their TMS-alkyne substrate by using aqueous
potassium carbonate in methanol.!8% Sulfone 22b was therefore dissolved in methanol and stirred
at room temperature in the presence of agqueous potassium carbonate (1 M), and we quickly
observed the formation of compound 35, which showed the removal of the trimethylsilyl group
but also the replacement of the phenylsulfonyl group by a methoxy group (Figure 1.44). Such
observation came as a surprise, as the phenylsulfonyl group had proven so difficult to remove
under classic SNAr conditions. The reported yield was low (36%), but a portion of the starting
material was recovered, leading us to believe that extending the reaction time could potentially

increase the yield of the transformation.
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™S Fs\c K;COs(aq.) (2.0 eq) FS\C
XA S0zPh MeOH/H,0 A0
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NN NN
22b 35
rac. 36% vyield.

Figure 1.44: Deprotection attempts on the trimethylsilyl alkyne 22b using potassium carbonate in
methanol.[8%

We decided to investigate this serendipitously-discovered transformation further, particularly on
substrates which did not display a trimethylsilylacetylene group, such as compounds 23a and 22a
(Figure 1.45A and Figure 1.45B). We stirred sulfones 23a and 22a in methanol in the presence of
aqueous potassium carbonate (1M) at room temperature overnight.®° In both instances, the
corresponding methanolysis products, respectively 36 and 37a, were obtained, with respective
yields of 56% and 93%. We also evaluated the reaction conditions on an enantioenriched sample
of 22a (85:15 e.r.) and were pleased to obtain methanolysis product 37a without any erosion of

the enantiomeric ratio (Figure 1.45C).

K,CO3(aq.) (2.0 eq.)

MeOH/H,0
rt, 16 h
23a 36
rac. 56% yield
| |
g ® A
F3C cho3 (aq.) (2.0 eq.) Fsc F3C cho3 (aq.) (2.0 eq.) F3C
X X X
N A S0Ph MeOHleo N N SO.Ph MeOHlHZO N N 0
NN rt, 16 h N N NN rt, 16 h NN
22a 37a H 22a 37a
rac. 93% yield. : 85:15 e.r. 87% yield

85115 eur.

Figure 1.45: Assessing the solvolysis conditions on non TMS-protected compounds. (A) On racemic
23a. (B) On racemic 22a. (C) On enantioenriched 22a.

Recalling compound 23f (Section 1.3.2.2a, Figure 1.35), which resulted from the hydrolysis of the
phenylsulfonyl group initially present on compound 20 whilst trying to perform a Suzuki-Miyaura

coupling, we decided to examine if more alcohol solvents could generate such effect. Sulfone 22a
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was dissolved or suspended in an array of different alcohols (and water) and stirred overnight at
room temperature in the presence of aqueous potassium carbonate (1M) (or 1M NaOH in the case
of the reaction in water) (Figure 1.46). We only observed successful formation of product when
using water (37b) and methanol (37a) as solvents. The hydrolysis of sulfone 22a generated
compound 37b in quantitative yield, and spectroscopic analysis allowed us to determine that the
preferred tautomeric state of the compound is the pyrimidone instead of the hydroxypyrimidine.
The methanolysis of compound 22a generated compound 37a in excellent yield (93%), but the
ethanolysis, isopropanolysis and tert-butanolysis of sulfone 22a did not occur. We therefore
assumed that steric hindrance was a crucial element in the solvolysis of the sulfone, and only

water and methanol were small enough for the transformation to happen.

| |
" @ ~ ®
O F3C K,CO; (aq.) (2.0 eq.) O F3C
X > X O

Xx502Ph (R2OHMH,0
NN rt,16h NN
22a 37x

rac. x=a..f

Cﬂ FsC C] FsC E C@ FsC g] FsC C] FsC E
« S S S S
X A0 NN A0 NN A0 X A0

NS NH NN ~~ ~~> ~~
37b 37a 37¢ 37d 37e
quant. 93% vyield
(NaOH was used) (35°C)

Figure 1.46: Assessing the scope of the solvolysis effect.

The rate of racemisation of methanolysis product 37a was evaluated by dissolving an
enantioenriched sample (85:15 e.r.) in meta-xylene and heating it to 80 °C for 8 hours. Regular

aliquoting allowed us to observe erosion of the enantiomeric ratio to 59:41 (Figure 1.47). Plotting
lni = f(t) allowed us to determine that k,.,. = 4.83 x 10 = s}, corresponding to a half-life of
rac

racemisation at 80 °C (t; ;) of 4.0 hours and AG§53 = 28.4 kcal/mol. The removal of the sulfone did

indeed result in a dramatic drop of the configurational stability of our atropisomeric fragments.
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However, to truly assess whether the fragments would not be viable at all for drug discovery, we
would have to evaluate their half-life of racemisation and barrier to rotation at 37 °C, as the

entropic factor might allow for increased stability at lower temperatures.

| | 5 In(1/e.e.) = f(t)
A ® A ® L o
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X o ; X o Y Lew
~ | ~ ~ | ~ H 1,400

Ny N Ny N Y 1200
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37a 37a 1 0600
85:15e.r 59:41 e.r. i 0400
tiiz =4 hours : 0,200

165, = 28.2 keal/mol 0 5000 10000 15000 20000 25000 30000 35000

time (s)
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y = 4,83E-05x + 3,61E-01
R? = 1,00E+00

Figure 1.47: Experiment to determine the rate of racemisation of compound 37a

1.3.3.3 One-pot hydrolysis and electrophilic trapping sequence

We decided to probe whether we could use the newly-discovered solvolysis effect as an efficient
way to derivatise the phenylsulfonyl site of our probes. We postulated that the hydrolysis of the
sulfone in the presence of sodium hydroxide was orthogonal to derivatisations at the chloro-site of
the pyrimidine ring, and that we could devise a strategy that would derivatise the sulfonyl moiety
of biaryl pyrimidines iii without affecting the carbon—chlorine bond (Figure 1.48). Despite having
established that the preferred tautomeric state of the hydrolysed compounds was the pyrimidone,
we suggested they should exist as pyrimidinolates vi in basic media and could potentially trap an
electrophile (R—X) at the newly-generated nucleophilic O site to yield O-substituted products vii in

a one-pot hydrolysis-alkylation sequence (Figure 1.48).
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Figure 1.48: Conceptualising a one-pot hydrolysis and electrophilic trapping sequence of
phenylsulfonyl pyrimidines iii.

We decided to apply these conditions to racemic sulfone 20 by stirring it at room temperature in
1,4-dioxane in the presence of aqueous sodium hydroxide (50% w/w) (Figure 1.49). We confirmed
the hydrolysis of the phenylsulfone took place without affecting the chloro-site of the pyrimidine

ring by isolating pyrimidone 39 after an acidic work-up.

F3C NaOH (aq.) (7.5 eq.) FsC HCI, H,0 F4C
Cl N SO,Ph 1,4-dioxane/H,0 Cl N ONa Cl z o]
| rt, 16 h |
38

NN NN Ny NH

20
rac.

39
intermediate 95% yield

Figure 1.49: Isolating pyrimidone 39.

Alternatively, we spiked the racemic 38 reaction mixture with benzylbromide and heated it to
50 °C for an hour (Figure 50A). We managed to isolate compound 40a in decent yield (76%).
However, spectroscopic analysis (infrared & 13C), along with DFT calculations,'! allowed us to
determine that 40a was the N-alkylation product, and the expected O-alkylation product was not
observed at all. Despite not observing the expected product, we still decided to attempt the
reaction on an enantioenriched sample of 20, as N-alkylated pyrimidines could still display a high
rotational barrier and present themselves as interesting drug-like atropisomeric fragments. We
applied the aforementioned conditions to an enantioenriched sample of 20 (88:12 e.r.) and were
able to obtain an enantioenriched sample of 40a, with no loss of stereochemical integrity in the
process (Figure 1.50B).
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Figure 1.50: First attempt at the one-pot hydrolysis and electrophilic trapping using 20 and benzyl
bromide. (A) On a racemic substrate. (B) On an enantioenriched substrate.

The rate of racemisation of the enantioenriched N-benzyl pyrimidone 40a was measured by
dissolving an enantioenriched sample in meta-xylene and heating it to 80 °C for 24 hours.

Withdrawing aliquots at regular intervals allowed us to observe a decrease in enantiomeric ratio,

from 88:12 to 75:25 (Figure 1.51). We plotted lni = f(t), which allowed us to calculate k. =

rac

4.88 x 10 ~® s, corresponding to t;;; = 1.6 days at 80 °C and a rotational barrier (AG§53) of
29.8 kcal/mol. Although at the border between class 2 and class 3 atropisomerism at such a
temperature, we can assume these fragments would be configurationally stable at biological

temperatures (37 °C).
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Figure 1.51: Experiment to determine the rate of racemisation of compound 40a.
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We then proceeded with the evaluation of the potential scope of this transformation. Sulfone 20
was stirred at room temperature in 1,4-dioxane in the presence of aqueous sodium hydroxide
(50% w/w) and then immediately spiked with a bromide electrophile and heated to 50 °C for an
hour. If no formation of product was observed, the heating was increased to 80 °C and the
reaction mixtures were stirred for an extra 22 hours (Figure 1.52). We observed good reactivity
with benzyl bromides, both electron rich and electron poor. For instance, benzyl bromide, 4-tert-
butylbenzyl bromide and 3,5-di-tert-butylbenzyl bromide, 4-fluorobenzylbromide, 4-nitrobenzyl
bromide and 2-(bromomethyl)naphthalene yielded compounds 40a—f in moderate to good vyields
(64-91%) (Figure 1.52A). Allylbromide and propargylbromide yielded N-alkylated pyrimidines 40g
and 40h respectively in moderate yields (52% and 48%, respectively), generating two fragments
with high growth potential, thanks to the useful synthetic handles that the terminal alkene and
alkyne make up (Figure 1.52B). Smaller alkyl electrophiles such as isopropyl bromide and
bromonitromethane, and electrophilic aromatic rings such as bromobenzene, 1-bromo-4-
nitrobenzene, 2-bromopyridine and 2-bromo-5-nitropyridine did not lead to any reactivity, even

with higher temperatures and longer reaction times (Figure 1.52C and Figure 1.52D).
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Figure 1.52: Evaluation of the scope of the one-pot hydrolysis and electrophilic trapping of sulfone
20.(A) On electron rich and electron poor benzylbromides. (B) On unsaturated aliphatic handles. (C)
On small alkyl bromides. (D) On aromatic electrophiles prone to SNAr.

1.3.4 Fragment growth: copper-catalysed azide—alkyne cycloadditions

1.3.4.1 Preliminary observations

As detailed in Section 1.1, once a fragment has been identified as a hit during fragment-based
screening, it will be developed as a chemical lead candidate. One way of doing this is by “growing”
said fragment. Fragment growth is the most commonly used way of developing chemical leads and
consists of adding more functional groups to the hit fragment using various chemical
transformations.'?’  We reported in Section 1.3.2.1 the successful derivatisation of
chloropyrimidine 20 via Sonogashira cross-coupling reactions, and, in particular, the synthesis of
trimethylsilylalkyne 22b (Figure 1.30). Compound 22b presented itself as an ideal substrate for a
copper-catalysed azide—alkyne cycloaddition (CUAAC), or “Click” reaction. Developed by Sharpless
et al. in the early 2000s, the Click reaction is a facile, single-step reaction that does not generate

any problematic by-products and displays high yields thanks to a strong thermodynamic driving
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force.[19% The Click reaction generates 1,2,3-triazoles, a class of molecule which have found a
sizeable number of applications in drug discovery, from their use as linkers!*% or as

pharmacophores of their own, such as in antibiotics tazobactam and cefatrizine (Figure

153) [90,106]
NH,
HQ0 H
: S N S
HO
RS s
o < N:N N~ N\
> o R
CO,H | N
CO,H NH
Tazobactam Cefatrizine

Figure 1.53: Examples of antibiotics with an 1,2,3-triazole moiety.

We heated a racemic mixture of TMS-alkyne 22b and benzylazide to 33 °C in a 1:1 mixture of
water and tert-butyl alcohol in the presence of tetra-n-butylammonium fluoride (TBAF), sodium
L-ascorbate, an excess of pyridine, and a catalytic amount of copper sulfate pentahydrate (Figure
1.54A).°0 The resulting 1,2,3-triazole 41 was obtained in moderate vyield (65%). Changing the
deprotection system to aqueous potassium carbonate in methanol, ceteris paribus, afforded the
product of the one-pot CUACC at the alkyne site and methanolysis at the phenylsulfonyl site, 42a,
albeit in a rather low yield (23%) (Figure 1.54A).11°71 When applying the CuAAC conditions using
the TBAF/t-BuOH deprotection system to an enantioenriched (81:19 e.r.) sample of 22b, we
obtained an enantioenriched sample of 41 without observing any erosion of the enantiomeric

excess.
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N; (1.0 eq.) :

TBAF (1.0 eq.)
Pyridine (excess)
CuS0,.5H,0 (50 mol %)
Sodium L-Ascorbate (1.0 eq.)

X
N B SO,Ph H,0:¢-BuOH (1:1) Q
NN 33°C,16h N5 (1.0 eq.)
TBAF (1.0 eq.)
22b Pyridine (excess)
rac. CuS0,4.5H,0 (50 mol %)
N; (1.0 eq.) so.rh Sodium L-Ascorbate (1.0 eq.)
K,CO;(1.8 eq.) A 2 H,0:¢t-BuOH (1:1)
Pyridine (excess) NN 33°C,16 h
CuS0,.5H,0 (50 mol %)
TMS _F3C Sodium L-Ascorbate (1.0 eq.) 22b 4
X N -SOPh H,0:MeOH (1:1) 81:19 er. 45% yield
l r.t,20h 81:19er.
NN n

22b
rac.

42a
23% yield

Figure 1.54: Tandem deprotection/CuAAC of TMS-alkyne 22b. (A) On a racemic substrate,
assessing two different deprotections systems. (B) On an enantioenriched substrate.

1.3.4.2 Developing the tandem CuAAC/methanolysis sequence

Under our supervision, part Il student Alistair Ross investigated the tandem CuAAC/methanolysis
sequence in further detail.'%! Firstly, the rate of racemisation of 1,2,3-triazole 42a was
determined. Ross isolated an enantioenriched sample of 42a by purifying a racemate mixture via
chiral semi-preparative HPLC. The resulting 96:4 e.r. sample was heated to 120 °C in meta-xylene

and, over the course of 5 hours, aliquots were withdrawn at regular intervals (Figure 1.55). By

plotting lni = f(t), we were able to determine that k,,. = 6.37 x 10 = s} corresponding to a

half-life of racemisation at 120 °C (t;/;) of 3.0 hours, and a subsequent rotational barrier AG§93 =
31.3 kcal/mol. Despite having substituted the phenylsulfonyl group with a methoxy group in
compound 42a, which had resulted in a dramatic drop of enantiomeric stability in the case of 37a
(Section 1.3.3.2, Figure 1.47), the bulk of the 1,2,3-triazole moiety allowed compound 42a to
maintain a high rotational barrier. This result prompted us to further examine the tandem

CuAAC/methanolysis of compound 22b.
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Figure 1.55: Experiment to determine the rate of racemisation of compound 42a.
Data collected by Alistair Ross!1%8]

Ross also briefly investigated a potential azide scope for the one-pot CuAAC/methanolysis
sequence (Figure 1.56).1'%8 By stirring racemic TMS-alkyne 22b and different benzylazide
derivatives together at room temperature in a 1:1 mixture of water and methanol in the presence
of agueous potassium carbonate (1M), sodium L-ascorbate, an excess of pyridine, and a catalytic
amount of copper sulfate pentahydrate, Ross generated 1,2,3-triazoles 42a—c in moderate yields

(29-43%).

$

RX_4
N3 (1.0 eq.)
K,CO; (1.8 eq.)
Pyridine (excess)

CuS0,4.5H,0 (50 mol %) —
Sodium L-Ascorbate (1.0 eq. S F3C
™S F\a\c (1.0 eq.) RQ_ N=N
N S02Ph H,0:MeOH (1:1) N__ o
NN rt,20h Ak
~~
NN
22b 42x
rac. x=a..f
N\
\ /
NS
NN
42a 42b 42c
35% yield 43% yield 29% yield

Figure 1.56: Preliminary study to determine the scope-ability of the one-pot CUAAC/methanolysis

sequence on 22b. Data collected by Alistair Ross!1%8
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Ross also showed that, other than via methanolysis, the sulfonyl group could be displaced by
refluxing 41 overnight in tetrahydrofuran in the presence of lithium morpholide to yield

morpholine-substituted product 43 in low yield (20%) (Figure 1.57).[108]

“Li (2.0 eq.)

THF
reflux, 16 h

a4 43
20% yield

Figure 1.57: SNAr of lithium morpholide onto 41.
Data collected by Alistair Ross!1%!

1.4 Conclusions & Follow-up Work

1.4.1 Conclusions

We synthesised highly stable atropisomeric biarylpyrimidine scaffolds 19 and 20 both as racemic
and enantioenriched mixtures. These scaffolds were readily transformed via orthogonal
methodologies that selectively affected either the carbon—chlorine or the carbon—sulfur bond of
the pyrimidine ring. Transformations selective of the chloro site included cross-coupling chemistry
(Sonogashira and Suzuki-Miyaura) and SNAr. The sulfur site, in the form of a phenylsulfonyl group,
was selectively hydrolysed or methanolysed in basic media. The subsequent pyrimidone was
N-alkylated by trapping with a range of bromo electrophiles. The phenylsulfonyl group was also

removed successfully in different instances by lithium amides (Figure 1.58).
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Figure 1.58: Summary of the different transformations described in Part |.

When performed on enantioenriched samples, none of these transformations led to loss of
stereochemical integrity. The rotational barriers of various enantioenriched compounds remained
relatively high at elevated temperatures (28.2 < AG;E < 35.0 kcal/mol), and fragment growth in
the vicinity the chiral axis (e.g. with a CuAAC reaction) allowed for the increase of previously

reduced enantiomeric stabilities.

With these various transformations, we were able to generate several classes of stable
atropisomeric compounds for potential incorporation in 3D libraries for fragment-based screening.
These fragments could prove useful in the screening of targets such as kinases or Ras proteins,

which have been shown to be readily inhibited by compounds with a chiral axis.[2>37>7.9] However,
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the majority of these fragments, besides sulfone hydrolysis product 39, are heavier than 300 Da
and hence do not adhere to the “rule of three”, recommended for compounds used in

fragment-based screening.[*°]

1.4.2 Follow-up work

The Suzuki-Miyaura and SNAr transformations (both at the chloro and sulfur site) of compounds
19 and 20 (Figure 1.58) were studied only succinctly and warrant further investigating. If
successfully optimised, these transformations would allow for the insertion of smaller substituents
at both of the synthetic handles of the pyrimidine ring, thus generating compounds that would be

more readily amenable to FBDD.

When trying to develop a one-pot hydrolysis and electrophilic trapping of compound 20 (Section
1.3.3.1c), we encountered a regioselectivity issue. Although we expected the alkylation to happen
at the newly-generated nucleophilic O- centre, the hydrolysed intermediate was selectively
N-alkylated. O- versus N-selectivity in the nucleophilic substitution of heterocyclic lactams has
been studied extensively. Tosylate electrophiles have been shown to react faster with O-
nucleophiles than with softer N- or S- nucleophiles.[*?® Mitsunobu conditions have allowed
scientists to drive the nucleophilic additions of 2-pyridones and isoquinolines onto alcohols at
either the N- or the O- site depending on which additives were used.[10111 Alternatively, silver
salts, such as silver carbonate and silver nitrate, have helped chemists to selectively O-alkylate 2-
pyridones and pyrimidine-diones.['12113] |n 3 preliminary study, we were able to observe the
competition between O-alkylation and N-alkylation when sulfone 20 was heated to 50 °C in
N,N-dimethylformamide in the presence of silver carbonate and benzyl bromide.[!12113] The

N-alkylation product 22a was still observed as the major product, but the O-alkylation product 220
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was found in a mixture with the recovered starting material 20, opening the doors to a potential
O-selective method, complementary to the N-selective method we developed (Figure 1.59).

BnBr (5.0 eq.)
FiC _Ag,CO5(15eq) Fgc Fgc \Q
Cl N SO,Ph DMF
| 50°C, 16 h

N 2N N N N N

20 22a 220
rac. 22% yield 14% yield
In a mixture with recovered 20

Figure 1.59: Silver salts open the door to a potentially O-selective alkylation of sulfone 20.

Taking inspiration from sotorasib (AMG-510), we decided to focus the second half of this project
on the synthesis of a potential covalent inhibitor for KRAS G12C, by growing a biarylpyrimidine

fragment analogous to the ones synthesised in Part | (Figure 1.60).

(o] F : o]
A P
N ) :
N SN K/N X R0l
i —
N~
N__N HN |
TN
o CF4 CF,
c”
Sotorasib : Model probe Starting
KRas ICsp = 27 nM : 52 fragment
p-ERK ICs9 = 16 nM : 146

Figure 1.60: Design of model probe 52, inspired by sotorasib which could be derived from a starting
fragment synthesised using the chemistry developed in Part I.
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Il. The synthesis of atropisomeric biarylpyrimidines for

the inhibition of KRAS G12C

1.1 Introduction

I.L1.1 The Ras GTPase family

11.1.1.1 Ras oncogenes

In the past decades, the extensive study of human cancers has allowed researchers to identify
numerous oncogenes (mutated genes that contribute to the development of a cancer by inducing
uncontrolled cell growth, proliferation and/or survival). Discovered in the 1960s by Harvey and
Kirsten,[114115] Ras oncogenes (from “rat sarcoma virus”) were the first mutated genes to have
been identified in human cancer.[*'®! |n humans, the three Ras genes encode for four different, but
highly homologous proteins: HRas (H for “Harvey”), NRas (N for “Neuroblastoma”), and two types
of KRas proteins (K for “Kirsten”): KRas4A and KRas4B, where KRas4B is the dominant form in
human cells and is simply referred to as KRas in this text.['’”] Ras is considered as the most
mutated gene family in human cancers, with Ras mutations being identified in 25-30% of human
tumours.[118-120] Scientists have identified three main sites of mutation in Ras oncogenes: at the
codons coding for glycine 12 (G12), glutamine 61 (Q61), and glycine 13 (G13). Mutations at G12
are the most prevalent mutations in KRas (65%) and HRas (35%), whereas mutations at Q61 are

the most observed mutations in NRas (62%), but are also highly prevalent in HRas (34%).1121]
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11.1.1.2 Ras GTPases

The Ras proteins encoded by the Ras oncogenes are a family of membrane-bound GTPase
transductor proteins expressed in all animals and humans.[*2?! Ras proteins function as “molecular
switches”, where their binding status to guanosine diphosphate (GDP) or guanosine triphosphate
(GTP) determines whether they are inactive (“switch off”) or active (“switch on”), respectively.[120]
In the active state, Ras becomes the origin of numerous signalling pathways from the cell
membrane to the nucleus, ultimately activating transcription factors that regulate cell growth and
differentiation.[*2 Ras proteins have three major domains: the G-domain, the C-terminal domain
and the C-terminal CAAX box (C: cysteine, A: aliphatic amino acid and X: amino acid dictating
prenylation mode for membrane anchoring).['?3! The G-domain, containing the switch | and switch
Il loops, is a highly-conserved domain responsible for the GDP—GTP exchange.'?*l The C-terminal
domain, including the CAAX box, is highly variable between the Ras family members and is

essential for post-translational modifications allowing membrane association.[124125]

The main signalling pathways involving Ras activation, described in the following paragraphs, are
illustrated in Figure 2.1 below.['1%120] Signalling typically begins when an upstream receptor, such
as a tyrosine kinase receptor (typically the epidermal growth factor receptor, EGFR) is activated.
Typically monomeric, tyrosine kinase receptors dimerise upon binding to their assigned ligand and
proceed with auto-phosphorylation mechanisms.[2®! Once phosphorylated, the receptor binds to
signal transducing adaptor proteins (STAPs) (such as growth-factor receptor-bound protein 2,
Grb2), which in turn recruit guanine nucleotide exchange factors (GEFs) to the plasma membrane
(most frequently son of sevenless, SOS) (Figure 2.1).['27] GEFs are capable of displacing GDP from

Ras proteins, allowing Ras—GTP interactions that induce conformational changes in the switch |
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and Il loops, hence activating Ras. Henceforth, the downstream signalling pathway cascade will

take place until the bound GTP molecule is hydrolysed to a GDP.
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Figure 2.1: Simplified scheme of RAS GTPase activation and signalling pathways.
Inspired by Adjei et al.[20

Ras proteins have inherently low GTPase activity and need to be stimulated by GTPase Activating
Proteins (GAPs), such as p120-GAP and NF1-GAP (Figure 2.1).1'281 GAPs are coded by a class of
genes called tumour suppressor genes, due to their ability to help switch off Ras and avoid
prolonged cell growth and proliferation activity.['?) The aforementioned G12, G13 and Q61
mutations in Ras genes are considered as “gain-of-function” mutations, which prevent Ras from

successfully completing its GTPase activity and therefore leaves it permanently switched on.
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Oncogenic mutations of Q61 interfere with the water molecule required for the hydrolysis of the
phosphate group, thus preventing the hydrolysis of Ras-bound GTP.[!?°! Oncogenic mutations at
G12 and G13 prevent Van der Waals interactions between Ras and GAPs through steric

encumbrance, which drastically attenuates the GTPase activity of Ras.!130

An activated (i.e. GTP-bound) Ras protein can trigger numerous effector modules which are
involved in several signalling pathways, all of which not being understood at equal levels. Amongst
them, Raf (for “rapidly accelerated fibrosarcoma”) kinase and phosphoinositide 3-kinase (PI3K)
have been the most studied (Figure 2.1).1124131 Raf is a serine/threonine kinase that is recruited to
the cell membrane following the activation of Ras. Upon recruitment, Raf is dimerised and
phosphorylated, allowing it to phosphorylate MEK (Mitogen activated protein kinase), which in
turn phosphorylates ERK (extracellular-signal-regulated kinase), which enters the nucleus and
promotes cell proliferation.[11%1201 The most relevant activation mechanism for PI3K in the context
of this work is its direct activation of by GTP-bound RAS. The activated PI3K then migrates further
into the cell membrane to induce the phosphorylation of phosphatidylinositol bisphosphate (PIP2)
to phosphatidylinositol (3,4,5)-trisphosphate (PIP3).[132 This results in the activation of an Akt
protein kinase, which in turn activates mTOR (Mammalian Target of Rapamycin).[132133] The
activation of mTOR ultimately results in the activation of the translation factor S6 kinase (S6K),
which, amongst other things, binds to the larger ribosomal subunit and induces mRNA translation

into proteins that in turn signal for cell growth and survival.[*33!

65



11.1.2 KRas mutations in human tumours

Ras is considered as the most mutated oncogene in human cancers, and amongst all three
members of the Ras family, KRas is the most mutated isoform. KRas mutations constitute 86% of
all Ras mutations.[*’®! KRas mutations are estimated to be at the origin of 90% of pancreatic
cancers, 44% of colorectal cancers, 35% of small bowel cancers, 26% of biliary tract cancers, 17%
of endometrium cancer and 30% of lung cancers (mostly non-small-cell lung cancers (NSLCs))
(Table 2.1).11191211341 Eor 3|l the aforementioned pathologies, KRas mutations are almost the
exclusive Ras mutation observed. KRas mutations are also observed in cervical, bladder, breast

and liver cancer, as well as myeloid leukaemia, but at lesser proportions.

Primary tissue KRas (%) HRas (%) NRas (%) Total (%)

Pancreas 90 0 <1 90
Colon 44 1 6 50
Small intestine 35 0 <1 35
Biliary tract 26 0 2 28
Endometrium 17 <1 5 22
Lung 30 <1 1 31
Skin (melanoma) 1 1 18 20
Cervix 8 9 2 19
Urinary tract 5 10 1 16

Table 2.1 : Frequency of Ras isoform mutations in human cancers.[119121,134]

As with the other two isoforms of the Ras family, the most prevalent mutations in KRas are
observed at glycine 12 and 13 (G12 & G13) and glutamine 61 (Q61). Mutations at G12 make up
83% of KRas mutations vs. 14% for G13 and 2% for Q61.[*211 Mutations also occur at codons 63,

117, 119 and 146 but only make up for circa 1% of all KRas mutations (Figure 2.2).[121,135]
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Figure 2.2: Distribution of mutations in KRas.[*?] The proportions of the subtypes of G12 mutations
were established from rough estimates.[139-142]

The most common mutations at codon 12 in KRas are (in order): G12D (“glycine-to-aspartic acid”,
where a guanine is replaced by an adenine at position 35 of the coding DNA sequence), G12V
(“glycine-to-valine”, where a guanine is replaced by a thymine at position 35 for the coding DNA
sequence), and G12C (“glycine-to-cysteine”, where a guanine is replaced by a thymine at position
34 for the coding DNA sequence).'3®! Each mutation is associated with a different prognosis, for
example, the G12V mutant has been associated with a worse prognosis than the G12D mutant in
colorectal and lung cancers.['37.138] KRas G12D is most widely spread in pancreatic (36%, circa
70,000 patients in the US and Europe) and colorectal cancer (12%, circa 80,000 patients in the US
and Europe), whereas KRas G12V is widely spread in pancreatic cancer (26%, circa 50,000 patients
in the US and Europe). KRas G12C is not observed as frequently as its two counterparts, however,
it is worth noting is makes up 14% of all NSCLC adenocarcinomas, affecting 44,000 patients in the

US and Europe (Table 2.2).[139-142]
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G12D G12v G12C Total KRas

Primary tissue (patients*) (patients*) (patients*) (patients)

Pancreas 36% 26% 2% 90%
(70,000)  (50,000)  (4,000)  (175,000)

Colon 12% 9% 3-4% 44%
(80,000)  (60,000)  (20,000)  (293,000)

Lung 4% 5% 14% 30%
(13,000)  (16,000)  (44,000)  (98,000)

Endometrium 6% 6% <1% 17%
(15,000) (15,000) (< 2,500) (42,000)

Table 2.2: Frequency of the most common G12 mutations in some human cancers.[139-142
*Patients estimates in the US and Europe, truncated to the nearest thousands.

1.1.3 KRas: an undruggable target?

11.L1.3.1 Direct inhibition of KRas mutants

Three factors justify KRas as a valid therapeutic target. Firstly, as mentioned in Section 11.1.1.1,
Ras mutations are estimated to make up 25-30% of human cancers, and KRas mutations make up
86% of all Ras mutations.[118-120] Secondly, the link between mutant KRas and direct tumorigenesis
has been established by preclinical transfection and/or activation of mutants in mouse
models.[143144] Thirdly, KRas mutant cancer cells are KRas-dependent, and the preclinical
abrogation of mutant KRas in mice with both primary and metastatic pancreatic cancer inhibited
tumour growth and proliferation.!!*! These factors make a compelling argument for targeting

KRas in cancer therapy.

Considering KRas is equipped with a binding site meant to host GTP for hydrolysis, it should be
possible to design small-molecule inhibitors that directly bind to it. This strategy has been
successful in the development of ATP-competitive inhibitors for protein kinases. However, kinase—
ATP affinities range from low micromolar to millimolar, whereas KRas—GTP affinities are around 10
picomolar (three orders of magnitude higher on average),!''®14¢l agnd GTP abundance in the

cytoplasm is high (circa 0.5 mmol/L). Added together, these factors have made all efforts targeting
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the GTP-binding pocket in KRas vain. These experiences, added to the absence of well-defined
hydrophobic pockets on the relatively smooth surface of Ras proteins, rendering allosteric binding

implausible, have led scientists to consider KRas “untargetable” and “undruggable” [118-121]

11.L1.3.2 Indirect inhibition of KRas mutants

To tackle the “untargetability” issues mentioned in section 1.1.3.1, several strategies have been
explored to develop small molecules as therapeutic tools for KRas-dependent cancers. They
involve targeting KRas membrane association, pan-Ras inhibition (both upstream and downstream
signalling), or inducing synthetic lethality. Each of these strategies will be discussed more in depth

below.

Targeting KRas membrane association consists of stopping the post-translational modifications
that associate mutant KRas to the cell membrane. Prenylation is a post-translational rate-limiting
step that consists of the addition of a farnesyl or a geranylgeranyl moiety to KRas that help its
membrane localisation.['?>! Farnesyltransferase inhibitors such as tipifarnib (Zanestra®) and
lonafarnib (Zokinvy®) (Figure 2.3) were developed with hopes to prevent Ras membrane
localisation, thus inhibiting Ras-mediated cell proliferation.[*”] Several phase Il and phase Il
clinical studies were conducted, both for tipifarnib(!4¢-151 and lonafarnib,[*52-154 sometimes in
combination with other anti-cancer agents. These studies failed to demonstrate any benefit in
KRas-dependent cancers, likely because KRas can be alternatively prenylated by

geranylgeranyltransferases.
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Tipifarnib Lonafarnib

Figure 2.3: Examples of farnesyltransferase inhibitors.

The development of geranylgeranyltransferase inhibitors has proven difficult, with only
GGTI-2418 (Figure 2.4) showing good in vitro activity. However, after a phase | clinical study, no

objective response was observed and the compound was abandoned for lack of efficacy.!*>°

.
<\NI\NK/ = ;
UYL

GGTI-2418

Figure 2.4: GITI-2418, a geranylgeranyltransferase inhibitor.

Since inhibiting prenylation itself failed, medicinal chemists attempted to stop membrane
localisation of prenylated-KRas via inhibiting prenyl-binding protein PDES (phosphodiesterase,
delta subunit). PDES binds and solubilises prenylated-Ras proteins, thereby enhancing their
diffusion in the cell cytoplasm. In 2016, Bastiaens et al. at the Max Planck Institute evidenced
deltazinone 1 (Figure 2.5) as a potent inhibitor of PDE&.'>! However, in vivo anticancer activity
was not assessed due to stability issues and more chemical optimisation work is to be done to fully

evaluate this new approach.

Deltazinone 1

Figure 2.5: Delazinone 1, a potent PDES inhibitor.
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Downstream signalling inhibition of KRas has probably yielded the most drug candidates out of
all the attempted strategies to tackle KRas-dependent tumours, mostly because of all the diverse
effectors in the KRas cascade (Section 11.1.1.2, Figure 2.1). The first kinase to be phosphorylated
after Ras activation is Raf. Numerous Raf kinase inhibitors have been approved for various tumour
types, such as sorafenib (Nexavar®),[157-15% dabrafenib (Tafinlar®/Rafinlar®),[169.161 yemurafenib
(Zelboraf®),[18162] gnd encorafenib (Braftovi®) (Figure 2.6).1193164 Sorafenib is a multikinase
inhibitor that is not particularly specific or potent,'% and has shown no clinical activity in cancers
with high KRas mutation prevalence such as pancreatic cancer.[1661671 Dabrafenib, vemurafenib
and sorafenib are selective inhibitors of a Raf subtype, B-Raf. Counter-intuitively, in KRas mutant
cells, B-Raf inhibition activates upstream proteins that eventually lead to the activation of ERK
through an alternative pathway,!*%8! thus rendering these treatments not suitable for KRas mutant

tumours.

H H N
Sorafenib F N= Vemurafenib
S

Non-selective Raf inhibitor F o B-Raf selective

Dabrafenib Encorafenib
B-Raf selective B-Raf selective

Figure 2.6: Examples of Raf inhibitors.

The next effector to be considered in the cascade is MEK. MEK inhibitors are mostly used in
conjunction with B-Raf inhibitors as such combination leads to better results in B-Raf mutant
cancers.[161,163,164169]  Three MEK inhibitors are approved for this purpose: trametinib
(Mekinist®/Meqsel®),[161.1691  cobimetinib (Cotellic®),[*’® and binimetinib (Mektovi®) (Figure

2.7).1183.1641 Another notable MEK inhibitor is selumetinib (Koselugo®), approved for the treatment

71



of neurofibromas in children (Figure 2.7).71 MEK inhibitors alone have shown disappointing
results in various tumour types,[172173 and did not show any efficacy in the treatment of KRas

mutant tumours.[*74176] Moreover, inhibiting MEK induces PI3K activation, thus triggering the

alternative Ras signalling pathway.[*”7]
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Figure 2.7: Examples of MEK inhibitors.

The final downstream kinase of the Raf/MEK pathway is ERK. Preclinical data supported the
hypothesis that ERK inhibitors could be effective in KRas mutant tumours and temuterkib is
currently being investigated in phase Il clinical trials for this purpose (Figure 2.8).[178] Other ERK

inhibitors: ulixertinib, MK-8353 and KO-947, are currently in early phase of clinical studies (Figure

2.8).11201
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Figure 2.8: Examples of ERK inhibitors.
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The alternative PI3K pathway is also being explored. KRas mutations have been shown to
mediate resistance to PI3K inhibition,[”?! and MEK inhibition has been shown to further activate
PI3K/Akt signalling.[!”7! It was preclinically suggested that the simultaneous inhibition of PI3K and
MEK may be synergistic and could help counter these effects.['®9 A phase | trial treated patients
with KRas mutated tumours a combinatorial treatment comprising Akt inhibitor MK-2206 (Figure
2.9) and MEK inhibitor selumetinib (Figure 2.7). The combination exhibited heartening results with
23% of patients from the NSCLC cohort showing an objective response.!'® However, phase Il trials

showed the combination increased the risk of adverse events in patients.[182]

NH, HCI

MK-2206 2HCI

Figure 2.9: MK-2206, a PI3K/Akt inhibitor.

Inhibiting upstream Ras signalling consists of targeting pre-activation Ras regulators, most
notably, guanine nucleotide exchange factors (GEFs), such as son of sevenless (SOS). BI-3406
(Figure 2.10) from Boehringer-Ingelheim was identified as a selective inhibitor of SOS, that showed
activity in G12 and G13 KRas mutant cancers by reducing GTP-KRas levels. Bl 1701963, a BI-3406
analogue (structure undisclosed), is currently being investigated in phase Il clinical trials.[183!
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Figure 2.10: BI-3406, a selective SOS inhibitor.
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Another notable target of pan-Ras protein inhibition is (SH2)-containing protein tyrosine
phosphatase 2 (SHP2), that relays stimulatory signals from various membrane receptor tyrosine
kinases to the MAPK (MEK) kinase signalling pathway. Developing traditional inhibitors for SHP2
has proven difficult, however, SHP099 (Figure 2.11) was discovered as the first allosteric inhibitor
of SHP2 and showed promising results in patient-derived tumour xenograft models.[84 This
discovery sparked an interest in the development of SHP2 allosteric inhibitors, leading to the
development of TNO155, RMC-4630, JAB-3068 and JAB-3312 (structures undisclosed), all currently

undergoing clinical testing (phase | and/or phase Il) (Figure 2.11).1185-187]
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Figure 2.11: Examples of SHPZ2 inhibitors.

Synthetic lethality describes a type of genetic interaction where the combination of two genetic
events leads to cell death. In case of KRas-driven oncogenesis, the effect of inhibiting
cyclin-dependant kinases (CDKs) 4 and 6 to induce synthetic lethality has been investigated. CDK4
and CDK6 are important mediators of the normal cell cycle. In human malignancies, cell-cycle
control is frequently dysregulated,!*8] and CDKs are essential for KRas-driven oncogenesis. CDK4
inhibition has been shown to induce selective death of KRas mutant cancer cells.[*8%] Abemaciclib
(Verzenio®/Ramiven®) (Figure 2.12) is a CDK4/6 inhibitor currently approved for a subtype of

breast cancer. Abemaciclib showed a better response rate than tyrosine kinase inhibitor erlotinib
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in phase Il trial on patients with stage IV, platin-doublet resistant, KRas mutant NSCLC. However,
despite the better response rate, the overall survival rate of the patients did not increase.!'*
N =z N F
\/N\)/\@\NJI\N/ ?/
H N/>—

Abemaciclib F

Figure 2.12: Abemaciclib, a selective CDK4/6 inhibitor that induces synthetic lethality with KRas.

Amongst all these alternative ways of trying to medicate KRas mutant tumours with small
molecules, some of them did show some promising results and are being investigated further.
Nevertheless, the high attrition rates due to relatively disappointing results in clinical trials are a
testament to how difficult this endeavour is. This has led scientists to turn to alternative
medication pathways, such as immunotherapy,°>1%2l recombinant protein vaccines and,*3! the
identification of mMRNA vaccines.[*®*l Additionally, a random T7 phage display technology has
allowed to identify a short artificial peptide, KRpep-2d, as a highly potent and selective KRas G12D
inhibitor, that inspired the development of in vivo-active KS-58, likely to enter clinical trials for
KRas G12D-driven tumours soon.!1%>"1%8 Spring et al. also reported the use of 5-6 mer peptides in

targeting a novel KRas binding site, subsequently blocking nucleotide exchange.[1!

11.1.4 KRas G12C: an “Achilles’ heel” in KRas mutant tumours

1.L1.4.1 The discovery of KRas G12C covalent inhibitors and the switch Il
pocket (S-1IP)

By exploiting the nucleophilic nature of the mutant cysteine in KRas G12C, Ostrem, Shokat and
co-workers made a breakthrough discovery in 2013. They were able to synthesise compounds that
covalently and irreversibly bind to the abnormal amino acid. Initially screening compounds aimed
at linking to the mutant cysteine by disulfide tethering, they found hit 44 that was later optimised
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into the more potent compound 45, which used an acrylamide warhead instead of the disulfide
electrophile (Figure 2.13). Acrylamide warheads covalently bond with cysteine 12 via Michael

addition, and are stabilised by an extra carbonyl interaction with the NHs* group on lysine 16.12001
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Figure 2.13: The discovery of KRas covalent inhibitor by Ostrem, Shokat and colleagues.[?%

Hit 45 was identified to bind with low affinity to an allosteric shallow pocket, located beneath the
switch Il loop, in close enough vicinity of mutant cysteine 12 to trigger a covalent tethering
reaction. This new pocket, initially not observed in apo-crystal structures, but apparently induced
and/or stabilised by Shokat and co-workers’ compounds, was named the switch Il pocket
(S-11P).12%01 This new inhibition strategy was all the more interesting considering it targeted a
mutant amino acid, thus solely targeting the mutant forms of the protein and leaving the wild-type
untouched. This should, theoretically, reduce the toxicities and side effects associated with the

resulting therapeutic agents.

Further analysis demonstrated that compound 45 preferentially bound to the GTP-bound (thus
inactive) state of KRas G12C.2% Targeting the inactive state of KRas might seem counter-intuitive,
considering the active form is involved in tumour proliferation. However, recent evidence showed
the GTPase activity of KRas mutants at codon 12 (KRas G12) is not drastically reduced compared to
their wild-type counterparts and that GAP-stimulated GTP hydrolysis and GEF-stimulated
nucleotide exchange rates in mutant KRas might play a crucial part in tumour development.[201-203]

Moreover, it was shown that compound 45 decreased KRas affinity for GTP, impaired SOS-
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catalysed nucleotide exchange from GDP to GTP and blocked the KRas—Raf effector interaction in
mutant cells.?% Thus, irreversibly binding to the inactive state of the KRAs G12C mutant

ultimately resulted in the decrease of GTP-bound KRAs mutants in the cell.

1.L1.4.2 The preclinical years

Despite its promising initial results, compound 45 presented sub-optimal pharmacologic
properties and subsequent studies showed it was incapable of engaging with KRas G12C cancer
cells, even at high doses and long incubations times.[201203] The compound was licensed to
Wellspring Biosciences, a subsidiary of Araxes Pharma (both co-founded by Shokat in 2012).

Further optimisation of 45 led to the discovery of ARS-853 (Figure 2.14).
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Figure 2.14: The development of ARS-2620.
KRas ICsp indicates biochemical assay potency, p-ERK ICso indicates cellular potency.

ARS-853 presented itself as the first selective KRas G12C inhibitor, with a potency within the
range of a potential drug candidate. ARS-853 was found to bind to KRas G12C 600 times quicker
than compound 45 in biochemical assays, and demonstrated low micromolar potency in cellular
assays.[201.203] The newly-discovered inhibitor was also shown to inhibit KRas-G12C-mutant cell
growth. Studied in greater depth, ARS-853 was shown to inhibit GEF-KRas interaction, thus
blocking GDP to GTP nucleotide exchange. The blockade of the Ras/MEK/ERK and PI3K/Akt
signalling pathways was also observed, most likely due to the failure of loading GTP onto the
drugged KRas.[201203] These effects were not observed on non-KRas-G12C-mutants, even at

concentrations ten-fold higher than on KRas-G12C-mutant cells, confirming the selectivity of the
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compound for the specific mutation. Off-target activity was assessed by testing the compound
against 2,740 surface-exposed cysteine residues from 1,584 protein profiles. Only two off-targets
were identified: FAM213A and Reticulon-4.[201.2031 ARS-853 was thus identified as a selective,

covalent inhibitor of low micromolar potency in KRas G12C-driven tumour cells.

Although it displayed many selling points, ARS-853 lacked in vivo potency in mouse tumour
models, partially because of its poor bioavailability and low metabolic plasma stability. However,
efficient tweaking of its structure the development ARS-1620 (Figure 2.14), a covalent KRAs G12C
inhibitor that was potent, selective, orally available and well tolerated in mice. ARS-1620 exhibited
both in vitro and in vivo efficacy, with a therapeutic window within the range of a drug candidate.
Most notably, its improved pharmacological properties allowed it to be highly potent in both
human cancer cell lines and patient-derived mouse xenografts.l?°4 The binding mode of ARS-1620
is similar to that described for ARS-853 (see Section 11.1.4.1) and is illustrated in Figure 2.15.120%
ARS-1620 established itself as the first small molecule providing in vivo evidence that targeting
S-1IP is a viable strategy for the development of a treatment for patients with KRas G12C-driven
cancers. In the context of this work, it is also worth noting that ARS-1620 is atropisomeric and that
only the (S) atropisomer showed activity in the biological assays. The (S) atropisomer showed no
sign of interconversion after 3 weeks at 37 °C and was therefore considered stable at biological

temperatures. 204
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Figure 2.15: X-ray cocrystal structure of ARS-1620 (blue, PDB code: 5V9U) and GDP in complex with
KRas G12C.
Extracted from Nature 2019, 575, 217-223.[205

1.L1.4.3 The development of sotorasib (AMG-510)

Prior to the discovery of covalent inhibitor 45 by Shokat et al., Amgen had partnered with
Carmot Therapeutics in an effort to discover KRas G12C covalent inhibitors. Carmot Therapeutics
had developed the Chemotype Evolution platform, a custom library synthesis and screening
platform, allowing for the rapid generation and testing of compounds based around a given
fragment. Utilising this platform in combination with structure-based drug design (SBDD), the

scientists at Amgen were able to identify initial hit 46 (Figure 2.16).
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Figure 2.16: The development of lead compound 48 by Amgen and Carmot.[?¢]
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This hit compound inspired the design of precursor 47, of a smaller size, and containing fewer
rotatable bonds, thus making it the perfect fragment candidate for another iteration of Carmot’s
Chemotype Evolution. Subsequent SAR studies culminated into lead compound 48 (Figure
2.16).2°! Compound 48 was revealed to interact with the S-1IP, similarly to 45 and the ARS
compounds. However, it did so by exploiting a cryptic pocket on the surface of KRas that had been
recently identified by Gentile et al. in 2017.12%! The inclusion of the tetrahydoisoquinoline ring in
48 promoted the rotation of the H95 (histidine 95) side chain, which allowed the access to said
pocket, bordered by the H95, Y96, and Q99 side chains (Figure 2.17). Engagement with this pocket

led to a non-negligeable increase of cellular potency compared to ARS-1620.

Figure 2.17: X-ray cocrystal structure of advanced lead 48 (pink, PDB code: 6P8Z) and GDP in
complex with KRas G12C.
Extracted from ACS Med. Chem. Lett. 2019, 10, 1302-1308.1%¢/

However, lead compound 48 could not be clinically developed due to low oral bioavailability and
rapid clearance in in vivo mice and rats models.?®! Lanman et al. took a closer look at both
ARS-1620 and lead compound 48, and, by superimposing them, established it would be possible to
create a hybrid compound that further explored the S-IIP whilst also binding within the histidine

95 groove. Thus, by adding substituents to the benzylpyrimidine ring on ARS-1620 and optimising
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the thermodynamic properties of the resulting axially chiral molecule, as well

pharmacokinetic profile, AMG-510 (later named sotorasib) was discovered (Figure 2.18).[°]
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Figure 2.18: The hybridisation of ARS-1620 and 48 to produce AMG-510.[2°!
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AMG-510 was found to follow the binding mode of previous quinazoline lead ARS-1620, but with

its pyridinyl ring accessing and properly filling the H95 cryptic pocket, establishing close contacts

with H95, Y96 and Q99 thanks to its isopropyl substituent, even inducing a side chain rotation of

the H95 residue. In total, sotorasib occupying the histidine 95 groove engaged 25 Van der Waals

weak interactions, which extended from the backbone of helix 2 (H95-Y96) to the backbone of the

flexible switch Il loop. The (S)-methylpiperazine ring adopted a twist boat conformation, giving the

methyl group close interactions with both C12 and Y96 (Figure 2.19). These newly-generated

interactions provided sotorasib with an exceptional potency.[?°!
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Figure 2.19: X-ray cocrystal structure of AMG-510 (cyan, PDB code: 60IM) and GDP in complex
with KRas G12C.
Extracted from J. Med. Chem. 2020, 63, 52-65.12°1

Canon et al. published an extensive preclinical study investigating the combinations of sotorasib
and various inhibitors of the MAPK/MEK and PI3K/Akt signalling pathways. Multiple combinations
resulted in synergistic activity. The combination of sotorasib and the MEK inhibitor trametinib, for
example, resulted in increased antitumor activity in both cell culture models and mouse tumour
models, as compared with using either agent alone. Combining sotorasib with carboplatin, a
standard-of-care chemotherapeutic agent in lung cancers, resulted in peak anti-tumour activity.
Moreover, the authors evidenced the role of sotorasib in driving anti-tumour immunity. Indeed,
the use of sotorasib on patient-derived colorectal cancer mouse xenografts led to tumour
regression with long-term cure in mouse models equipped with T cells, and tumour regression
without long-term cure in mouse models deprived of T cells (immunocompromised). Further
experiments allowed Canon et al. to prove that sotorasib increased T cell priming, antigen
recognition of tumours cells harbouring a KRas G12C mutation, and led to the potential

establishment of long-term tumour-specific T cell adaptive immune responses.[29%]

In August 2018, sotorasib became the first KRas G12C covalent inhibitor to enter human clinical

trials and demonstrate clinical safety and efficacy. A Phase | study, completed in June 2020,
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established that sotorasib had a relatively tolerable safety profile, with low-grade toxic effects and
no dose-limiting toxic effects.?°”] Additionally, sotorasib showed promising anti-cancer activity in
patients with heavily pre-treated KRas G12C mutant solid tumours, particularly NSCLC. A year
later, in June 2021, Skoulidis et al. reported the results of the multicentre, single-group, open-label
phase Il trial, which confirmed the safety observations made in the phase | study and established
the durable clinical benefits of sotorasib.l?%! In May 2021, sotorasib (under the brand name
Lumakras®) was approved as the first treatment for adult patients with NSCLC harbouring the KRas
G12C mutation, who had received at least one prior systemic therapy, thus becoming the first

commercialised drug to directly inhibit a Ras protein.[?4

1.L1.4.4 The development of agradasib (MRTX849)

In collaboration with Array BioPharma, Mirati Therapeutics conducted a covalent fragment
screen of the Array BioPharma library and identified a series of tetrahydropyridopyrimidines as
irreversible KRas G12C covalent inhibitors.[?%?! Subsequent fragment growth led to lead compound
49, which demonstrated encouraging cellular activity, with low micromolar p-ERK inhibition
(Figure 2.20).120%210 Degpite originating from an independent fragment screening, 49 turned out to
have a very similar structure to ARS-1620 and AMG-510, and therefore triggered the regular
interactions with C12 and K16 via its acrylamide warhead and H95 and Y96 via the pyrimidine ring.
Further SBDD led to compound 50, introducing a C2 tail that triggered a salt bridge with glutamic
acid 62 (E62). The introduction of the cyanomethyl substituent on the piperazine ring allowed
newly-generated compound 51 to develop H-bonding with glycine 10 (G10) and increased cellular
potency enough to allow for removal of the hydroxyl group on the naphthyl ring, for a better
ADMET profile (avoiding sulfonation and glucuronidation). Substitution of the naphthyl moiety

with a methyl group allowed the resulting MRTX1257 to fill a hydrophobic pocket. Although

83



extremely potent, with sub-nanomolar cellular activity, MRTX1257 displayed poor bioavailability
and distribution volume. Further SAR and covalent warhead optimisation led to the less potent but
of better ADMET profile drug candidate, MRTX849, later named agradasib (Figure 2.20).[210.211]
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Figure 2.20: The development of agradasib (MRTX849) from compound 49.1210.211]

Hallin et al. provided detailed preclinical study of agradasib, elucidating its activity, response and
resistance mechanisms, and identified effective combinations.?22l Namely, in a panel of human
KRas-G12C-mutant-cell-line-derived xenografts and patient-derived xenograft models (lung, colon
and pancreatic cancers), they observed broad tumour regression (exceeding 30% regression from
baseline in 17 of 26 KRas G12C-derived xenografts).[219211 Most other preclinical results were
coherent with previous ARS-1620 results, with a therapeutic response observed in the regulators
of the Ras pathway. Combination with CDK4/6, mTOR and SHP2 inhibitors resulted in an
augmented response that led to substantial tumour regression in multiple tumour models,

including those that had previously been resistant to agradasib monotherapy.[210212

Agradasib entered phase I/Il clinical testing in January 2019, 5 months later than sotorasib. The

study was carried out on patients with advanced or metastatic solid tumours harbouring a KRas
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G12C mutation, who had been previously treated with unsuccessful chemotherapy. The NSCLC
cohort of the study evidenced a positive response for 45% of patients, with 96% of patients
showing disease control.?131 17% of patients with colorectal cancer showed an objective response
(i.e. a measurable response), with 94% of patients showing disease control.?!4 Toxicity was
limited to majorly grade 1/2 adverse events for both cohorts. A small number of patients with
endometrial and pancreatic cancer also showed a partial response.[?'*l Agradasib completed phase
Il clinical trials for monotherapy in NSCLC, colorectal and pancreatic cancers harbouring the KRAs
G12C mutation in the fourth quarter of 2021 and the results are set to be reviewed by the FDA for
approval in last quarter 2022.[21>216] This has led Mirati Therapeutics to fall behind in the stock
exchange market compared to its competitor Amgen.!?'l Agradasib is also currently undergoing
phase Il clinical testing in combination with chemotherapy agent docetaxel (Taxotere®) for the
broad treatment of NSCLC, as well as phase II/lll trials in combination with various

immunotherapies.[216:218]

Despite falling behind in the race for the development of KRas G12C inhibitors, Mirati
Therapeutics revealed earlier in 2022 their breakthrough in the development of KRas G12D
non-covalent inhibitors. KRas G12D is the most observed mutant in KRas-derived tumours (see
Section 11.1.1.2). By reproducing and optimising the multiple Van der Waals weak interactions
developed in the KRas G12C S-1IP by agradasib and its analogues, as well as exploiting the fact that
the free nitrogen on the bicyclic piperazine would be protonated at biological pH, thus interacting
via hydrogen bonding with the deprotonated mutant aspartic acid in KRas G12D, Marx et al. were
able to develop MRTX1133 (Figure 2.21).121% MRTX1133 was identified as a potent, selective
non-covalent KRas G12D inhibitor with nanomolar cellular activity and is currently undergoing

investigational new drug application (IND-enabling) for approval for first-in-human studies.[21¢!
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Figure 2.21: The first small-molecule KRas G12D inhibitor MRTX1133

1.L1.4.5 Other notable KRas G12C inhibitors in the pipeline

Following in Amgen’s and Mirati’s footsteps, many pharmaceutical and biopharmaceutical
companies have been developing their own KRas G12C inhibitors. Eli Lilly and Company, who were
initially considered to directly compete with Amgen and Mirati in the run for obtaining the first
approved KRas G12C covalent inhibitor, experienced a major setback when the phase | clinical trial
for their highly selective and potent compound LY499446 was abruptly terminated due to
unexpected toxicity issues.[?2%) However, the company started recruiting for a phase | trial of their
backup compound LY3537982 in July 2021.2211 Genentech, Novartis, Inventis Biotech and
Boehringer-Ingelheim also reported they were recruiting patients for the phase | testing of their
respective compounds: GDC-6036, JDQ443, D-1553 and Bl 1823911 (structures

undisclosed).[218:222-225]

The identification of KRas G12C mutants as an “Achilles’ heel” in previously deemed undruggable
KRas, thanks to the ability to target the mutant cysteine with covalent warheads, allowed for the
development of small molecule cancer therapies for tumours harbouring such mutation. These
advances have rekindled an interest in targeting Ras oncoproteins, a research field marred with
decades of failures. Moreover, in identifying and exploring the S-IIP binding site in KRas G12C,

scientists have developed compounds that maximise weak interactions with it, thus opening the
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door to finding therapies for other KRas mutants, such as KRas G12D, which is estimated to be

behind twice as many tumours as its G12C counterpart.[139:141,216,226]

1.2 The synthesis of an atropisomeric KRas G12C covalent

inhibitor

1.2.1 Project rationale

In the context of exploring the relevance of atropisomeric biarylpyrimidines in drug discovery, we
reported in Part | the enantioselective synthesis of atropisomeric fragments of high rotational
barrier. In June 2019, Amgen revealed the promising results of their phase | clinical trials for
sotorasib, unveiling its chemical structure and that of various analogues in a subsequent
patent.82227] Sotorasib (AMG-510), was revealed to be an extremely stable atropisomeric
compound, containing a hindered isopropylpyridine ring and a rotational barrier measured at
25 °C of AG;E >31.0 kcal/mol (t17; > 180 years).?>! Lanman and co-workers, who pulished most of
the chemistry work related to sotorasib, revealed experimenting with non-atropisomeric
biarylpyrimidines before settling for the asymmetric pyridines, which showcased higher cellular
potencies. Nonetheless, some of the pyrimidine compounds expressed satisfactory potencies in

both biochemical and cellular assays, the most notable examples being reported in Figure 2.22

below.[81.82]
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Figure 2.22: Examples of biarylpyrimidine KRas G12C covalent inhibitors and their potencies
against KRas G12C (biochemical potency) and in the p-ERK1/ 2 immunoassay (cellular potency),
compared with sotorasib.[?>8.82]

As mentioned in Section 11.1.1.4, several structural properties of sotorasib are essential for its
potency. The pyridopyrimidinone ring, inspired by the benzopyrimidine ring on ARS-1620, allows
for close interactions with the S-1IP, the piperazine adopts a twist-boat conformation to guide the
acrylamide towards not only C12 for covalent binding, but also K16 for carbonyl interaction
(hydrogen bond).[?>295] The atropisomeric hindered pyridine ring fills the H95 cryptic groove by
inducing a rotation of the side chain in that area and allows for multiple stabilising Van der Waals
interactions, including n-it stacking between the pyridopyrimidone moiety and Y96. Keeping these
interactions in mind, we decided to design a compound that exhibited structural similarities with
both the biarylpyrimidine atropisomers we generated in Part I, and sotorasib (Figure 2.23). We
designed model probe 52 which would be built around an isoquinoline ring, that should still
display m-mt interactions with Y96. Atropisomerism would be caused by the steric encumbrance
generated by the trifluoromethyl substituent on the isoquinoline ring and the isopropyl and
methoxy group on the pyrimidine ring, all in the ortho position relative to the chiral axis. The

pyrimidine would therefore be locked in a conformation mimicking that of the pyridine ring on
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sotorasib. Such a hindered pyrimidine should induce the same effects in the H95 cryptic pocket
that were observed in the case of sotorasib. Finally, we would keep a piperazine ring as a linker
between the isoquinoline ring and the covalent warhead, which would remain an acrylamide
group. A methoxy group was chosen instead of a methyl group on the pyrimidine ring for synthetic
reasons, resulting from the observations we made on the methanolysis of sulfonyl pyrimidines in
Section 1.3.3. Probe 52 could be generated enantioselectively from starting fragment 146,
replacing the usual trifluoromethylphenyl ring we used in Part | by a trifluoromethyl
isoquinolinone, and utilising our orthogonal cross-coupling (see Section 1.3.2) and methanolysis

(see Section 1.3.3) derivatisation reactions as a starting point for fragment growth (Figure 2.23).
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Figure 2.23: Design of model probe 52, inspired by sotorasib and that could be synthesised from
starting fragment 146 (or analogue) using the chemistry developed in Part I.

To further support these assumptions, we decided to dock our target probe 52 against sotorasib
(AMG-510) in its X-Ray cocrystal with GDP and KRas G12C (PDB code: 60IM), using Schrodinger’s
CovDock tool. The docking model’s accuracy was assessed by docking sotorasib against itself in the
X-Ray crystal (Figure 2.24A).12°! The superimposition of the parts of the molecule involved in the
key interactions with KRas G12C was satisfactory enough for us to apply the docking to model
probe 52 (Figure 2.24B). Probe 52 showed satisfactory superimposition with sotorasib and
conserved the key interactions, including the filling of the cryptic H95 groove by the isopropyl

group on the pyrimidine moeity, the m-it stacking of the isoquinoline ring with Y96 and hydrogen
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bond between K16 and the carbonyl of the acrylamide warhead. This docking structure allowed us
to predict that the active enantiomer would be the (S) atropisomer. This docking study served as a

proof of concept and allowed us to move onto devising synthesis plans for probe 52.

Figure 2.24: (A) Docked structure of AMG-510 (magenta), compared with AMG-510 in its cocrystal
with KRas (green, PBD code: 60IM).12°1 (B) Docked structure of model probe 52 (blue), compared
with AMG-510 in its cocrystal with KRas (green, PDB code: 60IM).[?%]

1.2.2 Project aims

With this project, we were aiming to synthesise probe 52 and assess its biological and
physiochemical properties. Depending on the results of the biochemical assays, we also
considered to optimise 52 via SAR studies. Model probe 52 would be synthesised both in racemic
and enantioselective fashion. The enantioselective synthesis of 52 would be attempted using the
methodologies described in Part I, namely by attempting to generate fragment 146 (Section 11.2.1,

Figure 2.23) in an enantioselective fashion and subsequently growing it.

Before setting out on developing retrosynthetic routes for both the racemic and enantioselective
synthesis of probe 52, we took a look at the forward synthesis of compound 14d, which was
reported by Lanman et al. as part of one of the final contenders for a chemical lead with AMG-510

and exhibits an atropisomeric biaryl pyrimidine (Figure 2.25A).%51 Starting with
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2,4,6-trichloronicotinic acid 57, Lanman and co-workers formed 2,4,6-trichloronicotinic amide 58
by pre-treating with coupling agent 1,1’-carbonyldiimidazole (CDI) at 90 °C in
2-methyltetrahydrofuran, followed by the addition of ammonium hydroxide an stirring at room
temperature (yield unreported). Amide 58 was dissolved in 1,2-dichloroethane (DCE) and treated
with oxalyl chloride at 80 °C, to subsequently by reacted with 4-Isopropyl-6-methylpyrimidin-5-
amine 56 in acetonitrile at room temperature to yield urea 59 in high yield (82%). The subsequent
treatment of 59 with potassium bis(trimethylsilyllamide (KHMDS) in tetrahydrofuran at room
temperature yielded the intramolecular cyclisation product, pyridopyrimidine-dione 60 (yield
unreported, but was of 92% for an analogue). Chlorination with phosphorus(V) oxychloride in
acetonitrile at 80 °C, in the presence of N,N-diisopropylethylamine (DIPEA), followed by the
addition of (S)-4-N-Boc-2-methyl piperazine via SNAr at room temperature in the presence of
DIPEA afforded substituted pyridopyrimidone 61 (yield unreported, but was of 97% over 2 steps
for an analogue). The Suzuki-Miyaura coupling of chloropyridopyrimidone 61 with 2-fluoro-6-
hydroxyphenylboronic acid 62 at 80 °C in 1,4-dioxane, in the presence of
(1,1'-bis(diphenylphosphino)ferrocene)dichloropalladium and potassium acetate, yielded product
63 (yield unreported, but was of 96% for an analogue). The treatment of Boc-piperazine 63 with
trifluoroacetic acid (TFA) at room temperature in dichloromethane, followed by the N-acylation of
the resulting free amine with acryloyl chloride in dichloromethane at 0 °C, yielded racemic
compound 14d. The active (R)-atropisomer was isolated by chiral supercritical fluid

chromatography (SFC).
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Figure 2.25: (A) The synthesis of sotorasib analogue 14b (yields unreported).[*!(B) The synthesis of
aminopyrimidine 56.[2°]

The synthesis of 4-Isopropyl-6-methylpyrimidin-5-amine 56 was also reported by Lanman et al.
and, as it was also of interest to us, is detailed in Figure 2.25B.1?°! 4,6-dichloro-5-aminopyrimidine
53 was dissolved in a 4:1 1,4-dioxane/water mixture and heated to 95 °C in the presence of ,
2-isopropenylboronic acid, pinacol ester, sodium carbonate and Pd(dppf)Cl,. The Suzuki-Miyaura
coupling yielded chloropyrimidine 54 in low yield (24%), which was in turn subjected to the same
conditions, but with methylboronic acid as a coupling partner. Aminopyrimidine 55 was obtained
in higher yield (74%) and its alkyne moiety was hydrogenated in ethanol, in the presence of
palladium (10% activated on carbon, Pd/C), to afford 4-Isopropyl-6-methylpyrimidin-5-amine 56 in

guantitative yield.

The main difference between our probe 52 and sotorasib is the chiral axis being a C—C bond

instead of a C—N bond, as we chose to use an isoquinoline ring as a base for our compound instead
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of a pyridopyrimidone. Although the creation of C—C aryl-aryl bonds can be considered difficult,
numerous cross-coupling methodologies have emerged to help chemists in this
endeavour. (8892942282291 The retrosynthetic approach of the racemate synthesis of probe 52
exploited the idea that such methodologies allowed for the design a convergent route, by
sequentially anchoring the piperazine ring via SNAr, followed by the addition of a fully substituted
pyrimidine ring via cross-coupling chemistry (ideally a Suzuki-Miyaura reaction) onto “linchpin”
type intermediate 71 (Figure 2.26). By possessing an iodine or bromine atom meta to the
isoquinoline nitrogen, and a chlorine atom ortho to this same nitrogen, intermediate 71 could
theoretically be derivatised by orthogonal transformations. The chloro site would be more
susceptible to nucleophilic attacks, whereas the iodo/bromo site would be more susceptible to
oxidative additions onto a metal centre. This intermediate would be obtained after halogenating
the product of the condensation-elimination sequence between homophthalic acid 64 and

trifluoroacetic anhydride 65.

e
e

j Deprotection [
N-: acylatlon Cross- coupllng SNAr Sn
SN
_ Z CF;
CF; X

52 87 76 7
[e]
o .
Condensation
Halogenations PRI OH F3C (o] CF.
w_‘ Elimination 3 \n/ \n/ 3

ﬁ ﬁ o O

Z CF3

07 “OH
68 64 65

Commercially available Commercially available

Figure 2.26: Retrosynthetic approach of racemic 52.

The enantioselective retrosynthetic approach of probe 52 was devised around the same concept
(Figure 2.27). However, instead of introducing a fully substituted pyrimidine ring onto
intermediate 76, we would generate dichloropyrimidine 146 via malonate 123, following the
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synthetic route developed by Armstrong.’Y! The dichloropyrimidine would then in turn be

desymmetrised using thiophenol and undergo subsequent derivatisations, following the
methodologies developed in Section 1.3.2 and Section 1.3.3. The isopropyl group on the pyrimidine
could be introduced following Lanman and co-workers’ Suzuki-Miyaura/hydrogenation sequence
(Figure 2.25B),!! or, if it proves a better option, Sonogashira cross-coupling using
trimethylsilylacetylene, 8% followed by a carboalumination/hydrogenation sequence.[?3! The

methoxy group would be introduced by methanolysis of the sulfone (see Section 1.3.3).
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OEt
76 71

Condensation
Ellmlnatlon

Sy
o o

Cﬁ

Commerclally available Commerc:ally available

Figure 2.27: Retrosynthetic approach of enantioenriched 52.

1.3 Results and discussion

I1.3.1 The synthesis of a linchpin precursor

The synthesis of 3-trifluoromethyl-1-isoquinolinone 68 was reported in the context of a4-integrin

inhibition for the treatment of immune or inflammatory disorders by Langham and co-workers
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(Figure 2.28A).”2311 Langham and colleagues condensed trifluoroacetic anhydride 65 and
homophthalic acid 64 by stirring the latter in an excess of the former at 110 °C for a day, and then
140 °C for an extra day. The resulting crude mixture of isochromenes was suspended in agueous

ammonium hydroxide and stirred at 100 °C for 5 days, to yield 68 in 70% yield (Figure 2.28A).231

1)

F;CTO\H/CF;
[o] (o]
[o] 65 (neat) [e]
110 °C,24 h
OH then 140 °C, 24 h NH
_—
2) NH,OH ZCF,
100°C,5d
0~ "OH
64 68
Commercially available 70% vyield
B
o F;C__O._CF; o)
T 0 0 0
OH O O (neat) (o] NH4OH aq.
—_— > _ (o} > NH NH
140 °C, 48 h CF; P> 35°C,48h P> OH
Full conversion CF; CF3 CF;
0~ "OH (o] OH
64 66 67 68 69
Commercially available Confirmed MS Confirmed MS 8% yield 68% yield

Not isolated Not isolated DMF, 150 °C
4 days

83% yield
(94% BRSM)

Figure 2.28: Synthesis of isoquinolinone 68: (A) As reported by Langham et al.[231]
(B) As attempted by us.

We were able to repeat the first step of this transformation by stirring 64 in an excess of 65 at
140 °C for 2 days. The boiling point of trifluoroacetic anhydride (65) being 40 °C, the reaction had
to be conducted with minimal amounts in a sealed pressure tube (Figure 2.28B). The
transformation of the resulting isochromenes 66 and 67 into 68 required dilute reaction conditions
in ammonium hydroxide, the boiling point of which being 35 °C. Thus, it necessitated the use of
pressure-resistant equipment with a sizeable amount of headspace that we did not possess. We
decided to attempt the reaction at reflux conditions, and heated 67 to 35 °C in aqueous
ammonium hydroxide for two days. These conditions only yielded isoquinolinone 68 in 8% vyield.
However, we identified the major product of the reaction as the corresponding hemi-aminal 69,

which we decided to heat up to 150 °C in N,N-dimethylformamide for several days to provoke its
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dehydration into the desired isquinolinone 68. Such a transformation, though incomplete after 4
days, allowed us to increase the total isolated yield in compound 68 to 64% (as 83% of the

hemiaminal 69 were converted into desired product 68).

With isoquinolinone 68 in hand, the subsequent transformations to reach linchpin precursor 71
were found in the literature. The halogenation of 3-subsituted isoquinolinones at position 4 by
N-bromosuccinimide has been reported by Usifoh,[?321 and the chlorination of the remaining
carbonyl bond by phosphorus(V) oxychloride is well documented.[?332341 We repeated the
synthesis of isquinolinone 68 by prolonging the dehydration step, allowing us to bring the total
yield to a slightly higher value than the one reported by Langham and co-workers (83% vs. 70%
(lit.)) (Figure 2.29).1231 |soquinolinone 68 was subsequently dissolved in N,N-dimethylformamide
and heated to 80 °C in the presence of N-iodosuccinimide. Alternatively, 68 was kept at room
temperature in the presence of N-bromosuccinimide to afford the corresponding
4-haloisoquinolinones 70a and 70b in high vyields (77-94% and 71-84% respectively).?32 The
resulting isoquinolinones 70a-b were taken up in phosphorus(V) oxychloride and heated to 90 °C
for two days, to yield the desired linchpin intermediates: iodoisquinoline 71a (93% to quantitative

yield) and bromoisoquinoline 71b (quantitative yield).[234

o]

oH O O (neat) 9 NXS (1.1 eq.) [¢]
o = POCI; (0.3 M
140 °C, 48 h @iﬁt‘ X=1,Br NH 3 ( ) SN
2) NH,OH _ DMF _ 90°C,48 h _
40°C,48 h CF3 25-80°C,2h CF; CF,

07 "OH 3 pmF X X
64 150 °C, 6 days 68 70a-b 71a-b
Commercially available 83% yield X =1(70a) X=1(71a)
77-94% yield 93%—quant.
X = Br (70b) X = Br (71b)

71-84% yield quant.

Figure 2.29: The synthesis of linchpin precurors 71a—b.
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11.3.2 Towards the racemic synthesis of probe 52

11.3.2.1 Preliminary study

The retrosynthetic approach of racemic model probe 52 (Section 11.2.2, Figure 2.26) being less
linear than its enantioselective counterpart, we decided to investigate it first. With linchpin
precursors 71a-b at our disposal, the key transformation of this sequence would be the
cross-coupling of the pyrimidine and the isoquinoline. This step, though conceptually simple,
generates a tetra-ortho-substituted biaryl scaffold, and was thus expected to be synthetically
challenging. Indeed, sterically-demanding cross-couplings, most notably Suzuki-Miyaura couplings,
are notoriously difficult.3>-238] Moreover, heterocyclic coupling partners, especially heterocyclic

boronic acids, are prone to proto-deborylation.[®>232:240]

We thus decided to probe the aptitude of an unsubstituted pyrimidinylboronic acid to couple
with intermediate 71a as a model substrate, before increasing steric hindrance (Figure 2.30).
Intermediate 71a was stirred at 100 °C in a 2:1 mixture of 1,2-dimethoxyethane and water, in the
presence of 5-pyrimidinylboronic acid 72, sodium carbonate and catalytic amounts of Pd(dppf)Cl,
(in complex with dichloromethane) to yield the Suzuki-Miyaura cross-coupling product 73 in
moderate yield (67%).1*!] The subsequent treatment of chloroisoquinoline 73 with piperazine in
N,N-dimethylformamide at 80 °C in the presence of potassium carbonate yielded SNAr product
74,2421 which was in turn N-acylated by acryloyl chloride at room temperature in dichloromethane
in the presence of triethylamine, to yield compound 75 in moderate yield (51%, 2 steps).[2*3! This
3-step sequence, with a 29% overall yield, served as a proof of concept for a convergent synthesis

of racemic probe 52.
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Figure 2.30: Synthesis of unsubstituted biarylpyrimidine 75.

In an effort to increase the overall yield of the sequence, we decided to examine whether
changing the order of the steps (i.e. switching the SNAr and the Suzuki-Miyaura reactions) could be
beneficial (Figure 2.31). Considering nitrogen bases are known for poisoning palladium
catalysts,[2442%5] we decided to introduce the piperazine as a protected entity to ensure the
catalyst in the following Suzuki-Miyaura coupling would not be deactivated by the presence of a
free nitrogen on our substrate. In the context of this sequence, we established a
tert-butyloxycarbonyl (Boc) protecting group would be the easiest to work with. We therefore
heated intermediate 71a and 1-Boc-piperazine to 80 °C in N,N-dimethylformamide, in the
presence of potassium carbonate, to yield compound 76a in moderate to high yields (56-96%).24%
Moderate yields were obtained when pouring the crude mixture onto ice cold water upon reaction
completion and filtering the resulting sticky precipitate, whereas higher yields were obtained after
an aqueous workup followed by purification by column chromatography. The resulting
iodoisoquinoline (76a) was stirred at 100 °C in a 2:1 mixture of 1,2-dimethoxyethane and water, in
the presence of 5-pyrimidinylboronic acid 72, sodium carbonate and catalytic amounts of
Pd(dppf)Cl. (in complex with dichloromethane), to vyield the Suzuki-Miyaura cross-coupling
product 77 in high yield (85%).[241 The subsequent removal of the Boc protecting group by stirring
77 in a hydrogen chloride solution in methanol (1.5 M) at room temperature, followed by

N-acylation at room temperature in dichloromethane in the presence of acryloyl chloride and
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triethylamine, afforded compound 75 in high yield (93% over two steps).[243! Despite introducing
an extra deprotection step, this sequence had overall yields comprised between 51 and 76%, and
thus considerably higher than in the sequence described previously (Figure 2.30). We therefore
decided that, moving forward, we would derivatise intermediates 71a-b at the chloro site via SNAr

before attempting derivatisation at the iodo/bromo site.

Boc Boc 1) MeOH, HCI O§J
N Boc 72 (11 eq.) N rt, 1.5h 1
N .
cl [ j (1.5 eq.) Pd(dppf)Cl, - CH,Cl, [ j 2 ©
N (10 mol%) N cl )v
SN H N Na,CO; (3.0 eq. 1.2 eq. N
_— M» SN 4(;‘ ) 51-76% over 4 steps
N DMF SN DME/H,0 2:1 _ NEt;/CH,CI, SN
3 °
i 80°C,16 h P 100°C, 16 h CF; 0°Ctort,1.5h P
CF, CF,
I
71a 76a 77 75
56-96% yield 85% yield 93% yield

(2 steps)

Figure 2.31: Alternative synthesis of unsubstituted biarylpyrimidine 75.

In the aforementioned sequences, the Boc group seemed like a natural choice, as no reaction
except the deprotection step required the use of acidic conditions. However, in the case of our
planned asymmetric synthesis, a protecting group resisting harsher conditions would be required.
Therefore, we explored the SNAr derivatisation of intermediate 71a with various protected
piperazines, using the same conditions as described earlier (Table 2.3).1*2l Boc-protected 76a was
obtained in moderate yield when isolated by precipitation and subsequent filtration (56%), but a
higher vyield was obtained when isolating it by column chromatography (96%).
Benzyloxycarbonylpiperazine (1-Cbz-piperazine) yielded product 76b in almost quantitative yield
(99%) when isolated by precipitation and, therefore, isolating it by column chromatography was
not attempted. Finally, tosylpiperazine (1-Ts-piperazine) afforded product 76¢ in similar yields,
whether it was isolated by precipitation or column chromatography (79% and 77% respectively).

Bromoisoquinoline 71b was also subjected to the same reaction conditions in the presence
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of -Boc-piperazine and 1-Ts-piperazine. The respective bromo products 76d and 76e were isolated
in high yields, using the highest yielding purification method observed for their iodo counterparts.

G []““‘” []

SN
_

ZNcE DMF
X 80°C,16 h
71x 76x
x=a..b Xx=a..e
Product R X Precipitation Column
chromatography
76a Boc | 56% yield 96% vyield
76b Cbz | 99% vyield N/A
76¢ Ts | 79% yield 77% yield
76d Boc Br N/A 88% yield
76e Ts Br 69% yield N/A

Table 2.3: Influence of the protecting group and the isolation method on the SNAr of a protected
piperazine on compounds 71a-b.

11.3.2.2 Synthesis of the pyrimidinyl coupling partners

The Suzuki-Miyaura coupling of an unsubstituted pyrimidine with our isoquinoline intermediates
71a and 76a proving successful, we decided to synthesise a pyrimidine coupling partner exhibiting
the desired ortho-isopropyl and ortho-methoxy groups. In June 2020, Brenneman et al. at KSQ
Therapeutics reported the synthesis of pyrazolopyrimidines as ubiquitin-specific protease 1
inhibitors.?*¢  The synthesis of their compounds involved the cross coupling of a
chloro-pyrazolopyrimidine with di-ortho-substituted pyrimidinylboronic acids.[?*¢! We thus decided
to replicate the synthesis of their boronic acids for the synthesis of ortho-isopropyl ortho-methoxy

pyrimidinyl coupling partner (Figure 2.32).

We obtained hydroxypyrimidine 79 in moderate yields (43-70%) by stirring the commercially
available ethyl isobutyrylacetate 78 in anhydrous methanol at room temperature, in the presence
of in situ-generated sodium methoxide and formamidine acetate (Figure 2.32). Hydroxypyrimidine
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79 was brominated in ethanol at room temperature in the presence of bromine to yield
hydroxypyrimidine 80 in moderate to high yields (55—-83%), which was in turn chlorinated by
heating to 100 °C in 1,2-dicholoethane in the presence of an excess of phosphorus(V) oxychloride,
to afford chloropyrimidine 81 in high vyields (84-86%). Finally, the SNAr reaction involving
chloropyrimidine 81 and solid sodium methoxide in methanol at room temperature yielded

bromopyrimidine precursor 82 in high yields (80-93%).[246]

HN"SNH.ACOH
(1.5eq.)

Br Br Br
MeONa (2.5 eq. Br; (1.0 eq. | POCI; (6.2 eq. | ! A |
Lo~ (25eq)  HO__ 2 ( ) HO_ 3 ( ) cl NaOMe (4.0 eq.)
MeOH EtOH DCE MeOH
0°Ctort,16h 0°Ctort, 16 h 100°C,3 h 0°Ctort,16h
78 79 80 81 82
Commercially available 43-70% yield 55-83% vyield 84-86% vyield 80-93% vyield

Figure 2.32: Synthesis of bromopyrimidine precursor 82.[24¢]

We then proceeded to transform boromopyrimidine 82 in various organometallic species for use
in different cross-coupling reactions (Figure 2.33). The first step of all these derivatisations
consisted in performing a lithium-bromine exchange on 82 using n-butyllithium at —=78 °C. Boronic
acid 83 was synthesised by trapping the newly-generated organolithium with triisopropyl borate in
a 5:1 toluene/tetrahydrofuran mixture at room temperature, and subsequently hydrolysing it by
spiking the solution with 2 N hydrochloric acid at room temperature.[?*®! Boronic acid 83 was
obtained in moderate yields (29-39%), but was found to readily undergo proto-deborylation at
room temperature. Such unstable boronic acids are recommended to be used as their
MIDA-complexed (MIDA = methyliminodiacetic acid) counterparts.*® MIDA-boronate 84 was
easily obtained in high yield (70%, 89% brsm) by complexing boronic acid 83 with MIDA in
N,N-dimethylformamide at 90 °C under non-inert atmosphere.?*” The Suzuki-Miyaura
cross-coupling reaction being notoriously difficult for heavily hindered systems,[235-2381 we also

decided to synthesise lithium sulfinate 85 and tributyltinpyrimidine 86. Both compounds were

101



obtained by trapping the nucleophile generated by the lithium-halogen exchange in anhydrous
tetrahydrofuran at room temperature. Lithium sulfinate 85 was obtained in moderate yields
(27-49%) by using sulfur dioxide 1-methylpyrrolidine adduct (TIMSO) as a trapping agent,[239:240]
and tributyltinpyrimidine 86 was obtained in quantitative yields using tributyltin chloride as a

trapping agent.[248]
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Figure 2.33: Synthesis of pyrimidinyl organometallic cross-coupling-partners.

1.3.2.3 The cross-coupling issue: hitting a wall

With pyridiminyl coupling partners 83—-86 in hand, we decided to attempt using them in
cross-coupling reactions. The conditions used in Section 11.3.2.1 for the coupling of 71a and 76a
with 5-pyrimidinyl boronic acid 72 being successful, we decided to probe them for the coupling of
isoquinoline 76a with boronic acid 83 (Figure 2.34). lodoisoquinoline 76a and boronic acid 83 were
suspended in a 2:1 mixture of 1,2-dimethoxyethane and water, and heated to 100 °C in the
presence of sodium carbonate, and catalytic amounts of palladium, until complete consumption of
76a was observed. However, after analysis, only deiodination product 88 was collected. Such an
observation suggested that the oxidative addition of the palladium catalyst onto iodoisoquinoline

76a did happen, but that the following transmetallation/reductive elimination steps would not
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occur. The steric hindrance generated by the ortho-methyl and ortho-isopropyl groups on the
pyrimidinylboronic acid, as well as the ortho-trifluoromethyl group and the general bulk of the

isoquinoline ring could be a potential reason for this outcome.

ﬁoc
Boc 83 (1.5eq.) [ Boc
[N Pd(dppfCl, - CH,Cl, N N
N

(10 mol%) [
Na,CO; (3.0 eq.) N N
—_—
SN DME/H,0 2:1 e SN
P 100 °C, 40 h 3 _
CFy CF,
[ H

76a 87a 88
Not observed 27% yield

Figure 2.34: First attempt generating compound 87 via Suzuki-Miyaura coupling.

As mentioned in Section 11.3.2.2, we did expect such a result, partly due to this steric hindrance
issue, but also due to the general instability of pyrimidinylboronic acid 83. Therefore, we
investigated whether we would be able to overcome these two main issues in our system. Our first
idea was to look into Suzuki-Miyaura cross-coupling conditions for the synthesis of
tetra-ortho-substituted biaryl systems. In 2011, Dorta et al. found that the synthesis of
tetra-ortho-substituted biaryls was facilitated by using N-heterocyclic carbene (NHC) palladium
complexes such as Pd-PEPPSI-iPent, which allowed to couple di-ortho-substituted aryl (and
heteroaryl) halides with di-ortho-substituted boronic acids, sometimes up to the point of not

needing to heat up their reaction mixtures (Figure 2.35).124°
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Figure 2.35: Dorta and colleagues’ Suzuki-Miyaura cross-coupling conditions using
(NHC)-palladium complexes and notable examples.?*°!

In 2020, Tang and co-workers reported the asymmetric synthesis of numerous
tetra-ortho-substituted biaryl systems, including heterocyclic biaryl systems, using a
Suzuki-Miyaura cross-coupling reaction catalysed by a classic palladium source and P-chiral
monophosphorous ligands (Figure 2.36).1238 The use of di and trialkybiarylphosphine ligands such
as SPhos, Xphos and the ones used by Tang and co-workers has been associated with higher
success-rates for Suzuki couplings, especially the ones involving heterocyclic species and
sterically-demanding systems.[?>% Such ligands can also be paired with MIDA boronates (instead of
regular boronic acids/esters) to facilitate the Suzuki-Miyaura coupling of unstable nucleophilic
species, such as pyridinylboronic or isoxazoloboronic acids, with aryl halides.[®>! Knapp, Burke et al.
showed MIDA-boronates can slowly release their boronic acid counterpart into the reaction
medium via a mild hydrolysis enabled by aqueous tripotassium phosphate, thus avoiding the

degradation of boronic acids or esters that would be awaiting catalyst turnover to react.
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Figure 2.36: Tang and co-workers’ Suzuki-Miyaura cross-coupling conditions using
trialkylbiarylphosphines as ligands and notable examples.?38!

We also decided to explore alternative cross-coupling reactions to the Suzuki-Miyaura coupling.
In 2017, Tim Markovic et al. of the Willis group reported in two different articles the use of
lithium/sodium heteroaryl sulfinates as nucleophilic substitutes for boronic acids in a
Suzuki-Miyaura-like cross-coupling reaction (Figure 2.37A & 2.37B).[2392%0] The harshness of the
conditions depended on the ligand used: P(t-Bu)Me2-HBF4 required milder temperatures, whereas
or PCys required higher temperatures, but nonetheless allowed for a wide substrate scope. Such
coupling partners would allow us to get around the instability issue pyrimidinylboronic acids raise,
and the increased temperatures would potentially help overcome the activation energy arising
from the steric hindrance in our system. Aside from Markovic and co-worker’s conditions, the use
of a tributyltinpyrimidine in a palladium-catalysed Stille cross-coupling was seen as an alternative.
Developed in 1986 by John K. Stille, the Stille reaction is considered one of the most reliable
cross-coupling reactions, and is usually privileged for more demanding systems, despite the many

drawbacks of organotin species (toxicity, difficulty to isolate from products etc.).[228248.251]
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Figure 2.37: Markovic and colleagues’ (Willis group) conditions for the synthesis of heterobiary!
system and notable examples: (A) Using P(t-Bu)Me2-HBF4as a ligand.?3°!(B) Using PCys as a
ligand.[2%01

These sets of conditions in hands, we attempted to apply them to our system. These
experiments are summed up in Table 2.4. Dorta and co-workers’ conditions were applied to
iodioisoquinoline 76a using catalytic amounts of (NHC)Pd(allyl)Cl 103, the NHC-based catalyst that
gave Dorta et al. a first hit in the development of their reaction (Table 2.4, entry 2).12%°! The two
species, as well as boronic acid 83, were suspended in toluene in the presence of potassium
tert-butoxide, and heated to both 65 °C and reflux. In both instances, only deiodination of 76a was
observed. We then proceeded with trying Tang and colleagues’ conditions on our system, using

(S)-BIDIME, the dialkylbiarylmonophosphorous ligand that gave a first hit in the development of
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their reaction.?38 Compound 76a and boronic acid 83 were suspended in a 9:1 mixture of toluene

and water iandaqueous tripotassium  phosphate and, catalytic amounts of

tris(dibenzylideneacetone)dipalladium(0) (Pd.dbas) and (S)-BIDIME were added. The resulting
mixture was stirred at either 60 °C or reflux, but only de-halogenation of 76a was observed in both
usually efficient for

instances (Table 2.4, entry 3). The failure of these conditions,

sterically-demanding systems, drove us to attempt coupling methods where the pyrimidinyl

coupling partner is more stable.

Y
|

o
N
SN
NN —_—
=
_ CF3
CF;

Boc

G

76a-b 87a
Entry Coupling X Y c:yt::::"c Additive(s) Solvent Temperature(s) Observation O o>
P
1 Suzuki | B(OH),  Pd(dppf)Cl,.CH,CI, Na,CO3 DME/H,0 2:1 100 °C Dehalogenation mtBu
2 Suzuki | B(OH), (NHC)Pd(allylCl KOt-Bu PhMe 65 °C/ Reflux Dehalogenation 0 O ol
) Pd,dbag )
3 Suzuki B(OH K3PO. PhMe/H,0 9:1 60 °C/ Reflux Dehalogenation
(OH), (S)-BIDIME s 2 9 BIDIME
S
X Pd(OAc), 1,4-dioxane/H,0 N .
4 Suzuki B(MIDA) SPhos K3PO4 51 60/ 80 °C Dehalogenation
) Pdpdbag . . )
5 Suzuki B(MIDA) (S)-BIDIME K3PO4 PhMe/H,0 9:1 60 °C/ Reflux Dehalogenation
Wills" ; PdOAc, . o o : 7\
6 'Willis Br SO,Li P(t-Bu),Me.HBF, K,CO3 1,4-dioxane 110 °C/ 130 °C Dehalogenation N?N
Pd(OAc) Fd
7 "Willis"  Br  SO,Li Pey 2 K,CO;3 1,4-dioxane 150 °C Dehalogenation cl Y
3 _2
Pd(PPh
8 Stille SnBuj (c | 3l CsF DMF 65/ 80/ 100/ 120 °C  Dehalogenation 103
u (NHC)Pd(allyl)CI

Table 2.4: Summary of the various sets of conditions attempted for the cross-coupling of 76a—b

with pyrimidinyl coupling partners 83, 84, 85 and 86.

We decided to apply Knapp, Burke and colleagues’ strategy for the slow release of our
pyrimidinylboronic acid 83 by using its MIDA-boronate counterpart 84. By dissolving
iodoisoquinoline 76a and MIDA-boronate 84 in a 5:1 mixture of 1,4-dioxane and water, and

stirring it in the presence of aqueous tripotassium phosphate, and catalytic amounts of palladium
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acetate and SPhos, heated to either 60 or 80 °C, we observed no formation of the desired product
(Table 2.4, entry 4). Similarly to all previous attempts, only deiodination of 76a was observed.
Considering Tang and colleagues’ conditions also used aqueous potassium phosphate, we decided
to merge them with Knapp and co-workers’ conditions, by taking 76a and 84 in a 9:1 mixture of
toluene and water, adding aqueous tripotassium phosphate and, catalytic amounts of
tris(dibenzylideneacetone)dipalladium(0) (Pd>dbas) and (S)-BIDIME. Stirring this mixture at either
60 °C or reflux did not lead to anything but dehalogenation of iodoisoquinoline 76a (Table 2.4,
entry 5). Since boron-derived pyrimidinyl coupling partners did not appear fit for purpose, we
investigated the use of lithium sulfinate 85, following the Willis group’s coupling conditions. We
first attempted the set of conditions that used P(t-Bu)Me;-HBF4 as a ligand, which consisted in
taking bromoisoquinoline 76b and lithium sulfinate 85 in 1,4-dioxane with potassium carbonate
and, catalytic amounts of palladium(ll) acetate and said ligand.!?3*! We heated the mixture to both
the recommended 110 °C and the tolerated 130 °C, but neither temperatures yielded the desired
product and only debromination of 76b was observed (Table 2.2, entry 6). Using the same set of
conditions, but replacing the ligand by tricyclohexylphosphine and heating up to 150 °C, led to the
same observations (Table 2.4, entry 7).1401 |n an last attempt, we turned to the more reliable Stille
cross-coupling of iodoisoquinoline 76a and tributyltinpyrimidine 86. The two coupling partners
were dissolved in N,N-dimethylformamide and stirred at 65, 80, 100 or 120 °C, in the presence of
caesium fluoride, and catalytic amounts of Pd(PPhs3)s and copper iodide (Table 2.2, entry 8).12>1
Unfortunately, the desired product 87a was observed in none of these attempts and only the

de-halogenation of iodoisoquinoline 76a was observed.
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1.3.2.4 Revising the strategy

Considering our unsuccessful attempts at using various classes of pyrimidinyl coupling partners
for their cross-coupling with 76a-b (Section 11.3.2.3, Table 2.4), we briefly investigated if using an
isoquinoline nucleophile and a 5-halopyrimidine would give better results. The cross coupling of
aromatic boronic acids with 5-halopyrimidines has been reported by Merck for the synthesis of

BTK inhibitor evobrutinib and its analogues (Figure 2.38).1252]

| o
Pd(OAc), (cat.) kf
R SPhos (cat.) R! o R?
L__ci 1 R? K,CO. R X RS
d R NG 2C03 | | 3
* /®/ | /\1 _— l N .z
SNH, (HO),B” ~F 2% 1,4-dioxane/H,0 10:1 § NH o
150 °C NH, |

Z=CN 25 examples
18-99% yield NH,

Evobrutinib

Figure 2.38: The Suzuki-Miyaura coupling of 5-chloropyrimidines with aromatic boronic acids for
the synthesis of BTK inhibitor Evobrutinib.?>?

Our first efforts consisted in attempting to synthesise boronic acid 104 or boronic acid pinacol
ester 107a from isquinoline 76¢ (Table 2.5 and Figure 2.39). The lithium-halogen exchange and
subsequent trapping method used in Section 11.3.2.1 for the synthesis of pyrimidinylboronic acid
83 has been reported for bicyclic fused pyridine compounds.?>31 However, these techniques did
not yield any of the desired boronic acid 104 in high enough purity when applied to 76¢ (Table

2.5).
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1) n-Buli (1.2 eq.)

5 -78°C, ty Ts Ts
2) Trapping agent (2.0 eq.) N N
[ j —78°Ctort, t; [ ] [ j
3) Acid treatment N N
rt, t3 SN SN
_—
7 cF, Z e,
Ho B on H
6c 104 105
ty Trapping agent 1%} Acid 12 104 105
) ) ) 10% )
5 min B(OiPr)3 30 min 5 min Not observed Detected
H,SO0,
1h B(OiPr); 3h  HCI@N) 10min  COMPIEX  potected
mixture
1h B(OIPr); 3h  HCI@N) 16h  COMPIEX  oiiccted
mixture
1h B(OMe); 3h  HCI(IN) 5min Complex o0 cted

mixture

Table 2.5: Attempts at generating boronic acid 104 by lithium-halogen exchange and subsequent
boronate trapping.

We therefore decided to attempt making boronic acid pinacol ester 107a from isoquinoline 76¢
using Miyaura’s borylation reaction.l?®*2%9] |odosoquinoline 76¢ was heated to 100 °C in
1,4-dioxane with bis(pinacolato)diboron (Bpinz), potassium acetate, and catalytic amounts of
Pd(dppf)Cl, (dichloromethane adduct) (Figure 2.39). Although carrying out this experiment
overnight gave 18% of desired product 106a and only 4% of dehalogenation/proto-deborylation
product 105 (with recovery of starting material), increasing the reaction time only resulted in the

sole isolation of dehalogenation/proto-deborylation product 105.

'I';s
Ts B,pin; (2.0 eq.) s

N Pd(dppf)Cl, - CH,Cl,
[ j (5 mol%) [

N KOACc (3.0 eq.)
—_—
N 1,4-dioxane
100 °C, t
7 cF, ! CFs

H

76¢c 107a 105
ty =16 h, 16% yield ty =16 h, 4% yield
t; =48 h, not observed t; =48 h, 55% vyield

Figure 2.39: The synthesis of boronic acid pinacol ester 107a using Miyaura’s borylation.[?>°1
Interestingly, subjecting intermediate 71a to these conditions allowed for longer reaction times

with increased yields in product 106 (55—61%) (Figure 2.40). Optimal reaction times for substrate
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71a were comprised between 3 and 5 days, with extending the reaction time to 10 days only

marginally increasing the yield.

B,pin; (2.0 eq.) cl
- Pd(dppf)Cl, - CH,Cl,

(5 mol%) SN
@1\ KOAc (3.0 eq.) NcE ©¢q\
—_— 3
= 1,4-dioxane Z
CF ’ B, CF.
: 100 °C, t, /0}_{0\ 3

T1a 106 108
ty=3d,55%yield  t;=3d,44% yield
ty=10d,61% yield  t; =10 d, 14% yield

Figure 2.40: The synthesis of boronic acid pinacol ester 106 using Miyaura’s borylation.2>%!

Once obtained, chloroisoquinoline 106 could react with protected piperazines via SNAr to afford
products 107a-b.**2  However, in this case, the wuse of our wusual potassium
carbonate/N, N-dimethylformamide system did not yield any of the desired product 107a, but only
the deborylation product 105 (Table 2.6, entry 1). We therefore decided to stir isoquinoline 106 at
80 °C in dimethylsufloxide with N,N-diisopropylethyl amine and a protected piperazine.!?*®! |n the
case of 1-Ts-piperazine, product 107a was isolated by either precipitation or column
chromatography purification, the latter giving a much better yield than the former (71% vs 46%)
(Table 2.6, entries 2 & 3). No deborylation of the SNAr product was observed in this case. The
reaction of 1-Boc-piperazine with 106 to give product 107b proved more difficult, with only 56%
yield of product obtained, and higher proportions of proto-deborylation of the product were

observed (21%) (Table 2.6, entry 4).
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R R
® [ﬁj O
Cl I':‘I (1.5eq.) N N
SN Base (3.0 eq.) SN SN
> _ P >
CFy Solvent CF; CF3
B. H
o

80°C,16 h

o®o o8
106 107x R =Ts (105)
x=a..b R = Boc (88)
Purification . De-borylated
Entry Product R Base Solvent method Yield by-product
1 107a Ts K,CO3 DMF Precipitation Not observed 50%
2 107a Ts DIPEA DMSO Precipitation 46% Not observed
3 1072 Ts DIPEA DMSO Column 1% Not observed
Chromatography
4 107b  Boc DIPEA DMSO Column 56% 21%

Chromatography

Table 2.6: Using SNAr to add protected piperazines onto isoquinoline 106.

Recently reported Suzuki-Miyaura reactions involving bicyclic fused pyridinylboronic acid pinacol
esters or pyrimidine electrophiles involve the use of microwave synthesis, including the synthesis
of Bruton’s Tyrosine Kinase inhibitor, evobrutinib (Figure 2.38).[252257.258] Microwave reactions
have been associated with milder conditions, reaction rate acceleration, increased yields, and
reduced amounts of by-product formation.l?>?-2621 We decided to apply microwave conditions to
the Suzuki-Miyaura coupling of isquinolinyl boronic ester 107a with halopyrimidine 82 (Figure
2.41). In a first attempt, 107a and 82 were stirred at 120 °C for 1 hour in a 3:1 mixture of
1,4-dioxane and water, in the presence of sodium carbonate and catalytic amounts of
Pd(PPh3)s.271 In a second attempt, 107a and 82 were stirred at 150 °C for 90 minutes in a 10:1
mixture of 1,4-dioxane and water with caesium carbonate, and catalytic amounts of palladium(ll)
acetate and SPhos.[?°8! Unfortunately, nothing but proto-deborylation product 105 was observed
in both instances. We assumed that the failure of microwave conditions on our system indicated
that succeeding in this strategy would be difficult and proceeded with investigating other options

to troubleshoot the cross-coupling of our isoquinoline and pyrimidine precursors.
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107a 87b 87b
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Not observed Not observed

Figure 2.41: Suzuki-Miyaura cross-coupling attempts using 107a and 82 as coupling partners.

The Suzuki-Miyaura coupling of the isoquinoline and pyrimidine moieties of target probe 52 so
far proving difficult, we decided to explore whether reducing the steric hindrance of the system
would increase our chances at successfully joining those two moieties. As mentioned in Section
11.3.2.3, the generation of tetra-ortho-substituted biaryl systems using the Suzuki-Miyaura reaction
remains a laborious endeavour. We decided to investigate if the coupling methodologies explored
in Section 11.3.2.3 would allow to generate a tri-ortho-substituted system instead, either by
removing the ortho-methoxy substituent on the pyrimidine coupling partner, or by removing the

ortho-trifluoromethyl group on the isoquinoline coupling partner.

The synthesis of the ortho-isopropyl pyrimidinyl coupling partners was similar to that of our
di-ortho-substituted pyrimidinyl coupling partners described in Section 11.3.2.2, starting from
5-bromopyrimidine 108 (Figure 2.42). The silver-catalysed decarboxylative alkylation of 108 was
performed following Qu and colleagues’ procedure.?%3 Pyrimidine 108 was stirred with isobutyric
acid in a 1:1 mixture of dichloromethane and water at room temperature, in the presence of
potassium persulfate and catalytic amounts of silver nitrate to yield isopropylpyrimidine 109. The
resulting bromopyrimidine was then subjected to lithium-halogen exchange using n-butyllithium

at =78 °C in dry tetrahydrofuran (in conjunction with toluene in the case of the boronic acid
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synthesis, 5:1 toluene/tetrahydrofuran). Trapping the resulting organolithium with triisopropyl
borate and subsequently hydrolysising the in situ intermediate with aqueous hydrogen chloride
yielded highly unstable boronic acid 110 in a complex mixture (presence confirmed by HRMS
ESI*),24¢] which was immediately treated with MIDA in N,N-dimethylformamide at 90 °C but did
not yield any of the desired MIDA boronate 111.°%! Trapping with TIMSO and tributyltin chloride
yielded lithium sulfinate 112 and organotin 113 respectively, with moderate yields (49% and 41%

respectively).[239,240,248]

1) B(OiPr); (3.0 eq.) o | o o
n-BuLi (1.5 eq. o]
uLi (1.5 eq) NG N :
-78 °C, 30 min N"O
2)rt, 3h HO_ _OH (1.05 eq.) Me” g0
3) HCI (2N), r.t., 16 h | 0, |
>
PhMe/THF 5:1
90°C,18 h
OH 110 111
1) n-BuLi (0.9 eq.) Not isolable Not observed
O (0.8eq) -78°C,1h
Br  AgNO; (20 mol%) Br 2) TIMSO (1.1 eq.) SO,Li
| K,S,05 (1.0 eq.) | -78°Ctort, 16 h
—_—
CH,Cl,/H,0 1:1 THE
rt, 76 h
108 109 112
45% yield 1) n-BuLi (1.1 eq.) 49% yield
—78°C,1h
2) SnBu;Cl (1.1 eq.) Sn(Bu);
-78°Ctort., 16 h |
S E—
THF
13
41% yield

Figure 2.42: Synthesis of mono-ortho-substituted pyrimidine coupling partners from
5-bromopyrimidine 108.

The mono-ortho-substituted isoquinoline partners 117a—e were synthesised from isocarbostyril
114 (1-isoquinolinol), following an identical synthetic route to isoquinolines 76a—e (Figure 2.43).
Isocarbostyril 114 was first halogenated using either N-iodosuccinimide at 80 °C or
N-bromosuccinimide at room temperature in N,N-dimethylformamide.[?32  Resulting
haloisoquinolines 115a—b were chlorinated using neat phosphorus(V) oxychloride at 90 °C to yield

chloroisoquinolines 116a—b in high yields.[?34
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X = Br (116b) X = Br (116b)
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Figure 2.43: Synthesis of mono-ortho-substituted isoquinolines 116a—b from isocarbostyril 114.

Piperazines protected with either a Boc, Cbz or Ts group were then added onto
chloroisoquinolines 116a—b via SNAr. These substrates required higher temperatures and longer
reaction times than their trifluoromethylated counterparts, with needing to be stirred for two
days at 100 °C in N,N-dimethylformamide in the presence of potassium carbonate to observe
similar yields. This observation can be explained by the absence of the electron withdrawing
trifluoromethyl group, the presence of which rendered the isoquinoline ring electron-deficient and
thus stabilised negative charges during the SNAr reaction. The results of these reactions were

compiled in Table 2.7.

R
N

R
N
¢l N (15eq) [ j
SN K;CO;3 (3.0 eq.) N
B
Z DMF SN
X 100 °C,48 h >
X
116x 117x
x=a..b x=a..e
Product X R Yield(s)
117a | Boc 1%
117b | Cbz 69-77%
117¢ | Ts 86%
117d Br Boc 51%
117e Br Ts quant.

Table 2.7: Addition of protected piperazines onto 116a—-b by SNAr reaction.
Once obtained, the precursors were used in the same cross-coupling reactions described in
Section 11.3.2.3 (Table 2.8). As the synthesis of ortho-isopropylboronic acid 110 and its MIDA

derivative 111 failed, they could not be used in a Suzuki-Miyaura cross-coupling. The use of
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Markovic’s and co-workers’ conditions on lithium sulfinate 112,[239.2401 3nd Stille conditions for
organotin 113 did not yield to anything but dehalogenation of isoquinolines 76a—b (Table 2.8,
entries 1-3).12°! However, the absence of the trifluoromethyl group on isoquinolines 117a and
117d led to more promising results. Stirring isoquinoline 117a with di-ortho-substituted
pyrimidinylboronic acid 83 at 100 °C in a 2:1 mixture of 1,2-dimethoxyethane and water, in the
presence of sodium carbonate, and catalytic amounts of Pd(dppf)Cl. (dichloromethane adduct),
did not lead to anything but dehalogenation of the starting isoquinoline (Table 2.8, entry 4).1241
However, when isoquinoline 117d was stirred with lithium sulfinate 85 at 150 °C in 1,4-dioxane in
the presence of potassium carbonate, and a catalytic amount of palladium(ll) acetate and
tricyclohexylphosphine, we observed the formation of trace amounts of the desired coupling
product 119 (Table 2.8, entry 5).2%01 Eventually, by stirring organostannane 86 with
iodoisoquinoline 117a at 80 °C in N,N-dimethylformamide in the presence of caesium fluoride, and
catalytic amounts of Pd(PPhs)s and copper iodide, we observed the formation of the desired Stille
coupling product 119 in moderate yield (66%) (Table 2.8, entry 6).[2°!] These last two experiments
highlighted the trifluoromethyl group as the main hurdle to the coupling of our isoquinoline and
pyrimidine moieties, most likely due to the steric encumbrance it generated. We decided to work
without it for the remainder of the synthesis, with potential plans of reintroducing it at a later

stage of the synthesis via C—H functionalisation, if need be.
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. Catalytic " Expected .
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Entry Coupling X Y R R’ system Additive(s) Solvent Temperature(s) product Observation
mpillis® : PdOAc, i . _
1 'Willis Br SO,Li CFj3 H P(t-Bu),Me.HBF, K,COg3 1,4-dioxane 110/ 130 °C 118 Dehalogenation
. Pd(OAc
2 "Willis" Br SO,Li CFj3 H Ii(:y )2 K,CO3 1,4-dioxane 150 °C 118 Dehalogenation
3
Pd(PPh
3 Stille | SnBu; CF3 H (Cul o)s CsF DMF 80/ 100/ 120 °C 118 Dehalogenation
4 Suzuki I B(OH), H OMe Pd(dppf)Cl,.CH,Cl, Na,CO;  DME/H,0 2:1 100 °C 119 Dehalogenation
: Pd(OA
5 "Willis" Br  SOlLi H OMe F(’CyC)Z K,CO3 1,4-dioxane 150 °C 119
3
Pd(PPh
6 stille | SnBus H OMe (PPhg), CsF DMF 80 °C 119 66% yield

Cul

Table 2.8: Summary of the various sets of cross-coupling conditions attempted for the generation
of tri-ortho-substituted biaryl systems.

1.3.2.5 Synthesis of a less hindered probe

With Stille coupling product 119 in hand (see Section 11.3.2.4b, Table 2.8), we optimised the
work-up and purification methods to ensure Sn(IV) residues were efficiently removed without
major erosion of the yield. Indeed, by stirring isoquinoline 117a and organostannane 86 at 80 °C in
N,N-dimethylformamide with caesium fluoride, and catalytic amounts of Pd(PPhs)s and copper
iodide, washing the resulting crude mixture with generous amounts of aqueous potassium fluoride
(1 M solution) and purifying it via two consecutive flash column chromatography purifications, we

were able to isolate product 119 in 98% yield (Figure 2.44).251]

117



Sln(Bu);,

Boc
Boc 86 (2.0 eq.) N
N Pd(PPhs), (20 mol%) [
[ j Cul (40 mol%) N

N CsF (2.0 eq.) SN
- =

SN DMF P

_ 80°C,20 h

17a 119
98% yield

Figure 2.44: Stille coupling of 117a and 86.

By eluting 119 on a chiral HPLC column, we identified it as a racemic mixture of two
atropisomers. We thus decided to evaluate the half-life of racemisation of 119 by separating its
two enantiomers by chiral semi-preparative HPLC. One of the resulting enantioenriched samples
was dissolved in meta-xylene and heated to 80 °C for 6 hours. Withdrawing aliquots at regular

intervals allowed us to observe a decrease in enantiomeric ratio, from 100:0 to 74:26 (Figure
2.45). Plotting lni = f(t) allowed us to calculate k4 = 3.97 x 10 = s%, corresponding to

ti/; =4.9 hours at 80 °C and a rotational barrier (AG¥.5) of 28.4 kcal/mol. This half-life of

racemisation, though probably much longer at biological temperatures (around 37 °C), might
warrant further derivatisation work to increase the steric bulk around the chiral axis on compound

119 and ensure it would not racemise when used as a therapeutic agent.
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Figure 2.45: Experiment to determine the half-life of racimesation of compound 119.
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The isoquinoline and pyrimidine moieties finally coupled, we proceeded with deprotecting
piperazine 119 and installing the acrylamide warhead to generate probe 120 (Figure 2.46). The
Boc deprotection of piperazine 119 was achieved by stirring in a hydrogen chloride solution in
methanol (1.5 M) at room temperature. The resulting crude mixture was transferred into
dichloromethane and stirred with acryloyl chloride in the presence of triethylamine at room
temperature, to yield alternative probe 120 in moderate to high yields (61-89% over two

steps).[243]

1) MeOH, HCI
r.t., 1.5h

L

Boc o

N 2 N
() o~ ()
N (1.2eq.) N
NEt,/DCM
SN 0°Ctort,1.5h SN
= Z
19 120

61-89% yield
(2 steps)

Figure 2.46: Finalising the synthesis of alternative probe 120.
Alternative probe 120 was therefore obtained by a convergent synthetic route, with a longest
linear sequence of 8 steps (ethyl isobutyrylacetate 78 to probe 120), and overall yields ranging

from 6 to 41%.
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1.3.2.6 Preliminary biochemical and physiochemical analysis

With the help of Neville McLean, compound 120 was submitted to AstraZeneca, along with

III

“control” compounds 75 and 119 for preliminary biochemical and physiochemical analysis. Mean
solubility, plasma protein binding, logD, clearance and KRas G12C in vitro 1Cso were determined

using Kettle and co-workers’ methods.[?%4 The results from these preliminary studies were

compiled in Table 2.9.

Compound 120 was more soluble in DMSO than both unsubstituted pyrimidine 75 and its
non-covalent counterpart 119 (252 uM vs 4 and 62 uM respectively), however, this solubility was
three orders of magnitude lower than that of sotorasib, which is around 178 mM in DMSO
(90-100 mg/mL).[265266] Compound 120 showed similar plasma protein binding and lipophilicity to
sotorasib, with both molecules being reported to be 89% protein-bound and of logD/logP
comprised between 3 and 4 (3.30 and 4.11 respectively).[26>2%6] However, the clearance (human
liver microsomes) of all of our compounds was much higher than that of sotorasib,?%°! and no

tangible activity in KRas G12C biochemical assays was detected.

L

OTqJ OT
(] J

o
SN SN
= CF,4 =

r4 z
2\ z/i _/

75 19 120
Mean . N
Median CL;
Compound solubility bm:ia: p(:?‘fer':e) Mean ICs (UM) ( T.I:i:lm ";' Mean LogD

DMSO (mM) 9 (7% L 9
75 0.004 - > 100 > 300 3.10
119 (rac) 0.062 0.20 > 100 87.1 5.10
120 (rac) 0.252 11 > 100 126 3.30
Sotorasib 178 11 0.027 17 411

(literature)

Table 2.9: Preliminary biochemical and physiochemical analysis results.
*logP in this case.
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These disappointing results confirmed further optimisation and SAR work would be required to

generate active atropisomeric biarylpyrimidine-based KRAS G12C covalent inhibitors.

11.3.3 Towards the enantioselective synthesis of probe 52

In parallel with our studies aiming at synthesising 52 as a racemic mixture, we also investigated
potential routes to generate enantioenriched samples of 52 (see Section 11.2.2). For reading clarity,

Figure 2.27, depicting the enantioselective retrosynthetic approach to probe 52, is repeated

below.

0, l R Cross-coupling R
é . EJ e ()

Deprotection N Hydrogenation Sonogashira

N
N N-acylation N Methanolysis + carbometallation)
SN
SN — _ p— :> )
Z>cF oFs CF3
¢ PhO,S.__ PhO,S__ _Cl
52 149 148 147
Enantioselective [ Condensation j Malonate [ cl
desymmetrlsatlon Chlorlnatlon a- arylahon SNAr NN
=
CF.
CF 3
3 CF3 X
OEt
146 76 i

Hal " Condensation
a ogena lons E||m|nat|on \n/ \n/
o O

68
Commercrally available Commerctally available

Figure 2.27: Retrosynthetic approach of enantioenriched 52.
11.3.3.1 Issues with the malonate route

Linchpin intermediates 71a-b in hand, the main difference with our racemic retrosynthetic
approach and our enantioselective retrosynthetic approach resided on the moiety that would be
coupled onto it. If the pyrimidine ring could already be equipped with the desired substituents

prior to the coupling in our racemic synthesis, it would have to be pro-atropisomeric in the case of
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the enantioselective synthesis. This would be achieved by generating dichloropyrimidine
intermediate 146 (Section 11.3.3, Figure 2.27), ready for desymmetrisation using Armstrong’s

method.!71]

As exhibited in Part I, our privileged method for the synthesis of biaryl dichloropyrimidine
derivatives involved the preliminary a-arylation of a malonate. We thus decided to investigate this
transformation in the context of our synthesis. Similarly to our preliminary study in Section
11.3.2.1, we explored whether to derivatise intermediate 71a at the chloro or at the iodo site first.
Derivatisation at the iodo site via a-arylation of dialkylmalonates 16a—b using compound 71a was
carried out by following a general procedure involving stirring in 1,4-dioxane at 50 °C in the
presence of caesium carbonate, and catalytic amounts of copper iodide and 2-picolinic acid (Figure
2.47).18] Compound 121a, resulting from reacting malonate 16a, was obtained in moderate to
high yields (61-84%). Compound 121b, resulting from reacting malonate 16b, was obtained in
guantitative vyield. However, the subsequent treatment of diethylmalonate 121a with
1-tosylpiperazine hydrochloride and 4-dimethylaminopyridine (4-DMAP) in dimethylsulfoxide at
100 °C yielded amide 122a instead of the expected SNAr product (56% vyield) (Figure 2.43).12°¢ This
observation allowed us to retrospectively realise that compounds 121a—-b were in fact the
products of the subsitution of intermediate 71a at the chloro site, instead of the iodo site (which
was confirmed by the presence of characteristic C—I signals on 3*C NMR on compounds 121a-b
and 122a-b). This came as a surprise to us as transition-metal-catalysed reactions had privileged
the iodo site to the chloro site in previous instances (see Section 11.3.2.1). Nonetheless, the SNAr of
the nucleophilic deprotonated malonates 16a—b onto the C—Cl bond might have prevailed over the
oxidative addition of the copper(l) enolate complexes onto the C—I bond, which is normally
observed in such a reaction.[® This was probably due to the steric encumbrance caused by the

trifluoromethyl group around the C—I bond (as observed in Sections 11.3.2.4 and 11.3.2.5). In the
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case of diisopropyl malonate 121b, no formation of the amide was obtained, highlighting the

higher stability of this substrate to nucleophilic attack.

RO. OR
\g/\g/ '{ls
16x
x=a..b o o [ j (1.5eq.) o o
Cul (10 19 N
Cl . .u. ( .mo %) RO OR H-HCI RO N
2-picolinic acid (10 mol%) K/
SN Cs,C0; (3.0 eq.) N K5CO3 (3.0 eq.) N NTs
—_— —_—
= 1,4-dioxane = DMF =
| CFs  ‘s0°c,66h | CFs  soec. 18h | CF3
71a 121x 122x
x=a..b x=a..b
R = Et (121a) R = Et (122a)
61-84% 52%
R = iPr (121b) R = iPr (122b)
quant. Not observed

Figure 2.47: Attempts to synthesise malonate intermediates from intermediate 71a by derivatising
the iodo site first.

Performing the SNAr reaction of 1-Ts-piperazine hydrochloride with 71a first, and the subsequent
attempt at a-arylation of diethylmalonate did not give any formation of the desired arylation
product 123 (Figure 2.48). In this instance, the chloro site having been already derivatised, we
assumed the accessibility of the iodo site would be slightly higher. However, the transformation
still not taking place, we were comforted in the idea that the trifluoromethyl group might play a

part in the reaction not proceeding.

EtO. OEt
I Y s
[ j Ts o o N
o N (15eq) N Cul (10 mol%) [ ]
H-HCI [ j 2-picolinic acid (10 mol%) N
N K;CO; (3.0 eq.) N Cs,CO0; (3.0 eq.) N
= CF,4 DMF N 1,4-dioxane /N
i 80°C,18h _ 50-100 °C, 66 h CF3
CFs EtO OEt
1
o O
Ta 76¢c 123

79% yield Not observed

Figure 2.48: Attempts to synthesise malonate intermediates from intermediate 71a by derivatising
the chloro site first.

Having learned from our previous experience with cross-couplings in our system (see Section
11.3.2.4), we decided to examine whether the trifluoromethyl group had been a hindrance to the

a-arylation of dialkylmalonates with 71a. We carried out the reaction using non 3-substituted
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iodoisoquinoline 116a and diethylmalonate 16a, stirred at 50 °C in 1,4-dioxane with caesium
carbonate and catalytic amounts of copper iodide and 2-picolinic acid (Figure 2.49).%¢! These
conditions yielded diethylmalonate 124 in almost quantitative yield (99%), confirming our
hypothesis that the bulk of the trifluoromethyl group was obstructing the iodo site in our previous
attempts. However, subsequent treatment with 1-Ts-piperazine hydrochloride and potassium

carbonate in N,N-dimetylformamide at 80 °C yielded amide 125 instead of the expected SNAr

product (20% yield).
EtO. OEt
\ﬂ/\ﬂ/ Ts
o o N
16a (2.0 eq.) [ ] (1.5¢eq.)
Cul (10 mol%) Cl N cl
€l 2 picolinic acid (10 mol%) N HHCI SN
N Cs,CO; (3.0 eq.) _ K,CO; (3.0 eq.) _
7 1,4-dioxane DMF (\NTS
| 50 °C, 66 h EtO. OEt  gp°C,18h EtO. N\)
o o o o
116a 124 125
99% vyield 20% yield

Figure 2.49: Attempts to synthesise malonate intermediates from intermediate 116a by
derivatising the iodo site first.

We therefore decided to carry out the malonate arylation on compounds 117a-c, generated in
Section 11.3.2.4b (Figure 2.50). Boc-protected piperazine 126a and Cbz-protected 126b were
obtained in moderate vyields (56% and 51% respectively), but with high recovery of starting
material (92% and 84% brsm vyield respectively). The formation of Ts-protected piperazine 126¢

was not observed.
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R=Ts (117c)
86% yield
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Figure 2.50: Attempts to synthesise malonate intermediates from intermediate 116a by
derivatising the chloro site first.

Considering the synthesis of a pyrimidine ring from malonates would involve acidic treatment,
we decided to use Cbz-protected piperazine 126c¢ for the remainder of the synthesis (Figure 2.51).
Compound 126¢ was stirred at 80 °C in a 3:2 mixture of methanol and tetrahydrofuran, in the
presence of in situ generated sodium methoxide and formamidine hydrochloride. The resulting
crude mixture was precipitated in concentrated hydrochloric acid and the filtrate was also isolated
and worked up. The resulting solids were treated with phosphorus(V) oxychloride at 90 °C. After
isolation of the various species generated by these transformation, none of them were identified
as the desired dichloropyrimidine 127b. The transformation was attempted several times but the
desired product was never observed. Several factors could be at the origin of such a failure, for
example, the drastic changes in pH prior to chlorination could be protonating the isoquinoline ring
and/or deprotonating the hydroxy groups in suggested intermediate 127c, thus generating
zwitterionic species (Figure 2.51).1°! This would render the precipitation step or even the isolation

of the product from the recovered filtrate difficult.
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Figure 2.51: Attempting to synthesise dichloropyrimidine 127 from malonate 126b.
11.3.3.2 Direct coupling of a dichloropyrimidine on a less hindered

isoquinoline?

Considering attempting to generate a pyrimidine ring from a di-alkyl(isoquinolinyl)malonate such
as compound 126b (Figure 2.51) proved difficult, we hoped to exploit our previous successes at
cross-coupling chemistry (see Sections 11.3.2.1 and 11.3.2.4b) to directly couple a dichloro (or
dihydroxo) pyrimidine onto our isoquinoline derivatives. Our first investigations consisted in trying
to couple a nucleophilic pyrimidine to a haloisoquinoline, such as isoquinolines 117a—c (Section
1.3.2.4b, Table 2.7). We therefore attempted to apply the conditions we used in Section 11.3.2.2 to
synthesise the desired pyrimidinyl nucleophilic coupling partners (Figure 2.52).[240,246,248,254]
Unfortunately, neither 5-bromo-4,6-dichloropyrimidine 128a or 5-bromo-4,6-dihydroxopyrimidine
129b were readily turned into their boronic ester, boronic acid, lithium sulfinate or

tributylstannane counterparts.
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Figure 2.52: Attempts at applying previously successful methodologies to synthesise pyrimidinyl
coupling partners to compounds 128a-b.

Knochel et al. reported in 2013 the use of acidic aryls such as 4,6-dichloropyrimidine 133 for the
development of organozinc species, using their base “TMPZnOPiv-LiCl” 137 (Figure 2.53).12671 The
resulting organometallics were then used in several Negishi cross-coupling reactions with various
aryl and vinyl electrophiles to yield the corresponding coupling products in moderate to high
yields, with the examples involving pyrimidinylzinc pivalate 134 being especially successful (Figure
2.53). Organozincs hold a special place amongst organometallics as they are reputed to be
compatible with multiple functional groups.?%8! We therefore decided to try and use compound

134 for the synthesis of dichlorpyrimidine 127a (see Figure 2.55 below).
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Figure 2.53: Knochel and co-workers’ use of TMPZnOPiv-LiCl 137 to generate organozincs for
Negishi couplings.2¢”!

The first step of this synthesis involved making Knochel and co-workers’ base 137 (Figure 2.54).
Following a literature procedure,?®® we took Turbo Grignard at room temperature in
tetrahydrofuran and slowly added 2,2,6,6-tetramethylpiperidine 135. The reaction mixture was
stirred until the gas evolution stopped and the concentration of the resulting solution of 136 in
tetrahydrofuran was determined to be 1.0 M upon titration. Subsequent treatment with zinc
pivalate in tetrahydrofuran at room temperature yielded TMPZnOPiv-LiCl 137 as a 0.63 M solution

in tetrahydrofuran.[267]

ZnEt,

PivOH (1.9 eq.)

iPrMgCI-LiCl (1.3 M)

(0.95 eq.) Zn(OPiv), (1.05 eq.)
H THF N THF N

| ° )
rt, 48 h Mgcl-Licl 0°Ctort, 1.5h ZnOPiv-Mg(OPiv)CI-LiCl
135 136 137
1.0 M in THF 0.65M in THF

Figure 2.54: The synthesis of TMPZnOPiv-LiCl 137.[267,269]

Adding base 137 to a solution of 4,6-dichloropyrimidine 133 in tetrahydrofuran at room
temperature yielded organozinc 134 (Figure 2.55).1267] To test the reactivity of 134, we dissolved it
in tetrahydrofuran and stirred it at room temperature with literature substrate 4-iodothioanisole
138, and catalytic amounts of bis(dibenzylidenacetone)palladium(0) (Pddbaz), and

tris(2-furyl)phosphine (P(o-fur)s). Negishi cross-coupling product 139 was obtained in 15% vyield
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(vs. 91% in the literature).l267] This result, however disappointing, testified for the reactivity of our
intermediate 134. We thus took 134 and isoquinoline 117a in tetrahydrofuran and stirred it at
room temperature in the presence of catalytic amounts of bis(dibenzylidenacetone)palladium(0)
(Pddbaz) and tris(2-furyl)phosphine (P(o-fur)s) (Figure 2.55). However, no reaction was observed

and this strategy was abandoned.
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Figure 2.55: Attempting to synthesise dichloropyrimidine 127a using Knochel and colleagues’
methodology.[267]

Since pyrimidine-derived nucleophilic coupling partners proved very difficult to synthesise, we
briefly investigated whether using isoquinoline nucleophiles in our cross-couplings would be easier

to generate pro-atropoisomeric dichloropyrimidines 127a—c (see Figure 2.57).

Considering our previous success at making isoquinolinylboronic esters (see Section 11.3.2.4a),
we decided to investigate this option first (Figure 2.56). Bromoisoquinoline 116b and B,pin, were
stirred in 1,4-dioxane at 100 °C with catalytic amounts of Pd(dppf)Cl. (dichloromethane adduct)

and potassium acetate to yield boronic acid pinacol ester 140, which was immediately dissolved in
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dimethylsulfoxide in the presence of N,N-diisopropylethylamine and 1-Boc-piperazine without
further purification. The resulting mixture was heated at 80 °C to yield boronic ester 141 in low
yield (13% over two steps). Xu et al. reported their ability to drive the cross-coupling of boronic
acids onto the bromo site of pyrimidine 142a by using specific solvent systems, we therefore
decided to apply their conditions to our system.!?’% Upon reaction with bromopyrimidine 142a at
120 °Cin a 4:1:1 mixture of toluene, ethanol and water, in the presence of potassium carbonate,
and catalytic amounts of Pd(PPhs)s, compound 141 yielded compound 143.27%1 Compound 143
resulted from of the cross-coupling of 141 with 142a at one of the two chloro positions and the
subsequent SNAr reaction of ethanol with the remaining C-Cl bond. The desired
dichloropyrimidine 127a was not observed. Removing ethanol from the mixture led to no reaction
at all. This result showed, however, that isoquinoline-derived boronic esters such as 141 are
potential coupling partners to halopyrimidines. Nonetheless, considering the low-yields obtained

in the synthesis of 141, we decided not to explore this strategy further.
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@l KOAc (3.0 eq.) P> DIPEA (3.0 eq.) SN K,CO3 (2.0 eq.)
- = . -
=

N Boc Boc
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B 100°C,20 h o o 80°C,18 h : 120°C, 18 h B
O/ \0 ~N
}—4 /\O/
116b 140 141 143
Not isolated 13% yield 21% vyield

(2 steps)

Figure 2.56: Isoquinolinyl boronic esters in Suzuki-Miyaura reactions for the synthesis of a
pro-atropisomeric biarylpyrimidine.

The Stille reaction having established itself as a reliable cross-coupling method in our system, we
decided to probe whether isoquinoline-derived tributylstannane 144 and bromopyrimidines
142a-b would be amenable to it (Figure 2.57). Bromoisoquinoline 117e was lithiated via

lithium-halogen exchange using n-butyllithium in anhydrous tetrahydrofuran at =78 °C and the in
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situ generated organolithium was trapped using tributyltin chloride at room temperature.[248]
Tibutyltinstannane 144 was obtained in rather low vyield (17%). When dissolved in
N,N-dimethylformamide with bromopyrimidines 142a-b in the presence of caesium fluoride and,
catalytic amounts of Pd(PPhs)s and copper iodide, compound 144 did not yield any of the desired

products.[2>1]

N -
Ls 1) n-BuLi (1.1 eq.) Ls 142a-b (1.2 eq.) Ls
-78°C,1h Pd(PPhj3), (20 mol %)
[ j 2) SnBu;Cl (1.1 eq.) [ j Cul (40 mol %) [ j
N -78°Ctort, 16 h N CsF (2.0 eq.) N
SN THF SN DMF SN
= = 80°C,16 h =
Br Sn(Bu); R _R
17e 144 R = Cl (127¢)
17% yield Not observed
R = OH (145)

Not observed

Figure 2.57: Isoquinolinyl stannanes in Stille reactions for the synthesis of a pro-atropisomeric
biarylpyrimidine.

Considering the apparent difficulty of the synthesis of dichloropyrimidines 127a—c, we decided to
focus on the synthesis and optimisation of probes 52 and 120 via racemic routes for the remainder

of this project.
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11.3.4 The racemic synthesis of an optimised probe

1.3.4.1 Designing an optimised probe

In light of the disappointing results in the preliminary biochemical and physiochemical tests
carried out by the researchers at AstraZeneca on probe 120 (see Section 11.3.2.6), we decided to

investigate whether we could rework its design to potentially increase its potency.

Using our KRas G12C covalent docking model (see Section 11.2.1), we decided to compare docked
probe 120 to sotorasib (AMG-510), taken in its X-Ray cocrystal with GDP and KRas G12C (PDB
code: 60IM) (Figure 2.58B).12%5] Compared to initial probe 52 (Figure 2.58A), the absence of a
trifluoromethyl group to restrict the rotation of the pyrimidine ring on probe 120 allows it to sit
out of place. This might lead to different interactions with the H95 cryptic pocket in in vitro
models, and explain why 120 did not show a satisfying potency on KRas G12C in biochemical
assays. As evidenced in Section 11.1.4.3, the numerous Van der Waals interactions developed in

the H95 pocket are crucial to the high potency of sotorasib.[?°]

Figure 2.58: (A) Docked structure of model probe 52 (blue), compared with AMG-510 in its
cocrystal with KRas (green, PBD code: 60IM).[?°1 (B) Docked structure of less hindered probe 120
(orange), compared with AMG-510 in its cocrystal with KRas (green, PDB code: 60IM).[2°!

132



If reintroducing a 3-trifluoromethyl group in the probe might help with this issue, the steric
encumbrance around the chiral axis makes this position difficulty accessible. Additionally, the
trifluoromethyl group considerably reduced reactivity at the iodo/bromo sites on intermediates
71a-b and 76a—c (see Section 11.3.2.3 and Section 11.3.3.1). We therefore decided to investigate
whether we could increase favourable interactions in the S-lIP area of KRas G12C, before studying
trifluoromethylation reactions. A common feature of ARS-1620 and sotorasib are the phenol ring,
that establishes a hydrogen bond with glutamic acid 63 (E63) in the S-1IP.[2%%] Even though phenol
groups are susceptible to oxidation and glucuronidation,!?’! the developments of agradasib and
sotorasib showed a replacement of such moieties by typical bioisosteres such as benzopyrazoles
led to a reduction in activity and cellular permeability.[?>211] |n the case of ARS-1620 and sotorasib,
the phenol group was considered as the most optimal group to maximise interactions in the S-1IP
of KRas G12C. We therefore decided to design probe 150 (Figure 2.59), which would majorly be
inspired by probe 120, but would showcase this additional fluorophenol group.
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Figure 2.59: Designing target probe 150 taking inspiration from ARS-1620 and sotorasib.
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Docking our newly-designed probe against sotorasib in its X-Ray cocrystal with GDP and KRas, we
still observed the effect of the absence of a trifluoromethyl group (though at a slightly lesser
extent) (Figure 2.60). However, 150 should indeed develop new interactions with the S-IIP thanks
to the newly-introduced fluorophenol group which would hence grant probe 150 a higher affinity
for KRAs G12C than probe 120. Similarly to probe 52, the most active enantiomer for probe 150 is

expected to the (S) atropisomer.

Figure 2.60: Docked structure of optimised probe 150 (purple), compared with AMG-510 in its
cocrystal with KRas (green, PBD code: 60IM) at two different angles.[?°!

The retrosynthetic approach to probe 150 was similar to that of probe 120 (Figure 2.61), and
consisted of a convergent route using key linchpin intermediate 164, onto which a protected
piperazine and di-ortho-substituted pyrimidine 86 would be sequentially anchored by SNAr and
Stille coupling, respectively. The main new key steps would include the introduction of the
protected phenolic coupling partner on intermediates 155a-b, and the deprotection of said
phenol in the later stages of the forward synthesis. The synthesis of intermediates 156a—b is

reported in the literature using commercially available acyl chlorides 154a-b.[?7?]
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Figure 2.61: Retrosynthetic approach of racemic probe 150.
11.3.4.2 The synthesis of a new linchpin intermediate

11.3.4.2a Synthesis of 6-haloisoquinolinones 156a—b
In 2011, the Fagnou?”3! and Glorius!?’4 groups reported the synthesis of isoquinolin-2-one and
dihydroisoquinolin-2-one derivatives via rhodium(lll)-catalysed C-H activation/annulation
sequences utilising an oxidising directing group (Figure 2.62A & Figure 2.62B). In 2014, Webb and
Marsden at the University of Leeds, in collaboration with Raw at AstraZeneca, took inspiration
from these transformations to use vinyl esters as acetylene equivalents in a rhodium(lll)-catalysed
directed C—H activation/annulation sequence to synthesise multiple N-heterocycles, including 16

isoquinolinones (Figure 2.62C).12721
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o [CP*RhClyl, (0.5 mol%) 0

R®  CsOAc (2.0 eq.
O N N = (2.0 eq.) R A ’NH
RiC _ H R? MeOH Z (\Rs
rt., 16 h

R2

13 examples
49-95% yield

[CP*RhCl,], (2.5 mol%)

Q CsOAc (30 mol%.)
N PivOH (20 mol A,:
H + AR EtOH /\RZ
80°C,16 h

9 examples
43-88% yield

o) [CP*RhCl,], (1.0 mol%)

o CsOAc (30 mol%
S P
T ) H o MeOH
45°C, 16 h Z

acetylene

substitute 16 examples

48-99% yield
+ additional examples with
hetero-fused cycles and other alkenes

Figure 2.62: Literature reports of rhodium(lll)-catalysed C—H activation/annulation sequences using
an oxidising activating group: (A) As reported by Fagnou et al.l?’3! (B) As reported by Glorius et
al.?741 (C) As reported by Raw et al.[?7?

We decided to replicate Webb and co-workers’ synthesis of 6-haloisoquinolinones 156a-b, so
that we could use them in cross cross-coupling reactions to generate compound 160 (Section
11.3.4.1, Figure 2.61). The first step of this synthesis involved synthesising
O-(pivaloyl)hydroxylammonium chloride 153 from tert-butylhydroxycarbamate 151 (Figure
2.63).[273.275] Hydroxycarbamate 151 was refluxed in chloroform at room temperature in the
presence of pivalic anhydride and the resulting tert-butyl (pivaloyloxy)carbamate 152 was stirred
at room temperature for several days in a 2 M hydrogen chloride in anhydrous diethyl ether
solution to afford O-(pivaloyl)hydroxylammonium chloride 153 in yields ranging from 7 to 45%

(22% average).
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Figure 2.63: The Synthesis of O-(pivaloyl)hydroxylammonium 153.1272274275]

Commercially available acyl chlorides 154a and 154b were then each suspended with 153 and
triethylamine in tetrahydrofuran and stirred at 0 °C to yield N-(pivaloyl)benzamides 155a and 155b
respectively, in moderate vyields (58-69% for 155a and 57% for 155b) (Figure 2.64).1272
Compounds 155a and 155b were each suspended in methanol with vinyl acetate and stirred at 45
°C in the presence of catalytic amounts of pentamethylcyclopentadienylrhodium(lll) chloride
dimer ([Cp*RhCl;]2) and caesium acetate to yield 6-haloisoquinolines 156a and 156b respectively,

in moderate yields (52—-66% for 156a (lit. yield 83%) and 67% for 156b (lit. yield 70%)).

\/
o (1.5eq.) o
| 153 (1.1 eq.) \’(l< [Cp* RhCI2]2(1 mol%) NH
c _ NEt;(20eq) _CsOAc (30 mol%)
4
X T we T Weon X
0°C,2-6h 45°C, 16 h
154x 155x 156x
x=a..b x=a..b x=a..b
X =1, Br X = 1 (155a) X =1 (156a)
58-69% yield 52-66% yield
X = Br (155b) X = Br (156b)
57% yield 67% yield

Figure 2.64: The synthesis of 6-haloisoquinolinones 156a—b./?7?]

The Suzuki-Miyaura cross-coupling has been reported as the method of choice to tether the
phenol ring onto prospective KRas G12C inhibitors. When introduced at later stages of the
synthesis, the phenolic acids can be used, as illustrated in Section 11.2.2 with the synthesis of
sotorasib analogues by Lanman et al. (Figure 2.65A).12>82 However, it is recommended to use the

anisole-derived boronic acids when the group is introduced at earlier stages of the synthesis, an
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anisole moiety being less reactive than its phenolic counterpart, as illustrated by Liu et al. (Figure

2.65B).1276]

OMe

OH : (HO),B

(HO),B :
: F

; :

cl
Pd,dba; (6 mol%)

aF O : 158 (1.5 eq.)
cl :
BocN/\ 62 (3.0 eq.) ° [o)
N O

Pd(dppf)Cl, (10 mol%) BOCN/\ : XantPhos (12 mol%) cl
KOAc (5.0 eq.) N OH : c DAY Cs,C0; (3.0 eq.) Y j i\“
HN\n/N L., 14-dioxane HN__N : PPN 1,4-dioxane N SN0
T [N 80°C, 40 min e SN : CI” "N" "N" 70 110 °C,16 h H
N/) 0 . J 5 OMe
61 63 : 157 159
yield unreported 68% yield

Figure 2.65: Suzuki-Miyaura cross-coupling conditions to introduce the phenol/anisole moiety:
(A) As described my Lanman et al.[°!(B) As described by Liu et al.[?7¢]

We decided to apply the conditions described by both Lanman et al. and Liu et al. to our system,
using 6-haloisoquinolinones 156a-b and (2-fluoro-6-methoxyphenyl)boronic acid 158 (Figure
2.66A). When 156a—b and 158 were stirred in 1,4-dioxane at 80 °C with potassium acetate and
catalytic amounts of Pd(dppf)Cly, the desired cross-coupling product 160 was not observed.?*!
Similarly, compound 160 was not observed either when 156a-b and 158 were stirred in
1,4-dioxane at 110 °C with caesium carbonate, and catalytic amounts of Pd,dbas and

4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene (XantPhos) (Figure 2.66B).127°]

A B
(HO),B.__ : (HO),B_
158 (3.0 eq.) o : 158 (1.5 eqo.)
o Pd(dppf)Cl, (10 mol%) : o Pd;dbas (6 mol /? o}
NH KOACc (5.0 eq.) NH : XagtP::]gs :;ZOmoI)/u) NH
_— ' S .U eq.
1,4-dioxane Z : NH Bhuda e ) P
X Z 80°C, 16 h : _ 1,4-dioxane
: X 110°C,16 h
156x 160 H
= H 156x 160
LB Not observed H x=1, Br Not observed

Figure 2.66: Suzuki-Miyaura cross-coupling attempts to introduce the phenol/anisole moiety on
compounds 156a-b: (A) Using Lanman and co-workers’ methodology.[?*! (B) Using Liu and
colleagues’ methodology.?7¢1

138



Given our previous experience with the application of cross-coupling chemistry to our substrates
(Sections 11.3.2.3 and 11.3.2.4), we decided to turn to the Stille reaction for this transformation
(Figure 2.67). Tributyltinstannane 162 was obtained in 91% yield by performing a lithium-boron
exchange reaction on 2-bromo-3-fluoroanisole 161 using n-butyllithium in anhydrous
tetrahydrofuran, followed by electrophilic trapping using tributyltin chloride.l?8] The
newly-generated organometallic was suspended in  N,N-dimethylformamide  with
6-iodoisoquinolinone 156a and caesium fluoride, and heated to 80 °C in the presence of catalytic
amounts of Pd(PPhs)s and copper iodide, to yield compound 160 in moderate yields (59-66%).12>1]
This reaction demonstrated poor scalability potential but was considered satisfactory enough to
be used as our go-to method for the coupling of haloisoquinolinones 156a—b and anisole-derived

nucleophilic coupling partners.

1) n-BuLi (1.1 eq.)
THF

Bry -78°C,1h

2) SnBu;Cl (1.1 eq.)
THE
161 -78°Ctort, 16 h
Bu;Sn
A (91% yield)

162 (2.0 eq.)
Pd(PPhy), (20 mol%) o

o Cul (40 mol%) NH
NH CsF (2.0 eq.) P
_ DMF
! 80 °C, 66 h

156a 160
59-66% yield

Figure 2.67: Applying the Stille coupling reaction to isoquinolinone 156a and organostannane 162.

Once obtained, methoxybenzylisoquinolinone 160 was easily turned into linchpin intermediate
164 by sequential halogenation reactions (Figure 2.68). Isoquinolinone 160 was stirred with
N-iodosuccinimide in N,N-dimethylformamide at 80 °C to yield iodoisoquinolinone 163 in high
yields (81-91%),2321 which was in turn chlorinated using neat phosphorus(V) oxychloride at 90 °C,
to yield chloroisoquinoline 164 in high yields (86-93%).(234 It is worth noting that both compound
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163 and compound 164 were obtained as solids that would readily sublime when heated to 40 °C
under reduced pressure (rotary evaporation). Chloroisoquinoline 164 would also slowly
de-iodinate when heated in acidic medium.
o [o]
/@i‘}m NIS (1.1 eq.) NH  pocl, (0.3 M) SN
Z DMF 7 90°C, 16 h 7
80°C,2h

160 163 164
81-91% yield 86-93% yield

Figure 2.68: Completing the synthesis of linchpin intermediate 164.

1.3.4.3 Anisole demethylation and completing the synthesis of 150

Apart from the cross-coupling of protected phenol 162 onto haloisoquinoline 156a (Section
11.3.4.2b, Figure 2.67), another key step of this synthetic strategy was the demethylation of said
phenol. When introduced as an anisole moiety in patented KRas G12C inhibitors, the phenol group
was obtained by demethylation using boron tribromide at low temperatures as the final step of
the synthesis, following the N-acylation of the deprotected piperazine.[822761 However in our case,
considering a demethylation reaction anytime past the final Stille cross-coupling, poses a
regioselectivity problem, as two methoxy groups are present in Stille coupling product ii (Figure
2.69, route ). The demethylation of aryl methylethers usually involves harsh conditions, such as
the Zeisel-Prey ether cleavage using molten pyridine hydrochloride at temperatures ranging from
180 to 220 °C, or refluxing in hydrogen bromide (or hydrogen iodide) in acetic acid, or using boron
tribromide at various temperatures.?77-28% Such conditions might be detrimental to the protecting
group used on the piperazine, especially the ones we have been using so far (namely Boc and
Cbz).[281-283] Thys, considering a demethylation reaction anytime past the SNAr of a protected

piperazine onto our substrate might pose chemoselectivity issues (Figure 2.69, route Il). Finally, if
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demethylating prior to any of the aforementioned transformations might appear as the most
optimal option in terms of regioselectivity and chemoselectivity, a free phenol v might negatively
impact the following transformations due to its reactivity, or the handling issues it induces
(stickiness to solvent etc.) (Figure 2.69, route 111).[27¢]

Lo Lo
LN~ ) C
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N N-acylation Demethylation N
—_—
@ P r

(7]
z
=
/
4

@ Oy
Demethylation A —_— =
—_—
I
v

Figure 2.69: Strategic approaches to determine the optimal placement of the anisole
demethylation reaction in the synthesis of probe 150.

Considering the observation we made on the volatility of compounds 163 and 164 (Section
11.3.4.2c), we established boron tribromide as our demethylating agent of choice, as it was shown
to be active at lower temperatures (between —-78 °C and room temperature in most

instances).[276,284,285]

Based on the considerations made in the previous paragraph (Section 11.3.4.3a), we decided to
firstly investigate whether the execution of the demethylation in earlier stages of the synthesis
would prove viable (Figure 2.70). We dissolved methoxybenzylisoquinoline 164 in
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dichloromethane at 0 °C in the presence of boron tribromide and allowed the reaction mixture to
warm up to room temperature for a few hours.?’® Although the resulting phenol 165 was
obtained in high yield (83%), it did not show any reactivity during the SNAr reaction with

1-Boc-piperazine and potassium carbonate in N,N-dimethylformamide at 90 °C.[24Z]

Boc

[ ] (1.5 eq.) Boc
cl cl [
SN BBr; (2.0 eq.) SN K2C03 (3.0 eq.)

_— =
7 CH,Cl, Z T o
i 0°Ctort,3h i 90°C, 48 h

164 165 168a
83% yield Not observed

Figure 2.70: Attempting to demethylate the anisole moiety at an early stage of the synthesis.

This previous strategic approach proving unsuccessful, we decided to explore the demethylation
of the anisole once the piperazine moiety had been introduced in the molecule (Figure 2.71). In a
preliminary study, we decided to use Boc-protected piperazine 166a, even if the acidic medium of
such a transformation would most likely result in the deprotection of the piperazine ring.
Chloroisoquinoline 164 was stirred with 1-Boc-piperazine at 90 °C in N,N-dimethylformamide with
potassium carbonate to yield compound 166a in moderate yields (64-79%).1242 We took
compound 166a in dichloromethane at 0 °C in the presence of boron tribromide and allowed the
reaction to warm up to room temperature for a few hours and stir until full disappearance of the
starting material.l?’®l Monitoring was carried out by NMR spectroscopy, with the total
disappearance of signal corresponding to the methoxy group as an indicator of reaction
completion. Both NMR spectroscopy and positive electrospray ionisation (ESI*) mass spectrometry
indicated the exclusive presence of compound 167, showing deprotection of both the phenol and
piperazine moieties. To avoid the poisoning of the palladium catalyst in the subsequent Stille
cross-coupling reaction,!24#2431 we decided to reintroduce the Boc protecting group by stirring

intermediate 167 in tetrahydrofuran at 40 °C in the presence of di-tert-butyl dicarbonate.[220]
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Product 168a was identified by ESI* mass spectrometry and NMR spectroscopy, but we were
unable to determine an accurate isolated yield for it, as it would exist in complex mixtures with

solvents, even after purification and desiccation.

Boc

N

[ j (1.5eq.) Boc
N N
H

SN K,CO; (3.0 eq.) N BBr; (2.0 eq.)
A A il N
7 DMF SN CH,Cl,
90°C, 48 h

Z 0°Ctort,16h

164 166a 167 168a
69-74% yield Confirmed ESI* Confirmed ESI*
Not isolated

Figure 2.71: Demethylation and subsequent re-protection of compound 166a.

We took the crude mixture of product 168a and decided to subject it to our Stille cross-coupling
conditions with pyrimidine 86 (Figure 2.72). After prolonged drying and subsequent degassing of
compound 168a in N,N-dimethylformamide to eliminate as much as the solvent impurities,
stannylpyrimidine 86 was added to the solution, which was heated to 80 °C and stirred in the
presence of caesium fluoride, and catalytic amounts of Pd(PPhs)s and copper iodide.l?>! These
conditions allowed us to elucidate that the reprotection of intermediate 167a with Boc anhydride
described earlier (Figure 2.71) had not reached completion. Indeed, cross-coupling product 169a
was obtained in a mixture with an unknown compound (81% NMR and HPLC purity), which, after
semi-prep HPLC purification was identified as deprotected piperazine 170 via NMR spectroscopy

(21% vyield in 169a, 5% yield in 170).
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Not isolated

Figure 2.72: Application of the Stille coupling to 168a.

We therefore decided to revise our Boc-protection conditions (Figure 2.72). After the concerted
demethylation-deprotection of compound 166a by boron tribromide in dichloromethane, we took
intermediate 167 with di-tert-butyl dicarbonate and triethylamine in N,N-dimethylformamide and
stirred at room temperature to yield 168a as an isolable oil (44% yield).?”) Subjecting this mixture
to the conditions described above allowed us to obtain 169a in 92% purity (59% yield). The
remaining 8% were identified as deprotected piperazine 170 (7% yield). The yield in 169a over 3
steps using this reprotection method was of 26%, which was only slightly higher than that

obtained previously (21% over 3 steps).

?n(Bu)g
1) BBr; (2.0 eq.)
CH,Cl, Boc H
0°Ctort, 16 h N N
Boc  2) Boc,O (2.0 eq.) ﬁ°° 86 (2.0 eq.) [ [ j
N NEt; (1.1 eq.) [ j Pd(PPh;), (20 mol%) N N
[ DMF N Cul (40 mol%) SN SN
N rt,4h CsF (2.0 eq.)
Z ”Z
SN SN DMF
°C,16 h
_ — 80 °C, 16
[
1
166a 168a 169a 170
44% yield 59% yield 7% yield
(1 step) (1 step)
26% yield 3% yield
(3 steps) (3 steps)

Figure 2.73: Application of the Stille coupling to 168a, obtained using optimised Boc-reprotection
conditions.
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We decided to use the mixtures of 169a and 170 in the final deprotection-N-acylation sequence
to generate our target compound 150. In a first instance, we deprotected the remaining 169a by
stirring it in a hydrogen chloride solution in methanol (1.5 M) at room temperature (Figure
2.74).2%31 The resulting deprotected compound 170 could then be suspsended in dichloromethane
and triethylamine with acryloyl chloride and stirred at room temperature. However, these
conditions only afforded O-acylation product 171 (27% vyield) and double acylation product 172

(25% vyield).

1) MeOH, HCI
rt,25h

Boc o lfo H lfo
2
y )Cl)j\% N " N
[ (1.2eq.) [ j
N NEt;/DCM [Nj \j\ N N [Nj
Ny 0°Ctort,15h L o SN j\ L
> N _ o N
= ¥
169a 150 171 172
81% purity Not observed 27% yield 25% yield
In a mixture with 170 (2 steps) (2 steps)

Figure 2.74: Final deprotection-N-acylation sequence for the synthesis of 150, using triethylamine.

When omitting triethylamine (Figure 2.74), we exclusively obtained the desired N-acylation
product 150 in moderate yield (67%), and only trace amounts of the double acylation product
were observed by mass spectrometry (ESI*, low resolution). We were unable to explain this effect

and further experimentation would be required to confirm its repeatability.
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Figure 2.75: Final deprotection-N-acylation sequence for the synthesis of 150, without
triethylamine.

1.3.4.4 Refining the route

Despite its appealing versatility and easiness to introduce and remove, the Boc protecting group
proved inefficient in our synthesis due to its lability to the acidic conditions of the
boron-tribromide-mediated demethylation step (see Section 11.3.4.3b). Though not widespread,
the trifluoroacetyl protecting group has been reported as an orthogonal protecting group to Boc
and Cbz, as it is easily deprotected in mild basic conditions but resistant to acidic conditions (as
long as temperatures remain below 100 °C).[283.28] Replacing the Boc group with a trifluoroacetyl
group should therefore allow us to optimise our route without drastically altering it, as simple

basic aqueous conditions should allow to deprotect it prior to N-acylation.

We dissolved chloroisoquinoline 164 in N,N-dimethylformamide at 90 °C in the presence of
N,N-diisopropylethyl amine and 1-triluoroacteylpiperazine (Figure 2.76).12*21 Desired SNAr product
166b was obtained in a rather low yield (24%) with an extra 24% of by-product 173, resulting from
the thermal decomposition of N,N-dimethylformamide and addition of the resulting

dimethylamine onto 164.
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Figure 2.76: The SNAr of trifluoroacetylpiperazine on 164, using N,N-dimethylformamide as a
solvent.

To prevent this secondary transformation from taking place, we repeated the reaction in
dimethylsulfoxide, ceteris paribus (Figure 2.77).°%1 This allowed us to obtain trifluoroacetyl

protected 166b in moderate yield (54%).

OYCFa
N
0. _CF
[ j (1.5eq.) Y 3
Cl H [Nj SN
SN DIPEA (3.0 eq.) N SN
—_—
Z DMSO SN =
i 100 °C, 48 h i
»Z
I
164 166b 173
54% yield Not observed

Figure 2.77: The SNAr of trifluoroacetylpiperazine on 164, using dimethylsulfoxide as a solvent.

With trifluoroacetylpiperazine 166b in our hands, we decided to investigate its performance as a
substrate in the remainder of the synthesis (Figure 2.78). We proceeded with the demethylation
of the anisole moiety of 166b using boron tribromide in dichloromethane at room
temperature.?’®! The demethylation reaction proved much faster than with Boc-piperazine 166a
and vyielded intermediate 168b. Intermediate 168b was also much easier to handle than its
Boc-protected counterpart 168a, and was obatined as a solid, but was not purified. Crude phenol
168b was coupled with tributylstannylpyrimidine 86 at 80 °C in N,N-dimethylformamide in the

presence of cesium fluoride, and catalytic amounts of Pd(PPhs)s and copper iodide to yield
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biarylpyrimidine 169b in moderate yield (33%). The subsequent removal of the trifluoroacetyl
protecting group was achieved by stirring 169b with potassium carbonate in a 4:1 mixture of
methanol and water at 50 °C overnight.[?®®) The resulting crude mixture was immediately
suspended in dichloromethane in the presence of acryloyl chloride and stirred at room

temperature to yield our target probe 150 in high yield (86% yield over 2 steps).

1) K,CO; (2.0 eq.)

?“(B”)a MeOH/H,0 4:1
50°C,16 h |
— 2) o
B OYCH o
O CF Oy_CF
Y 3 Y 3 86 (2.0 eq.) N Cl)v N
N 1) BBr; (2.0 eq.) N Pd(PPhj3)4 (20 mol%) [ j (1.2 eq.) [ j
[ ] CH,Cl, [ j Cul (40 mol%) N DCM N
N 0°Ctort.,4h N CsF (2.0 eq.) 0°Ctort,2h SN
—_— F— N i ——
X N DMF P
/@i;\l N 80°C,16 h %
= =
I 1
166b 168b 169b 150
quant. 33% yield 86% yield

(2 steps)

Figure 2.78: Completing the synthesis of probe 150 using a trifluoroacetyl protecting group.

Using the Boc-protecting group, the 6-step sequence allowing to transform linchpin intermediate
164 into probe 150 had a maximum yield of 13% (Figure 2.79). The use of a trifluoroacetyl group
allowed to reduce the total number of steps to 5, with an overall yield of 15%. Even though the
overall yield increase was not as important as expected, the trifluoroacetyl-protected compounds

were easier to handle than their Boc-protected counterparts.
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Figure 2.79: Summary of the synthesis of probe 150 from linchpin intermediate 164.

11.3.4.5 Thermodynamics and preliminary biochemical and
physiochemical studies

11.3.4.5a Atropisomerism and enantiomeric stability
When ran through various analytic chiral HPLC columns, Stille coupling precursors 168a-b did
not show any separation, confirming the hypothesis that the phenol-isoquinoline bond was not a
source of axial chirality. However, compounds 169a-b and probe 150 were identified as a racemic
mixture of two enantiomers via chiral analytical HPLC. As expected, only the
pyrimidine—isoquinoline bond was identified to be atropisomeric in these compounds, as is the

case with sotorasib (Figure 2.80).[2°]
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Figure 2.80: Axial chirality was only observed at the pyrimidine—isoquinoline bond in compounds
169a-b and 150. Red curly arrows represent free bond rotation, and blue curly arrows represent
hindered bond rotation (axial chirality).

A chiral semi-preparative HPLC purification allowed to isolate the two atropisomers of probe
150. A single enantiomer sample of 150 was dissolved in meta-xylene and allowed to stir at 80 °C

for 6 hours. Regular aliquot sampling allowed us to observe a decrease of the enantiomeric ratio,

from 100:0 to 74:26 (Figure 2.81). Plotting lnl—f(t) allowed us to calculate

ee -
krqc =3.97 x 107 s, corresponding to t;/; =4.9 hours at 80 °C and a rotational barrier (AG;}IS3 ) of
28.4 kcal/mol. This rotational barrier was identical to that of compound 119, and is not high
enough to consider 150 as a class 3 atropisomer. However, the same study would have to be

carried out at 37 °C to completely rule compound 150 out of being suitable for pharmaceutical

use.
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Figure 2.81: Experiment to determine the half-life of racemisation of compound 150.

With the help of Neville MclLean, compounds 171, 172 and probe 150 were submitted to
AstraZeneca for preliminary biochemical and physiochemical analysis. Probe 150 was submitted
both as a racemic and as two separate enantiomers. Mean DMSO solubility, plasma protein
binding, logD, clearance and KRas G12C in vitro ICso were determined using Kettle and co-workers’
methods.[2%¥ The results from these preliminary studies were compiled in Table 2.10 (ent. 1 refers
to the 150 enantiomer that eluted the fastest on HPLC, and ent. 2 was therefore the slowest

eluting 150 enantiomer on HPLC).

Compounds 171 and 172 were submitted principally as “negative controls” and thus, only their in
vitro activity against KRas G12C was assessed. After in vitro biochemical activity assessment, there
was not enough racemic 150 left for the measurement of its mean solubility, protein binding,
clearance and logD, therefore, only the separate enantiomers underwent physiochemical

assessment.
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DMSO (mM) 9 (% H 9
171 (rac) N/A N/A >100 N/A N/A
172 (rac) N/A N/A >100 N/A N/A
150 (rac) N/A N/A 3.2 N/A N/A
>3.7
150 (ent. 1) 0.073 0.49 33.5 126 (4.4 calculated)
>3.7
150 (ent. 2) 0.083 0.37 3.6 169 (4.4 calculated)
Sotorasib 178 1 0.027 17 411+

(literature)

Table 2.10: Preliminary biochemical and physiochemical analysis results.
*logP in this case.

Unsurprisingly, compounds 171 and 172 did not lead to any in vitro activity on KRas G12C (ICso >
100 uM) (Table 2.10). However, we were pleased to observe low micromolar range activity of
racemic 150 on KRas G12C (ICsp = 3.2 uM, repeated twice). The separate 150 enantiomers, ent. 1
and ent. 2, were both less active than racemate 150, showcasing respective ICsps of 33.5 uM
(repeated once), and 3.6 uM (repeated twice). It is commonly accepted that biologically active
chiral compounds developed as single enantiomers will show different activities than their racemic
counterpart.l?®® One enantiomer should be more active than the racemate (eutomer), and the
other less active than the racemate (dystomer), thus, having both ent. 1 and ent. 2 display inferior
activities to racemic 150 was unexpected. However, this result is most likely due to the error of
the assay, considered to be two-fold: the activities obtained for ent. 2 and racemic 150 being very
close, it can be assumed that an increased amount of readings would indicate that ent. 2 is more
active than the racemate (the researchers at AstraZeneca usually repeat the biochemical assay 6

times). These activities, though much lower than that of sotorasib (ICsp = 0.027 uM), showed that
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the optimisation of 120 (see Figure 2.82 below) into 150 successfully yielded a functioning KRas

G12C inhibitor.

Although in vitro biochemical assays yielded heartening results, preliminary physiochemical
studies suggested 150 would need further optimisation (Table 2.10). Indeed, both enantiomers
were way less soluble than sotorasib in DMSO (0.073 mM for ent. 1 and 0.083 mM for ent. 2 vs.
178 mM for sotorasib).[26>2%6] Sotorasib was reported to be 89% bound to plasma protein, leaving
11% free for pharmacologic effect,?%¢IL but in the case of 150, only 0.49% of ent. 1 and 0.37% of
ent. 2 were found to be free for pharmacologic effect. Moreover, clearance by human liver
microsomes was one order of magnitude higher for both enantiomers of 150 than that of
sotorasib (126 pL/min/mg for ent. 1 and 169 uL/min/mg for ent. 2 vs. 17 pL/min/mg for
sotorasib).[2%¢] Both enantiomers of 150 were determined to have logD > 3.7 (calculated logD =

4.4), which indicated 150 and sotorasib (logP = 4.11) are of similar lipophilicity.
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lll. Conclusion and future work

111.1.1 Conclusion

We started this project aiming at synthesising a KRas G12C inhibitor displaying an axially chiral
biaryl pyrimidine moiety, probe 52. Due to steric hindrance issues, we were only able to synthesise

probe 120, and optimised it into probe 150 (Figure 2.82).

oy o) oy
() ) ()

SN SN SN
ZNCF, > >

52

Not synthesised 120 . 150
rac. Longest linear sequence
Longest linear sequence 10 steps
8 steps Highest overall yield
Highest overall yield 4% yield
41% yield KRas ICso

KRas IC5q > 100 uM (rac.) 3.2 uM
(ent. 1) 33.5 uM
(ent. 2) 3.6 uM

Figure 2.82: Summary of the synthesis of probe 150.

We synthesised probe 120 using a convergent synthetic route, with a longest linear sequence of
8 steps and overall maximum vyield of 41% (Figure 2.83). The synthetic strategy was centred
around a “linchpin” intermediate (116a) which could be derivatised orthogonally at two different
sites depending on the methodology used. The chloro site, ortho to the nitrogen atom in the
isoquinoline ring was more reactive in nucleophilic aromatic substitution reactions whereas the
iodo site, meta to the nitrogen in the isoquinoline ring was more reactive in cross-coupling
transformations such as the Stille reaction. Preliminary in vitro biochemical assays were
disappointing in terms of activity (ICso > 100 uM) and solubility. However, 120 showed comparable

lipophilicity, and mean plasma protein binding to sotorasib.
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Figure 2.83: Summary of the synthesis of probe 120.

In an effort to increase KRas G12C activity, we synthesised an optimised probe (150) using a
convergent synthetic route that differed only slightly from that used to synthesise probe 120. The
longest linear sequence of this synthesis was of 10 steps and the maximum overall yield was of 4%
(Figure 2.84). Nitrogen protecting group optimisation played an important role in this synthesis
and we assume optimising the way the trifluoroacetyl protecting group is introduced in the
molecule might help increase the overall yield. Racemic 150 was active in vitro against KRas G12C
in low micromolar range (ICso = 3.2 uM). After separation by preparative chiral HPLC, both the
atropisomer with the shortest retention time (ent. 1), and that with the longest retention time
(ent. 2) were found to be less active than the racemate (ICso = 33.5 UM and 3.6 uM respectively).

Both 150 enantiomers showed comparable lipophilicity to sotorasib, but disappointing clearance,

mean plasma protein binding and DMSO solubility.
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Figure 2.84: Summary of the synthesis of probe 150.

111.1.2 Future Work

Both probes 120 and 150 were identified to be atropisomeric due to hindered rotation around
their isoquinoline—pyrimidine axes. Their identical barriers to rotation (28.4 kcal/mol) make them
high-class 2 atropisomers. Such enantiomeric stability might be considered too low for
pharmaceutical use. However, weekslong studies of the barrier at 37 °C would be needed to rule

them out completely based on this criteria.

In order to maximise its potency on KRas G12C, its stereochemical integrity, and its
physiochemical properties, compound 150 will require optimisation. The convergent synthetic
approach allows for easy SAR studies by introducing variability on the various fragments that are

linked together in the course of the synthesis (Figure 2.85). The isoquinoline ring could be
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synthesised as a more complex moiety, introducing groups prior to any other transformation, or in
more late-stage functionalisation transformations. The piperazine ring could be substituted with
small chiral functional groups that have proven useful in the optimisation processes of sotorasib
and agradasib.[?>219 The phenol ring could be further substituted prior to coupling or altogether
replaced by a naphthol or indazole (bioisostere) group. Failures to increase bulk on the
isoquinoline moiety for a maximisation of stereochemical integrity could be compensated by
increasing the bulk of the pyrimidine moiety.?*¢1 Additionally, further substitution of the
pyrimidine moiety with functional groups such as a free amine could increase weak interactions
with the H95 cryptic pocket. Finally, the development of agradasib elucidated that substituted
acrylamides could stabilise the covalent inhibitors they were incorporated in and might be worth

trying in SAR studies around compound 150.1211]

Figure 2.85: Potential directions for SAR studies around probe 150.
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On the topic of late stage functionalisation of the isoquinoline ring with hopes of increasing
stereochemical integrity (i.e. increasing steric bulk around the chiral axis), we initiated attempts to
re-introduce the trifluoromethyl group onto probe 120 (and thus make probe 52) by exploiting a
recent methodology developed my McNally and colleagues.[?®¥ Indeed, in 2021, the McNally
group, in collaboration with the Paton group, reported the use of phosphorus-mediated sp?—sp?

couplings for the selective fluoroalkylation of N-heterocycles (Figure 2.86).

1) 181 (1.1 eq)
Tf,0 (1.0 eq.) memmeemeemeenoesosoeoeiooes R
-78°Ct0-50°C,1h : :
DBU (1.0 eq.) H |

T CH,Cl, <|3F3 ; P
-78 °C to r.t, 30 min H N
a0 —_— g .
R 2) TfOH (1.5 eq.) R H C{

H,0 (10 eq.) H 181

MeOH 42 examples
0°Ctort,16h 16-93% vyield

| A | X HN N
cI” N7 cE, cI” N cE, o (\NMe Me” 7 CcF,
N
174 175 176 177
86% yield 90% yield 42% yield 80% yield

Figure 2.86: McNally and co-workers’ phosphorus mediated sp?—sp? couplings for the selective
fluoroalkylation of N-heterocycles.[??1]

We decided to synthesise McNally and co-workers’ phosphorus-based trifluoromethylation from
4-bromoaniline (Figure 2.87A) and briefly investigated the application of their reaction conditions
to our precursors 117a and 119 (Figure 2.87B). Our efforts have so far been in vain, but the idea of
exploiting C—H functionalisation for the late-stage reintroduction of steric bulk around the chiral
axis of our compounds should be further explored. Indeed, our docking studies suggested the
removal of the trifluoromethyl group on probe 52 might have been at the origin of the low

potency observed for probe 120 (see Section 11.3.4.1, Figure 2.58).
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Figure 2.87: (A) The synthesis of McNally and co-workers’ trifluoromethylating agent 181.12°1/(B)

Attempts to reintroduce a trifluoromethyl group on precursors 117a and 119 using McNally and
colleagues’ method.[?91
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IV. Experimental Part

V.1 Materials and Methods

IV.1.1 Naming and numbering

Chemical compounds have been named according to IUPAC convention or commonly used
names when appropriate. The numbering of compounds does not correspond to IUPAC

recommendations, it has been arbitrarily chosen to aid assignment of *H and *3C NMR spectra.
IV.1.2 General conditions

Reactions were carried out under ambient conditions unless specified in the procedures.
Glassware for reactions carried under inert atmosphere (N2 or Ar) was flamed-dried under vacuum
prior to use. Room temperature (r.t.) refers to temperatures comprised within a 20-25 °C range.
Temperatures of 0 °C were obtained using an ice/water bath. Temperatures between —10 and 0 °C
were achieved using an salt/ice/water bath with different salt/ice weight ratios. Temperatures of
—78 °C were obtained using a dry ice/acetone bath. Temperatures between —78 and —10 °C were
achieved using a cryostat. Reactions were heated using oil baths, sand baths or DrySyn® heating

blocks when appropriate, and a contact thermometer probe.
IV.1.3 Solvents and reagents

Anhydrous  1,4-dioxane, diethyl ether, tetrahydrofuran, N,N-dimethylformamide,
dichloromethane, acetonitrile, pyridine and triethylamine were purified using an MBraun SPS5
purification system. Anhydrous methanol was obtained by drying over activated molecular sieves

for 3 days. The molecular sieves were activated by heating at 230 °C for 16—20 h. All other solvents
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and chemicals were reagent grade, purchased from usual chemical suppliers, and were used
without further purification. Petrol 40-60 °C refers to the fractions of petroleum ether which boil
in the range 40-60 °C. Where mixtures of solvents are described, the stated ratios are
volume:volume (v/v). Copper iodide was purified according to Kauffman and co-worker’s
methodology.[?®? All other solvents and reagents were used as supplied without further
purification, unless stated in the procedure. Brine refers to a saturated aqueous solution of

sodium chloride in water.

IV.1.4 Thin-layer chromatography

Analytical thin layer chromatography was carried out using pre-coated, aluminium-backed plates
(60 F254 0.25 mm, Merck Kieselgel). Revelation was achieved using ultraviolet irradiation (254 nm)
or staining with solutions of basic potassium permanganate, vanillin or ferric chloride as
appropriate. The basic potassium permanganate solution was prepared by dissolving potassium
permanganate (2.5 g), potassium carbonate (13 g) and sodium hydroxide (0.63 g) in water (250
mL). The vanillin solution was prepared by dissolving food-grade vanillin (12 g) in absolute ethanol
(190 mL) and conc. sulfuric acid (3 mL). The ferric chloride solution was prepared by dissolving

iron(lll) chloride (4 g) in 0.5 N aqueous hydrochloric acid (200 mL).

IV.1.5 Flash column chromatography

Column chromatography was carried out manually using Merck Geduran® Silica gel (40-63 um
particle size). Appropriate amounts of Silica gel were calculated based upon thin-layer
chromatography separation and expected product mass. Pressurisation (0.2-0.4 bar) was achieved

using in-house N3 supply. The solvent systems used are stated in the procedures.
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IV.1.6 High-performance liquid chromatography

Analytical and semi-preparative HPLC was carried out using a Dionex Ultimate 3000 HPLC system,
comprising a Dionex LPG 3400A pump, WPS-3000SL autosampler, a TCC-3000SD column
compartment and a Daicel Chiralpak column (0.46 cm x 25 cm), equipped with an appropriate
guard column 124 (0.4 cm x 1 cm). The columns and solvent systems used for each separation are

stated in the procedures.

IV.1.7 Nuclear Magnetic Resonance (NMR) spectroscopy

IV.1.7.1 'H NMR spectroscopy

'H NMR spectroscopy was carried out using either a Briicker AV700 (700 MHz), NEO600 (600
MHz), AV500 (500 MHz), AV400 (400 MHz), or DPX200 (200 MHz) spectrometer using the
non-deuterated residual solvent signal as the internal reference. Chemical shifts are quoted in
ppm, based on appearance rather than interpretation. *H NMR spectra were reported as follows:
1H NMR (spectrometer frequency, solvent) & = chemical shift/ppm (multiplicity of peak, coupling
constant, integration, assignment). The assignment refers to the numbering scheme shown in the
diagrams prefacing each experimental procedure. The multiplicity of the signals was given as

follows: s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet) and br (broad signal).

IV.1.7.2 13C NMR spectroscopy

13C NMR spectroscopy was carried out using either a Briicker AV700 (176 Mz), NEO600 (151
MHz), AV500 (126 MHz) or AV400 (101 MHz) spectrometer using the non-deuterated residual
solvent signal as the internal reference. 3C NMR spectra were reported as follows: 3C NMR
(spectrometer frequency, solvent) oc = chemical shift/opm (multiplicity, coupling constant,

assignment). Multiplicities are assigned as Quat., CH, CH; or CHs3. Assignments given refer to a
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combination of the numbering schemes shown along with other generic labels. A variety of
additional spectroscopic techniques including COSY, HSQC, HMBC and nOe were used to assign the
one-dimensional spectra. Ambiguous signals could be attributed using the Paton’s group CASCADE

tool, which also helped with identifying the regioselectivity of some reactions.[103!

IV.1.7.3 F NMR spectroscopy
F NMR spectroscopy was carried out using either a Briicker, AV500 (470 MHz) or AV400 (376
MHz) spectrometer, using CFCls as an external reference (0 ppm). °F NMR spectra were reported
as follows: F NMR (spectrometer frequency, solvent) & = chemical shift/ppm (multiplicity,

coupling constant, assignment when relevant).

IV.1.7.4 3!P NMR spectroscopy

31IFPNMR spectroscopy was carried out using AV400 (162 MHz) spectrometer, using 85% H3POa in
water as an external reference (0 ppm). 3'F NMR spectra were reported as follows: 3P NMR
(spectrometer frequency, solvent) o = chemical shift/ppm (multiplicity, coupling constant,

assignment when relevant).

IV.1.8 High resolution mass spectrometry

High resolution mass spectra were obtained by Electron Spray lonisation (ESI) (LCT Premier
Reflectron TOF and Briicker MicroTOF) using tetraoctylammonium bromide or sodium dodecyl
sulfate as lock mass. Values are quoted as ratio of mass to charge in Daltons. HRMS was not

necessarily collected for literature compounds.

165



IV.1.9 Fourier-transform infrared spectroscopy

Infrared spectra were recorded using a Briicker Tensor 27 FTIR spectrometer. Spectra were
reported as follows: FTIR (solvent) A/cm™ = absorption maxima/cm™. The additional abbreviation
br = broad is used where appropriate. FTIR analysis was not necessarily carried out for literature

compounds.
IV.1.10 Melting points

Melting points were determined using a Griffin Education MELTP melting point apparatus and

are uncorrected.
IV.1.11 Specific optical rotations ([«]3’)

Specific optical rotations were recorded on a Schmidt-Haensch Unipol L2000 polarimeter at 25°C,

using the sodium D line wavelength of 529 nm. They were calculated using the following formula:

100 X «a
l Xc

[a]?® =
Where a is the average value of the measured rotation in degrees (out of ten readings), / is the

length of the cell in decimetres (typically, 1.00 dm) and c is the concentration of the sample, in

g/100 mL.
IV.1.12 X-Ray crystallography

Single crystal X-ray diffraction was carried out by Owen A. Smith using a (Rigaku) Oxford
Diffraction/Agilent Supernovae A diffractometer (Cu-K, radiation, A = 1.54180 A) equipped with a
graphite monochromator within the Department of Chemistry, University of Oxford. Samples were

mounted in perfluoropoly-ethyl ether oil and cooled to 150 K during the data collection by a N»
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Crysostream open-flow cooling device.l??3l The raw frame data was integrated and reduced using
CrysalisPro. CRYSTALS[?%42%] was used to obtain an ab initio solution using SuperFlip?°®! embedded
within CRYSTALS and for structure refinement. The images of the structure solutions were created
using Pymol and represent thermal displacement ellipsoid plots of the best fit model drawn at 50%
probability. For enantiopure crystals, the flack x parameter!?®’2%8] was refined and Bayesian
analysis of the Bijvoet pairs was use to give the Hooft y parameter.?*®! Analysis of the Flack x and

Hooft y parameters was used to determine the absolute structure of the crystal.

IV.1.13 Protein docking

Compounds were docked into protein crystal structures using Maestro 12.5 from the Schrédinger
suite (2020-3 release). Protein crystal structures were obtained from the Protein Data Bank.!3%!
Covalent docking was carried out using the CovDock feature in Maestro, following a preliminary
Glide docking. Protein, ligand and grid preparation for the Glide docking were carried out
following Schrodinger’s “A Chemist’s Guide to Maestro” tutorial.[3°Y Distance restraints were used

to constrain the binding mode to be consistent with the binding mode of closely related ligands.

IV.1.14 Biochemical and physiochemical assays

The biochemical and physiochemical properties of KRas G12C probe compounds were carried out

by scientists at AstraZeneca, Sweden. They followed the protocols developed by Kettle et al.[264
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IV.2  Experimental procedures and data

IV.2.1 Part I: Atropisomers in Fragment-Based Drug Discovery

IV.2.1.1 General procedures

General procedure A
7

For the Sonogashira reaction of 20 with terminal alkynes using Matulenko and co-workers

conditions.8%

Chloropyrimidine 20 (40 mg, 0.10 mmol, 1.0 eq.), bis(triphenylphosphine)palladium(ll) dichloride
(2 mg, 0.003 mmol, 3 mol%), copper (I) iodide (1 mg, 0.006 mmol, 6 mol%) and, if a solid, the
appropriate alkyne (0.11 mmol, 1.1 eq.) were added into a flame-dried Schlenk tube. The vessel
was purged with argon three times and the solids were dissolved in argon-sparged anhydrous
acetonitrile and triethylamine (0.5 mL, 1:1 v/v, 0.2 M) under argon atmosphere. If a liquid, the
appropriate alkyne (0.11 mmol, 1.1 eq.*) was added. The reaction mixture was heated to 60 °C and
stirred under argon until full consumption of the starting material was observed (TLC and/or
quantitative 1°F NMR monitoring) (4—66 h). The resulting mixture was concentrated in vacuo and

the crude product was purified by column chromatography.

General procedure B

For the Sonogashira reaction of 20 with terminal alkynes using England’s conditions.®°!

Chloropyrimidine 20 (25 mg, 0.062" mmol, 1.0 eq.), copper (l) iodide (1.4 mg, 0.008 mmol, 12

mol%), triphenylphosphine (3.3 mg, 0.013 mmol, 20 mol%), tetrakis(triphenylphosphine)palladium

* Unless stated otherwise
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(4.4 mg, 0.004 mmol, 6 mol%), and, if a solid, the appropriate alkyne (0.125 mmol, 2.0 eq.) were
added into a previously flame-dried Schlenk tube. The vessel was purged with argon five times and
the solids were dissolved in argon-sparged anhydrous N,N-dimethylformamide and triethylamine
(0.3 mL, 1:2 v/v, 0.2 M). If a liquid, the appropriate alkyne (0.125 mmol, 2.0 eq.) was added and
the reaction mixture was heated to 50 °C and stirred for 16 h* under argon atmosphere. The
resulting mixture was concentrated in vacuo and the crude product was purified by column

chromatography.

General procedure C

For the Suzuki reaction of 20 with boronic acids using Armstrong’s conditions.”%

A flame-dried Schlenk tube was charged with chloropyrimidine 20 (30 mg, 0.075 mmol, 1.0 eq.),
the appropriate boronic acid (0.12 mmol, 1.6 eq.), potassium carbonate (21 mg, 0.15 mmol, 2.0
eg.) and tetrakis(triphenylphosphine)palladium(0) (9 mg, 0.008 mmol, 10 mol%). The vessel was
purged with argon three times and argon-sparged anhydrous toluene (0.5 mL) was added. The
resulting mixture was stirred at 75 °C overnight under argon atmosphere. The reaction mixture
was diluted with dichloromethane (3 mL) and quenched with aqueous saturated ammonium
chloride (3 mL). The phases were separated and the aqueous layer was extracted with
dichloromethane (2 x 5 mL). The combined organic layers were dried with anhydrous magnesium
sulfate, filtered and concentrated in vacuo. The resulting crude mixture was purified by column

chromatography.
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General procedure D

For the SNAr reaction of lithium amides and sulfonylpyrimidine 25.17)

In a flame-dried round bottom flask, n-butyllithium (1.12 mL, 0.28 mmol, 1.0 eq.) was added
under nitrogen atmosphere to a stirred solution of the appropriate secondary amine (0.28 mmol,
1.0 eq.) in dry tetrahydrofuran (12 mL) at —78 °C. The resulting reaction mixture was stirred at
—78 °Cfor 1 h and was then allowed to warm to room temperature. A round bottom flask, a stirrer
bar and a condenser were dried with a heat gun under vacuum and the flask was loaded with
racemic sulfonylpyrimidine 25 (15 mg, 0.035 mmol, 1.0 eq.). The reaction medium was backfilled
with argon 3 times and put under argon atmosphere. The previously made lithium amide solution
(0.023 M in THF, 3 mL, 0.07 mmol, 2.0 eq.) was added, and the resulting mixture was heated to
reflux overnight under argon atmosphere. The reaction mixture was allowed to cool down to room
temperature, diluted with dichloromethane (20 mL), and slowly poured onto water (20 mL). The
resulting biphasic mixture was diluted with brine (10 mL) and the organic layer was separated. The
aqueous layer was extracted with dichloromethane (3 x 10 mL) and the combined organic layers
were washed with brine (20 mL), dried over anhydrous magnesium sulfate, filtered and
concentrated under reduced pressure. The resulting crude product was purified by column

chromatography.

General procedure E

For the solvolysis of sulfonylpyrimidine 37a.

Sulfonylpyrimidine 37a (10 mg, 0.02 mmol, 1.0 eq.) was weighed into a small vial, dissolved in an
alcohol solvent (0.2 mL) and 1 M aqueous potassium carbonate (40 pL, 0.04 mmol, 2.0 eq.) was
added. The resulting yellow suspension was stirred at room temperature for 18 h. If no progress

was observed, the reaction mixture was heated to 75 °C and stirred for an extra 48 h. Water (1 mL)

170



and dichloromethane (1 mL) were added and the phases were separated. The aqueous layer was
extracted with dichloromethane (3 x 2 mL) and the combined organic layers were washed with
brine (5 mL), dried over anhydrous magnesium sulfate, filtered and concentrated. The resulting

crude mixture was purified by preparative thin-layer chromatography.

General procedure F

For the one-pot hydrolysis and electrophilic trapping of sulfonylpyrimidine 20.

Sulfonylpyrimidine 20 (15 mg, 0.038 mmol, 1.0 eq.) was weighed into a vial and dissolved in
1,4-dioxane (0.2 mL). Aqueous sodium hydroxide (50% w/w, 25 uL, 0.456 mmol, 12.0 eq.) was
added and the resulting colorless mixture was stirred at room temperature overnight. Upon
completion, the reaction mixture had turned yellow. The reaction mixture was quenched with the
appropriate bromide electrophile (5.0 eq.), heated to 50 °C and stirred for 1 h. If no progress was
observed after that time, the reaction mixture was heated to 80 °C and stirred for an extra 22 h.
The resulting reaction mixture was diluted with dichloromethane (1 mL) and water (1 mL). The
aqueous layer was extracted with dichloromethane (3 x 2 mL). The combined organic extracts
were washed with brine (5 mlL), dried over anhydrous magnesium sulfate, filtered and

concentrated in vacuo. The resulting crude mixture was purified by column chromatography.

General procedure G

For the one-pot methanolysis/CuAAC sequence on compound 22b.[107:108]

In a small vial, (trimethylsilyl)acetylene-pyrimidine 22b (30 mg, 0.065 mmol, 1.0 eq.) was
dissolved in methanol (0.4 mL) and the corresponding benzyl azide (0.072 mmol, 1.1 eq.) was
added. In another small vial, copper(ll) sulfate pentahydrade (8 mg, 0.032 mmol, 50 mol%),
potassium carbonate (17 mg, 0.12 mmol, 1.8 eq.) and sodium-L-ascorbate (13 mg, 0.065 mmol, 1.0

eg.) were dissolved in water (0.4 mL). The resulting orange aqueous solution was added slowly to
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the previous methanol solution and pyridine (32 pL) was slowly added to the mixture. The
resulting black solution was stirred at room temperature for 20 h. The reaction mixture was
diluted with water (3 mL) and extracted with dichloromethane (3 x 3 mL). The combined organic
layers were dried over anhydrous magnesium sulfate, filtered and concentrated under reduced
pressure. The crude reaction mixture was purified by column chromatography. Only the
compounds synthesised by us were characterised in this work, for more information, see Alistair

Ross’ Part Il thesis.[108]
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IV.2.1.2 Experimental data

Diethyl 2-(2-(trifluoromethyl)phenyl)malonate, 17:

Et0__*_ O _-

Following a literature procedure.’ In a flame-dried Schlenk tube, copper iodide (262 mg, 1.38
mmol, 10 mol%), 2-picolinic acid (169 mg, 1.38 mmol, 10 mol%) and caesium carbonate (13.4 g,
41.3 mmol, 3.0 eq.) were added in sequence. The vessel was purged three times with argon and
anhydrous 1,4-dioxane (14 mL) was added, followed by 2-iodobenzotrifluoride 15 (1.93 mL, 13.8
mmol, 1.0 eq.), and freshly distilled diethyl malonate 16 (4.2 mL, 27.5 mmol, 2.0 eq.). The resulting
green slurry was heated to 50 °C and stirred for 40 h. The reaction mixture was allowed to cool to
room temperature, diluted in ethyl acetate (40 mL) and saturated aqueous ammonium chloride
(50 mL) was added. The aqueous layer was washed with ethyl acetate (3 x 25 mL). The combined
organic layers were washed with brine (2 x 25 mL), dried over anhydrous magnesium sulfate,
filtered and concentrated in vacuo. The resulting amber oil was purified by column
chromatography (400 g silica, 1:49 ethyl acetate/toluene to 2:8 ethyl acetate/toluene). The

desired diethyl malonate 17 was obtained as a colourless oil (3.61 g, 86%).

1H NMR (400 MHz, Chloroform-d) 64 = 7.67 (t, J = 7.2 Hz, 2H, Hg and He), 7.59 (t, J = 7.6 Hz, 1H, H7),

7.45 (t, ] = 7.5 Hz, 1H, Hs), 5.08 (s, 1H, Ha), 4.23 (m, 4H, H2), 1.26 (t, J = 7.1, 6H, Ha).

13C NMR (101 MHz, Chloroform-d) ¢ = 167.9 (Quat., Cs), 131.4 (g, J = 1.7 Hz, Quat., Cs), 132.2 (CH,
Cs), 131.2 (CH, C), 129.1 (d, J = 29.8 Hz, Quat., C10), 128.3 (CH, Cs), 126.0 (q, J = 5.7 Hz, CH, Cs),

124.2 (g, ) = 273.9 Hz, Quat., C11), 62.3 (CHz, C2), 53.7 (q, J = 3.0 Hz, CH, C4), 14.1 (CH3, C1).
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19F NMR (377 MHz, Chloroform-d) 6-=-58.9.

LRMS (ESI*) calculated for C14H1504F3Na = 327.1, mass found = 327.1.

The spectral data matches that reported in the literature.*°]
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4,6-Dichloro-5-(2-(trifluoromethyl)phenyl)pyrimidine, 18

Following a literature procedure. 7180l

Pyrimidine formation: To a stirred suspension of sodium methoxide at room temperature,

prepared in situ by the portionwise addition of metallic sodium (1.67 mg, 72.5 mmol, 5.0 eq.) to
anhydrous methanol (35 mL), formamidine hydrochloride (1.67 g, 29.0 mmol, 2.0 eqg.) was added
in a single portion. The resulting white suspension was stirred at room temperature for 45 minutes
and was then diluted in tetrahydrofuran (20 mL). A solution of diethyl malonate 17 (4.4 g, 14.5
mmol, 1.0 eq.) in tetrahydrofuran (20 mL) and methanol (35 mL) was added and the resulting
off-white suspension was stirred under nitrogen atmosphere at 80 °C for 23 h. The reaction
mixture was then cooled to room temperature and concentrated to dryness under reduced
pressure. The residue was suspended in 1 M hydrochloric acid solution (ca. 0.5 mL/mmol
malonate), acidified with concentrated hydrochloric acid and stored in the fridge for 2 days. The
resulting solid was isolated by vacuum filtration and then dried under high vacuum for 2 h to yield

the corresponding dihydroxypyrimidine (4.97 g, crude) as a light-brown solid.

Chlorination: A suspension of crude dihydroxypyrimidine (4.7 g, 18.3 mmol, 1.0 eq.) in
phosphorus(V) oxychloride (25 mL, 0.75 M) was stirred at 90 °C for 3 h and then cooled to room
temperature. The mixture was poured onto ice (60 g ice/mL POCIs) and was stirred until the ice
had completely melted. The resulting aqueous solution was neutralized with 35% ammonium
hydroxide (ca. 50 mL) and extracted with dichloromethane (3 x 100 mL). The combined organic
layers were dried over anhydrous magnesium sulfate, filtered and concentrated under reduced
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pressure. The resulting crude was purified by column chromatography (200 g silica, 1:19 ethyl
acetate/pentane) and dried under high vacuum for 2 hours to yield dichloropyrimidine 18 as a

white solid (1.77 g, 42% over 2 steps).

1H NMR (400 MHz, Chloroform-d) 6y = 8.84 (s, 1H, H1), 7.84 (d, J = 7.1 Hz, 1H, Hs), 7.72 (t,

J=7.6Hz, 1H, He), 7.65 (t, J = 7.8, 1H, H7), 7.28 (d, J = 7.3 Hz, 1H, Hs).

13C NMR (101 MHz, Chloroform-d) 6c = 161.7 (Quat., Cz), 157.7 (CH, Ci1), 132.7 (CH, Cs), 132.0
(Quat., C3), 131.3 (g, J = 2.1 Hz, Quat., C4), 130.8 (CH, Cs), 130.1 (CH, C;), 128.7 (g, J = 30.9 Hz,

Quat., Cs), 127.0 (q, J = 4.9 Hz, CH, Cs), 123.5 (g, J = 273.8 Hz, Quat., C1o).

159F NMR (470 MHz, Chloroform-d) & =-61.1.

HRMS (ESI*) calculated for C11HsCl2F3N> = 292.9855, mass found = 292.9856.

Melting point 108—-110 °C.

The spectral data matches that reported in the literature.!*!
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(S)-4-Chloro-6-(phenylthio)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 19

Racemic: As previously reported in the literature.” In a 14 mL screw-cap vial, dichloropyrimidine
18 (300 mg, 1.02 mmol, 1.0 eq.) was dissolved in toluene (10.2 mL) and tetrabutylammonium
bromide (33 mg, 0.102 mmol, 0.10 eq.), thiophenol (114 pL, 1.12 mmol, 1.1 eq.) and 50% (w/w)
aqueous potassium hydroxide (0.38 mL, 5.1 mmol, 5.0 eq.) were added sequentially. The biphasic
reaction mixture was rapidly stirred at room temperature for 30 min and then saturated aqueous
ammonium chloride (15 mL) and dichloromethane (15 mL) were added. The organic layer was
separated and the aqueous layer was extracted with dichloromethane (2 x 20 mL). The combined
organic extracts were dried over anhydrous magnesium sulfate, filtered and concentrated under
reduced pressure. The crude reaction mixture was purified by column chromatography (100 g
Silica, 7.5:92.5 ethyl acetate/pentane). The pure fractions of the desired product were combined,
concentrated under reduced pressure and dried under high vacuum to yield sulfide 19 as a white

solid (340 mg, 91%).

Asymmetric: As previously reported in the literature.”¥ In a 14 mL screw-cap vial,
dichloropyrimidine 18 (300 mg, 1.02 mmol, 1.0 eq.) was dissolved in carbon tetrachloride (10.2
mL). N-benzylquininium (48 mg, 0.102 mmol, 0.1 eq.), thiophenol (114 pL, 1.12 mmol, 1.1 eq.) and
50% (w/w) aqueous potassium carbonate (0.62 mL, 3.37 mmol, 3.3 eq.) were added sequentially.
The atmosphere was purged with nitrogen, and the biphasic reaction mixture was rapidly stirred
at room temperature for 140 hours. Upon completion of the reaction, saturated aqueous

ammonium chloride (15 mL) and dichloromethane (15 mL) were added. The organic layer was
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separated and the aqueous layer was extracted with dichloromethane (2 x 20 mL). The combined
organic extracts were dried over anhydrous magnesium sulfate, filtered and concentrated under
reduced pressure. The crude reaction mixture was purified by column chromatography (100 g
silica, 7.5:92.5 ethyl acetate/pentane). The pure fractions of the desired product were combined,
concentrated under reduced pressure and dried under high vacuum to yield sulfide 19 as a white

solid (345 mg, 92%, 89:11 e.r.).

14 NMR (400 MHz, Chloroform-d) &4 = 8.62 (s, 1H, H1), 7.89 (d, J = 7.8 Hz, 1H, Hs), 7.75 (tdd,
1=7.7,1.4,0.7 Hz, 1H, Hg), 7.67 (tt, J = 7.5, 1.1 Hz, 1H, H7), 7.46 (m, 5H, H12.14), 7.38 (d, J = 7.6 Hz,

1H, Hs).

13C NMR (101 MHz, Chloroform-d) 8¢ = 172.1 (Quat., Cz), 158.7 (Quat., C1s), 157.3 (CH, C1), 135.6
(CH, C12), 132.8 (CH, Cs), 131.7 (CH, Cs), 131.5 (g, J = 2.0 Hz, Quat., Cs), 130.1 (CH, C14), 130.0 (CH,
Cy), 129.5 (CH, Ci3), 129.2 (d", J = 31.0 Hz, Quat., Co), 128.4 (Quat., C11), 127.9 (Quat., Cs), 127.4

(g, ) =5.0 Hz, CH, Cg), 123.7 (d", J = 274.2 Hz, Quat., C1o).
19F NMR (376 MHz, Chloroform-d) & = -61.0.
LRMS (ESI*) calculated for C17H1:N2CIF3S = 367.0278, mass found = 367.0.

Chiral HPLC (Chiralpak IC, 2 % IPA, 98 % hexane, 1.0 mL/min, A = 230 nm, 10 uL injection)

TR™NO" = 6.5 min, Tz "¥°" = 7.3 min (89:11 e.r.).

[a]%® = -7 (c = 0.1, chloroform) for the 89:11 e.r. mixture.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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Melting point 121-123 °C (rac. and ent.).

The spectral data matches that reported in the literature.!*!
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(S)-4-Chloro-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 20

Racemic: As previously reported in the literature.’!l In a 14 mL screw-cap vial. To a stirred solution
of sulfidylpyrimidine 19 (rac.) (250 mg, 0.68 mmol, 1.0 eq.) in dichloromethane (6.8 mL), m-CPBA
(>77%, 760 mg, > 5.0 eqg.) was added in one portion at room temperature. The reaction mixture
was stirred at room temperature for 16 h. Dichloromethane (10 mL) was added and the reaction
mixture was quenched with saturated aqueous sodium thiosulfate (10 mL). The organic layer was
separated and the aqueous layer was extracted with dichloromethane (3 x 12 mL). The combined
organic extracts were washed with saturated aqueous sodium bicarbonate (2 x 25 mL) and brine
(25 mL), dried over anhydrous magnesium sulfate, filtered and concentrated under reduced
pressure. After drying under high vacuum for several hours, the crude mixture yielded sulfone 20

as a white solid (280 mg, quant.).

Enantioenriched: As previously reported in the literature.”! In a 7 mL screw-cap vial. To a stirred

solution of sulfidylpyrimidine 19 (89:11 e.r.) (150 mg, 0.41 mmol, 1.0 eq.) in dichloromethane (4
mL), m-CPBA (>77%, 460 mg, > 5.0 eq.) was added in one portion. The reaction mixture was stirred
at room temperature for 16 h. Dichloromethane (10 mL) was added and the reaction mixture was
guenched with saturated aqueous sodium thiosulfate (10 mL). The organic layer was separated
and the aqueous layer was extracted with dichloromethane (3 x 12 mL). The combined organic
extracts were washed with saturated aqueous sodium bicarbonate (2 x 25 mL) and brine (25 mL),

dried over anhydrous magnesium sulfate, filtered and concentrated under reduced pressure. After
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drying under high vacuum for several hours, the crude mixture yielded the desired sulfone 20 as

white sticky oil (175 mg, quant., 89:11 e.r.).

1H NMR (400 MHz, Chloroform-d) 61 = 8.98 (s, 1H, H1), 7.90 (dd, J = 8.5, 1.3 Hz, 2H, H12), 7.85 (dd,
J=7.8, 1.6 Hz, 1H, Hg), 7.74 (m, 1H, He), 7.69 (m, 2H, H7 & H14), 7.56 (dd, J = 8.3, 7.4 Hz, 2H, H13),

7.36 (d, J = 7.5 Hz, 1H, Hs).

13C NMR (126 MHz, Chloroform-d) 6¢ = 164.8 (Quat., C;), 164.5 (Quat., Ci5), 157.6 (CH, C1), 137.2
(Quat., C11), 134.8 (CH, C14), 132.1 (CH, Cg), 131.1 (CH, Cs), 130.2 (CH, C7), 130.2 (Quat., C3), 130.1
(CH, C12), 129.3 (q, J = 2.3 Hz, Quat., C4), 129.2 (CH, C13), 128.7 (g, J = 30.7 Hz, Quat., Cs), 127.0 (g,

J=4.6 Hz, CH, Cg), 123.8 (d", J = 274.1 Hz, Quat., C1o).
19F NMR (377 MHz, Chloroform-d) &= -59.6.

FTIR (neat) v/cm™ = 2981, 2889, 1583, 1543, 1393, 1361, 1316, 1264, 1233, 1167, 1444, 1110,

1079, 1062, 996, 956, 803, 771, 752, 715, 678, 644, 616.
HRMS (ESI*) calculated for C17H10CIF3N20,S = 399.0176, mass found = 399.0175.

Chiral HPLC (Chiralpak ADH, 20 % IPA, 80 % hexane, 1.0 mL/min, A = 250 nm, 10 ulL injection)

R™N°" = 23.8 min, 1z "9 = 7.4 min (89:11 e.r.).
[a]%® = -48 (c = 0.1, chloroform) for the 89:11 e.r. mixture.
Melting point 104-105 °C (rac. and ent.).

The spectral data matches that reported in the literature.!*!

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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(S)-N,N-Dimethyl-4-((6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)ethynyl)anili

ne, 22a

Racemic: Following general procedure A, on a two-fold scale, using 4-ethynyl-N, N-dimethylaniline
21 (32 mg, 0.22 mmol, 1.1 eq.) and racemic chloropyrimidine 20. The reaction mixture was stirred
at 60 °C under argon atmosphere for 66 h. The crude product was purified by column
chromatography (40 g silica, 8:2 ethyl acetate/pentane to 7:3 ethyl acetate/pentane). Alkyne 22a

was obtained as a bright yellow/orange solid (70 mg, 69%).

Following general procedure B, using 4-ethynyl-N,N-dimethylaniline 21 (18 mg, 0.125 mmol, 2.0
eg.) and racemic chloropyrimidine 20. The resulting crude mixture was purified by column
chromatography (15 g silica, 2:8 ethyl acetate/pentane). Alkyne 22a was obtained as a bright

yellow/orange solid (32 mg, 99%).

Enantioenriched: Following general procedure A, on a 1.75-fold scale (0.17 mmol), using

4-ethynyl-N,N-dimethylaniline 21 (28 mg, 0.19 mmol, 1.1 eqg.) and enantioenriched
chloropyrimidine 20 (89:11 e.r.). The crude product was purified by column chromatography (40 g
silica, 8:2 ethyl acetate/pentane). Alkyne 22a was obtained as a bright yellow/orange solid (86 mg,

96%, 89:11 e.r.).

1H NMR (400 MHz, Chloroform-d) 8y = 9.09 (s, 1H, Hz), 7.91 (m, 2H, H12), 7.87 (dd, J = 7.3, 2.0 Hz,
1H, Hs), 7.71 (m, 3H, Hi3 & Hs), 7.66 (m, 1H, H1a), 7.54 (t, J = 7.9 Hz, 1H, H;), 7.40 (dd, J = 7.2,

1.8 Hz, 1H, Hs), 6.90 (d, J = 9.0 Hz, 2H, H20), 6.50 (d, J = 9.0 Hz, 2H, H1s), 2.98 (s, 6H, H22).
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13C NMR (101 MHz, Chloroform-d) ¢ = 162.4 (Quat., Cz), 157.8 (CH, C1), 155.1 (Quat., Cis), 151.6
(Quat., C21), 137.9 (Quat., C11), 134.4 (CH, C14& Cis), 131.7 (CH, Cs), 131.6 (d", J = 1.9 Hz, Quat., Ca),
131.8 (CH, Cs), 130.9 (Quat., C3), 129.9 (CH, C12), 129.3 (CH, C7), 129.3 (q, J = 30.3 Hz, Quat., Co),
129.0 (CH, Ci3), 126.7 (q, J = 4.6 Hz, Quat., Cs), 123.9 (d", J = 274.1 Hz, Quat., C1o), 122.6 (Quat.,

C1s), 111.5 (CH, Ca0), 106.3 (d, J = 3.1 Hz, Quat., C17), 86.2 (Quat., Cis), 40.1 (CHs, C22).
15F NMR (377 MHz, Chloroform-d) &¢ = -59.0.

FTIR (neat) v/cm™ = 2981, 2888, 2182, 1603, 1540, 1462, 1382, 1252, 1152, 1081, 955, 810, 720,

684.
HRMS (ESI*) calculated for C27H20F3N30,S = 508.1262, mass found = 508.1298.

Chiral HPLC (Chiralpak ADH, 40 % IPA, 60 % hexane, 1.3 mL/min, A = 250 nm, 10 ulL injection)

R™n°" = 13.0 min, 1z "9°" = 15.7 min (89:11 e.r.).
[a]%® =-27 (c = 0.1, chloroform).

Melting point 200-202 °C (rac.), 140-143 °C (ent.).

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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(S)-4-(Phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)-6-((trimethylsilyl)ethynyl)pyrimidine, 22b

Racemic: Following general procedure A, using trimethylsilylacetylene (75 uL, 0.50 mmol, 5.0 eq.)
and racemic chloropyrimidine 20. The crude product was purified by column chromatography
(20 g silica, ethyl acetate/pentane, 8:2 to 1:1). The fractions of pure product were collected to
yield a dark, amber solid (11 mg). Further NMR and TLC analyses showed that two products were
present in the amber mixture. The mixture was further purified by preparative thin-layer
chromatography (98:2 toluene/diethyl ether) to yield the desired alkyne 22b as brown solid (3.4

mg, 7%).

Following general procedure B, on a ten-fold scale (0.63 mmol), using trimethylsilylacetylene (192
uL, 1.38 mmol, 2.2 eq.) and racemic chloropyrimidine 20. The reaction mixture was stirred at 50 °C
under argon atmosphere for 3 h. The crude product was purified by column chromatography (28 g
silica, 15:85 ethyl acetate/pentane). The fractions of product were collected to yield alkyne 22b as

a brown solid (239 mg, 83%).

Enantioenriched: Following general procedure B, on a three-fold scale (0.21 mmol), using

trimethylsilylacetylene (65 uL, 0.47 mmol, 2.2 eq.) and enantioenriched chloropyrimidine 6 (81:19
e.r.). The reaction mixture was stirred at 50 °C under argon atmosphere for 3 h. The crude product
was purified by column chromatography (10 g silica, 15:85 ethyl acetate/pentane). The fractions of

product were collected to yield alkyne 22b as a brown solid (96 mg, 98%, 81:19 e.r.).
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1H NMR (400 MHz, Chloroform-d) &4 = 9.14 (s, 1H, H1), 7.88 (dd, J = 8.5, 1.2 Hz, 2H, H12), 7.81 (dd,
J=7.7 1.5 Hz, 1H, Hs), 7.67 (m, 3H,Hs & H7 & H1s), 7.53 (dd, J = 8.2, 7.3 Hz, 2H, H13), 7.34 (dd,

J=6.9, 0.8 Hz, 1H, Hs),-0.03 (s, 9H, Hs).

13C NMR (101 MHz, Chloroform-d) 6¢ = 163.2 (Quat., C), 157.8 (CH, C1), 153.8 (Quat., C1s), 137.5
(Quat., C11), 134.6 (CH, C14), 132.5 (Quat., C3), 131.7 (CH, Cs), 131.3 (CH, Cs), 130.7 (g, J = 2.1 Hz,
Quat., Cs), 129.9 (CH, C12), 129.9 (Quat., Cs) 129.7 (CH, C), 129.1 (CH, C13), 126.7 (g, J = 4.6 Hz, CH,

Cs), 123.9 (g, ] = 273.8 Hz, Quat., Cig), 109.8 (Quat., C1s), 99.4 (Quat., C17), -1.0 (CHs, C1s).
19F NMR (377 MHz, Chloroform-d) & = -58.9.

FTIR (neat) v/cm™ = 1542, 1506, 1412, 1362, 1314, 1252, 1170, 1151, 1125, 1084, 1067, 997, 909,

846,811, 758, 722, 687, 657.
HRMS (ESI*) calculated for C22H19F3N0,5Si = 461.0962, mass found = 461.0960.

Chiral HPLC (Chiralpak ADH, 5% IPA, 95% hexane, 1.0 mL/min, A = 250 nm, 10 uL injection)

R™N°" = 9,36 min, g "Y°" = 14.10 min (81:19 e.r.).
[a]?® =-39 (c = 0.1, chloroform).

Melting point 92-95 °C (rac. and ent.).
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4-((4-Methoxyphenyl)ethynyl)-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 22c

Following general procedure B, using 4-ethynylanisole (16 pL, 0.125 mmol, 2.0 eq.). The resulting
crude mixture was purified by column chromatography (15 g silica, ethyl acetate/pentane, 2:8 to

1:1). Alkyne 22¢ was obtained as a yellow/orange solid (26 mg, 84%).

1H NMR (400 MHz, Chloroform-d) 8y = 9.14 (s, 1H, H1), 7.92 (m, 2H, H12), 7.87 (dd, J = 7.3, 1.9 Hz,
1H, Hs), 7.72 (m, 2H, Hs & Hy), 7.66 (m, 1H, Hia), 7.54 (t, J = 7.8 Hz, 2H, H1s), 7.41 (dd, J = 7.3,

1.7 Hz, 1H, Hs), 7.00 (d, J = 8.9 Hz, 2H, H19), 6.77 (d, J = 8.9 Hz, 2H, H20), 3.78 (s, 3H, H2z).

13C NMR (101 MHz, Chloroform-d) ¢ = 162.8 (Quat., C), 161.5 (Quat., Cz1), 157.7 (CH, C1), 154.6
(Quat., C1s), 137.6 (Quat., C11), 134.4 (CH, C14/C19), 134.4 (CH, C14/C19), 131.6 (CH, C5), 131.6 (CH,
Cs), 131.4 (Quat., C3), 131.1 (d”, J = 2.2 Hz, Quat., C4), 129.8 (CH, C12), 129.4 (CH, C;), 129.1 (d,
J=31.0 Hz, Quat., Cs), 128.9 (CH, Ci13), 126.6 (q, J = 4.5 Hz, CH, Cs), 123.8 (d", J = 274.2 Hz, Quat.,

C10), 114.2 (CH, Cz0), 112.2 (Quat., Cis), 102.9 (Quat., C17), 85.4 (Quat., Cis), 55.4 (CHs, C22).

19F NMR (377 MHz, Chloroform-d) & = -58.9.

FTIR (Chloroform-d) v/cm™ = 2200, 1603, 1541, 1512, 1447, 1418, 1377, 1314, 1295, 1255, 1167,

1148, 1124, 1083, 1067, 1033, 996, 910, 834, 810, 770, 724, 686, 643.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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HRMS (ESI*) calculated for CasH17F3N203S = 495.0961, mass found = 495.0982.

Melting point 139-142 °C.
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4-((3-Fluorophenyl)ethynyl)-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 22d

Following general procedure B, using 1-ethynyl-3-fluorobenzene (15 uL, 0.125 mmol, 2.0 eq.). The
resulting crude mixture was purified by column chromatography (15 g silica, ethyl

acetate/pentane, 2:8 to 1:1). Alkyne 22d was obtained as a yellow/orange solid (19 mg, 63%).

1H NMR (400 MHz, Chloroform-d) 81 = 9.19 (s, 1H, H1), 7.92 (m, 2H, H12), 7.89 (dd, J = 7.3, 1.9 Hz,
1H, Hs), 7.74 (td, J = 7.2, 6.9, 1.7 Hz, 2H, He & H7), 7.68 (m, 1H, H1a), 7.55 (t J = 7.9 Hz, 2H, H13),
7.43 (dd, J = 7.2, 1.7 Hz, 1H, Hs), 7.23 (m, 1H, Hzz), 7.07 (tdd, J = 8.5, 2.6, 1.0 Hz, 1H, H.1), 6.88 (dt,

1=7.6,1.0 Hz, 1H, Hz3), 6.73 (ddd, J = 8.9, 2.6, 1.4 Hz, 1H, His).

13C NMR (101 MHz, Chloroform-d) 8¢ = 163.5 (Quat., C;), 162.2 (d, J = 239.2 Hz, Quat, Cx), 157.9
(CH, C1), 154.1 (Quat., Cis), 137.5 (Quat., C11), 134.6 (CH, Ci4), 132.1 (Quat., C3), 131.8 (CH, Cs),
131.6 (CH, Cs), 130.8 (g, J = 2.1 Hz, Quat., Cs), 130.4 (d, J = 8.4 Hz, CH, Cz), 130.0 (CH, C12), 129.8
(CH, C), 129.2 (d, J = 30.1 Hz, Quat., Cs), 129.1 (CH, C13), 128.4 (d, J = 3.2 Hz, CH, Cz3), 126.8 (q,
J=4.4 Hz, CH, Cg), 123.9 (d", J = 274.3 Hz, Quat., C1), 122.2 (d, J = 9.5 Hz, Quat., Cis), 119.2 (d,

J=23.1Hz, CH, C19), 118.0 (d, J = 21.3 Hz, C21), 99.7 (d, J = 3.3 Hz, Quat., C17), 86.1 (Quat., C1s).

19F NMR (377 MHz, Chloroform-d) &-=-58.9 (Ar—CF3), -111.8 (td, J = 8.9, 5.8 Hz, Ar—F).

FTIR (Chloroform-d) v/cm™ = 2981, 2219, 1607, 1581, 1505, 1488, 1414, 1371, 1267, 1240, 1218,

1152, 1126, 1082, 1066, 1035, 963, 874, 789, 756, 726, 710, 680, 645.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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HRMS (ESI*) calculated for CasH14FaN205S = 483.0785, mass found = 483.0784.

Melting point 106109 °C.
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4-(Cyclopropylethynyl)-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 22f

Following general procedure B, using 2-cyclopropylacetylene (12 uL, 0.138 mmol, 2.2 eq.). The
resulting crude mixture was purified by column chromatography (15 g silica, 2:8 ethyl

acetate/pentane). Alkyne 22f was obtained as an orange solid (19 mg, 71%).

1H NMR (400 MHz, Chloroform-d) 81 = 9.07 (s, 1H, H1), 7.88 (m, 2H, H12), 7.80 (dd, J = 7.9, 1.3 Hz,
1H, Hs), 7.67 (m, 2H, He & H7), 7.64 (m, 1H, H1a), 7.52 (t, J = 7.8 Hz, 2H, H13), 7.31 (d, J = 6.7 Hz, 1H,
Hs), 1.20 (tt, J = 8.2, 4.9 Hz, 1H, H1s), 0.78 (m, 2H, H1sa/ Hios), 0.44 (m, 1H, Hise/ Hisb), 0.30 (m, 1H,

H19a/ Hip).

13C NMR (126 MHz, Chloroform-d) 6¢ = 162.8 (Quat., C2), 157.7 (CH, Cz1), 154.8 (Quat., Cis), 137.7
(CH, C11), 134.4 (CH, Cs/C;), 131.7 (CH, C¢/C7), 131.7 (Quat., Cs), 131.4 (CH, Cs), 131.2 (q, J = 2.3 Hz,
Quat., Cs), 129.9 (CH, Ci2), 129.4 (CH, C14), 129.0 (CH, Ci3), 128.9 (d”, J = 30.5 Hz, Quat., Cs), 126.6
(q, ] = 4.5 Hz, CH, Cg), 123.9 (d", J = 274.0 Hz, Quat., C10), 109.3 (Quat., C17), 73.2 (Quat., C1s), 9.9

(CH, C19), 9.7 (CH, Ci9), 0.3 (CH, Cis).

19F NMR (377 MHz, Chloroform-d) &¢ = -59.0.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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FTIR (Chloroform-d) v/cm™ = 2981, 2625, 2222, 1601, 1582, 1543, 1504, 1448, 1424, 1382, 1314,

1268, 1197, 1169, 1152, 1124, 1083, 1067, 1034, 982, 861, 811, 772, 716, 687, 644.

HRMS (ESI*) calculated for C22H15F3N20S = 429.0879, mass found = 429.0878.

Melting point 124-127 °C.
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4-(Phenylsulfonyl)-6-(p-tolylethynyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 22g

Following general procedure B, using 4-ethynyltoluene (16 uL, 0.125 mmol, 2.0 eq.). The reaction
mixture was stirred at 50 °C under argon atmosphere for 16 h. The crude product was purified by
column chromatography (12 g silica, 2:8 ethyl acetate/pentane) to yield alkyne 22g as an amber oil

(28 mg, 93%).

1H NMR (400 MHz, Chloroform-d) & = 9.16 (s, 1H, H1), 7.92 (dd, J = 8.4, 1.3 Hz, 2H, H1,), 7.87 (dd,
J=7.8 1.5Hz, 1H, Hs), 7.72 (m, 2H, He & H7), 7.67 (m, 1H, H14), 7.54 (t, J = 7.8 Hz, 2H, H13), 7.41 (d,

J=7.2Hz, 1H, Hs), 7.07 (d, J = 7.8 Hz, 2H, H19), 6.96 (d, J = 8.2 Hz, 2H, H20), 2.32 (s, 3H, H22).

13C NMR (126 MHz, Chloroform-d) 6¢c = 163.0 (Quat., Cz), 157.9 (Quat., C1), 154.7 (Quat., Cis),
141.4 (Quat., C11), 137.6 (Quat., Ca1), 134.5 (CH, H14), 132.6 (CH, Ca0), 131.8 (CH, Cs), 131.7 (Quat.,
C3), 131.6 (CH, Ce), 131.1 (q, J = 2.4 Hz, Quat., C4), 129.9 (CH, C12), 129.6 (CH, C7), 129.4 (CH, C1s),
129.2 (q, J = 24.1 Hz, Quat., Cs), 129.1 (CH, Ci3), 126.7 (g, J = 4.6 Hz, Quat., Cs), 123.9 (q,

J=274.2 Hz, Quat., Ci0), 117.4 (Quat., C1g), 102.5 (Quat., C17), 85.5 (Quat., Cis), 21.8 (CH3, C22).

19F NMR (377 MHz, Chloroform-d) & = -58.9.

FTIR (Chloroform-d) v/cm™ = 3066, 2980, 2923, 2235, 2205, 1605, 1583, 1541, 1512, 1502, 1448,

1418, 1376, 1314, 1268, 1228, 1171, 1149, 1125, 1067, 1035, 995, 813, 756, 702, 686.

HRMS (ESI*) calculated for CosH17F3N20S = 479.1036, mass found = 479.1031.
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Methyl 4-((6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)ethynyl)benzoate, 22h

Following general procedure B, using methyl 4-ethynylbenzoate (20 mg, 0.125 mmol, 2.0 eq.). The
resulting crude mixture was purified by column chromatography (15 g silica, 2:8 ethyl

acetate/pentane). Alkyne 22h was obtained as an amber solid (15 mg, 46%).

!H NMR (400 MHz, Chloroform-d) 6y = 9.12 (s, 1H, Hi), 7.85 (d, J = 8.6 Hz, 2H, Hz), 7.85 (dd,
J=84, 1.3 Hz, 2H, H1z), 7.81 (dd, J = 7.4, 1.7 Hz, 1H, Hs), 7.66 (m, 2H, Hs & H), 7.60 (m, 1H, Hi4),
7.48 (t, J = 7.8 Hz, 2H, H13), 7.36 (dd, J = 7.3, 1.8 Hz, 1H, Hs), 7.07 (d, J = 8.6 Hz, 2H, H19), 3.83 (s, 3H,

H3s).

13C NMR (101 MHz, Chloroform-d) ¢ = 166.0 (Quat., Cz2), 163.3 (Quat., C2), 157.8 (CH, C1), 153.9
(Quat., Cis), 137.3 (Quat., Ci1), 134.5 (CH, Cu4), 132.3 (CH, C1g), 132.0 (Quat., C3), 131.7 (CH, Cs),
131.5 (CH, Ce), 130.7 (g, J = 2.3 Hz, Quat., Ca), 129.9 (CH, Ci2), 129.6 (Quat., C21), 129.5 (CH, C),
129.1 (d°, J = 30.8 Hz, Quat., Cs), 129.0 (CH, C13 & Cz0), 126.7 (g, J = 4.7 Hz, CH, Cs), 124.7 (CH, Cis),

123.8 (d", J = 274.1 Hz, Quat., C1), 99.8 (Quat., C17), 87.5 (Quat., Cis), 52.4 (CHs, Ca3).

19F NMR (377 MHz, Chloroform-d) & = -58.8.

FTIR (Chloroform-d) v/cm™ = 2981, 2211, 1723, 1606, 1541, 1505, 1437, 1418, 1374, 1314, 1277,

1172, 1150, 1115, 1083, 1067, 1035, 810, 769, 719, 687, 646.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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HRMS (ESI*) calculated for C27H17F3N204S = 495.0961, mass found = 495.0982.

Melting point 4144 °C.
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4-Phenyl-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 23a

Following general procedure C, using phenylboronic acid (15 mg, 0.12 mmol, 1.6 eq.). The resulting
yellow crude mixture was purified by column chromatography (2.5 g silica, 1:9 ethyl

acetate/pentane) to yield pyrimidine 23a as an off-white solid (29 mg, 88%)

1H NMR (500 MHz, Chloroform-d) 8, = 9.24 (s, 1H, H1), 7.89 (dd, J = 8.4, 1.3 Hz, 2H, H12), 7.66 (m,
2H, Hs & H1a), 7.63 (d, J = 6.3 Hz, 1H, Hs), 7.59 (m, 2H, Hs & H7), 7.54 (dd, J = 8.4, 7.4 Hz, 2H, H13),

7.30 (d, J = 7.4 Hz, 3H, H17 & H1s), 7.21 (dd, J = 8.4, 7.1 Hz, 2H, Hus).

13C NMR (126 MHz, Chloroform-d) 6¢c = 168.2 (Quat., Cz), 164.4 (Quat., Cis), 157.5 (Quat., C1),
137.9 (Quat., Ci1), 136.8 (Quat., Cis), 134.3 (CH, Cua), 133.5 (CH, Cs), 131.2 (CH, Cs), 130.4 (g,
J=2.2 Hz, Quat., Cs), 130.1 (CH, Ci), 129.9 (CH, Ci7), 129.8 (CH, C12), 129.7 (CH, C;), 129.0 (g, J =
30.4 Hz, Quat., Co), 129.0 (CH, C13), 128.2 (CH, Cis), 128.1 (Quat., C3), 127.1 (q, J = 4.5 Hz, CH, Cs),

123.7 (g, J = 274.4 Hz, Quat., C1a).

19F NMR (470 MHz, Chloroform-d) &-=-58.97.

FTIR (Chloroform-d) v/cm™ = 1541, 1511, 1448, 1417, 1363, 1314, 1267, 1152, 1125, 1088, 1067,

1035, 998, 808, 761, 719, 687, 649.

HRMS (ESI*) calculated for C23H15F3N20,S = 441.0840, mass found = 441.0875.

Melting point 133-135 °C.
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4-Allyl-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 23b

Following general procedure C, using allylboronic acid pinacol ester (20 mg, 0.12 mmol, 1.6 eq.).
The resulting yellow crude mixture was purified by column chromatography (2.5 g silica, 1:9 ethyl
acetate/pentane) to yield a light-yellow sticky oil (25 mg). This oil was then further purified by
preparative thin-layer chromatography (99:1 toluene/ether) to yield allylpyrimidine 9b as a

light-yellow oil (5 mg, 16%).

4 NMR (500 MHz, Chloroform-d) &y = 9.04 (s, 1H, Hi), 7.88 (d, J = 7.9 Hz, 2H, H1), 7.85 (d,
J=7.9Hz, 1H, Hs), 7.71 (t, J = 7.2, Hz, 1H, He), 7.66 (m, 2H, Hs & Hu4), 7.52 (t, J = 7.7 Hz, 2H,
His), 7.34 (d, J = 7.8 Hz, 1H, Hs), 7.31 (m, 1H, H17), 5.90 (d, J = 15.1 Hz, 1H, His), 5.15 (d, J = 17.0

HZ, lH, H18a), 1.82 (dd, J= 7.0, 1.7 HZ, 2H, H15).

13C NMR (126 MHz, Chloroform-d) 8¢ = 164.2 (Quat., C2), 163.8 (Quat., Cis), 157.3 (CH, Ci), 140.7
(CH, C17), 138.1 (Quat., C11), 134.2 (CH, C14), 132.0 (CH, Cs), 131.9 (CH, Cs), 130.6 (g, J = 2.7 Hz,
Quat., Ca), 129.9 (CH, C12), 129.6 (CH, C), 129.3 (g, J = 30.3 Hz, Quat., Cs), 129.0 (CH, C13), 126.0
(Quat., C3), 126.8 (q, J = 4.9 Hz, CH, Cg), 125.8 (CH, Cis), 123.8 (d, J = 274.1 Hz, Quat., C10), 18.9

(CH3, Cis).

15F NMR (470 MHz, Chloroform-d) 6-=-59.3.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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FTIR (Chloroform-d) v/cm™ = 2917, 2849, 2362, 1564, 1528, 1449, 1399, 1367, 1316, 1265, 1172,

1128, 1036, 793, 764.

HRMS (ESI*) calculated for C2oH15F3N20,S = 405.0840, mass found = 405.0873.
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6-(1H-Pyrazol-5-yl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-ol, 23f(%°!

Chloropyrimidine 20 (15 mg, 0.0375 mmol, 1.0 eq.), 1H-pyrazole-4-boronic acid (10 mg, 0.045
mmol, 1.2 eq.), SPhos (1.6 mg, 0.00375 mmol, 0.1 eq.) and palladium (ll) acetate (0.4 mg, 0.0019
mmol, 0.05 eq.) were added into a vial. The vial was sealed with a rubber septum, purged with
argon three times and dioxane (0.47 mL) was added under argon atmosphere. The resulting
mixture was stirred for 10 minutes and an aqueous solution of potassium phosphate (sparged with
argon for 30 min) (3 M, 0.094 mL, 0.28 mmol, 7.5 eq.) was added. The reaction mixture was
heated to 60 °C and stirred for 16 h. The reaction mixture was cooled to room temperature,
diluted with 1 M aqueous sodium hydroxide (1 mL) and extracted with diethyl ether (3 x 1 mL).
The combined organics were dried on anhydrous magnesium sulfate, filtered and concentrated in
vacuo. The crude mixture was purified by preparative TLC (2:8 ethyl acetate/pentane) and

compound 23f was isolated as a white sticky solid (1 mg, 10%).

1H NMR (500 MHz, Chloroform-d) 61 = 8.86 (s, 1H, H1), 8.51 (s, 1H, His), 7.74 (d, J = 7.8 Hz, 1H, Hs),

7.66 (t,J = 7.6 Hz, 1H, Hs), 7.58 (t, J = 7.7 Hz, 1H, H7), 7.34 (d, J = 7.7 Hz, 1H, Hs), 6.34 (s, 1H, H14).

13C NMR (126 MHz, Chloroform-d) 8¢" = 163.9 (Quat., C2), 157.3 (CH, C1), 155.2 (Quat., C11), 143.7

(CH, C1a), 133.3 (q, J = 2.6 Hz, Quat., C4), 131.9 (CH, Cs), 131.8 (CH, Cs), 130.0 (CH, C13), 128.8 (CH,

* Not enough material to observe splitting on Cs and Cio.
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C;), 128.5 (Quat., Co), 126.4 (q, J = 5.0 Hz, CH, Cs), 125.0 (Quat., C1), 120.9 (Quat., C1z), 108.5

(Quat., C3).

19F NMR (470 MHz, Chloroform-d) 6= -61.5.

FTIR (Chloroform-d) v/cm™ = 2917, 2849, 2362, 1564, 1528, 1449, 1399, 1367, 1316, 1265, 1172,

1128, 1036, 793, 764.

HRMS (ESI*) calculated for C14HsF3N4O = 307.0762, mass found = 307.0372.
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(R)-4-(Phenylthio)-6-(pyrrolidin-1-yl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 2471

Racemic: A solution of racemic chloropyrimidine 20 (200 mg, 0.55 mmol, 1.0 eq.), pyrrolidine (228
uL, 2.72 mmol, 5.0 eq.) and N,N-diisopropylethylamine (472 uL, 2.72 mmol, 5.0 eq.) in
N,N-dimethylformamide (4.0 mL) was stirred at room temperature for 15 h under nitrogen
atmosphere. Then, saturated agueous ammonium chloride (4 mL) and ethyl acetate (10 mL) were
added. The organic layer was separated, and the aqueous layer was extracted with ethyl acetate (2
x 15 mL). The combined organic extracts were washed with brine (15 mL), dried over anhydrous
magnesium sulfate, filtered and concentrated under reduced pressure. Purification of the residue
via column chromatography (20 g silica, 1:3 ethyl acetate/petroleum ether 40-60) afforded the

desired product 24 as a white solid (194 mg, 89%).

Enantioenriched: A solution of enantioenriched chloropyrimidine 20 (85:15 e.r.) (77 mg, 0.21

mmol, 1.0 eq.), pyrrolidine (79 pL, 1.05 mmol, 5.0 eq.) and N,N-diisopropylethylamine (182 pL,
1.05 mmol, 5.0 eq.) in N,N-dimethylformamide (1.5 mL) was stirred at room temperature for 8 h
under nitrogen atmosphere. Then, saturated aqueous ammonium chloride (2 mL) and ethyl
acetate (2 mL) were added. The organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (2 x 6 mL). The combined organic extracts were washed with brine (10 mL),
dried over anhydrous magnesium sulfate, filtered and concentrated under reduced pressure.
Purification of the residue via column (10 g silica, 1:3 ethyl acetate/petroleum ether 40-60)

afforded the desired product 24 as a white solid (75 mg, 89%, 85:15 e.r.).
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1H NMR (500 MHz, Chloroform-d) 6+ = 8.33 (s, 1H, H1), 7.79 (d, J = 6.2 Hz, 1H, Hs), 7.61 (t, J = 7.5
Hz, 1H, He), 7.58 (d, J = 7.5 Hz, 1H, Hs), 7.54 (t, J = 6.1 Hz, 1H, Hy), 7.42 (m, 2H, H1z), 7.34 (m, 3H,

H13 & H14), 3.14 (m, 4H, H15), 1.71 (m, 4H, H17).

13C NMR (126 MHz, Chloroform-d) 6c = 167.3 (Quat. C;), 159.1 (Quat., Cis), 156.7 (CH, C1), 135.2
(q, ] = 2.0 Hz, Quat., C4), 135.1 (CH, C12), 134.7 (CH, C7), 131.4 (CH, C¢), 130.7 (g, J = 29.6 Hz, Quat.,
Co), 130.7 (Quat., C11), 129.1 (CH, Cs/C1a), 129.1 (CH, Cs/C1s), 128.8 (CH, C13), 126.6 (g, J = 5.1 Hz,

CH, Cs), 124.0 (g, J = 274.3 Hz, Quat., C10), 111.1 (Quat. C3), 48.9 (CHz, C1s), 25.4 (CHa, C17).

19F NMR (376 MHz, Chloroform-d) & = -61.3.

FTIR (neat) v/em™ = 2971, 2873, 1544, 1520, 1475, 1455, 1310, 1161, 1126, 1107, 785, 748, 691.

HRMS (ESI*) calculated for C21H19F3N3S = 402.1246, mass found = 402.1255.

Chiral HPLC (Chiralpak AD, 20 % IPA, 90 % hexane, 1.0 mL/min, A = 226 nm, 10 ul injection)

7R™9°" = 9.88 min, R™"°" = 19.49 min.

[a]o?® =-62 (c = 0.1, CHCI3) for the 85:15 e.r. mixture.

Melting point 108—-113 °C.

201



(R)-4-(Phenylsulfonyl)-6-(pyrrolidin-1-yl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 257,302

Racemic: Pyrrolidinyl(sulfidyl)pyrimidine 24 (100 mg, 0.24 mmol, 1.0 eq.) was taken up in
trifluoroacetic acid (7 mL). Hydrogen peroxide (30 wt. %, 222 uL, 0.94 mmol, 4.0 eq.) was added at
room temperature and the reaction mixture was stirred for 40 h. The reaction mixture was
guenched with 1 M sodium hydroxide solution (50 mL) and taken up in diethyl ether (30 mL). The
organic layer was separated, and the aqueous layer was extracted with diethyl ether (2 x 30 mL).
The combined organic layers were dried over anhydrous magnesium sulfate, filtered and
concentrated under reduced pressure. The crude mixture was purified by column chromatography
(30 g silica, ethyl acetate/petroleum ether 40-60, 1:1 to 3:1). The pure fractions of the desired
sulfone were combined, concentrated under reduced pressure and dried under high vacuum to

yield pyrrolidinyl(sulfonyl)pyrimidine 25 as an off-white solid (71 mg, 68%).

Enantioenriched: Hydrogen peroxide (30 wt. %) (29 uL, 0.25 mmol, 2.0 eq.) was added to a stirred

solution of chiral phenylthiopyrimidine 24 (85:15 e.r.) (50 mg, 0.12 mmol, 1.0 eq.) in trifluoroacetic
acid (2 mL). The reaction mixture was stirred at room temperature for 24 h (a drop of hydrogen
peroxide was added after 20 h to push the reaction to completion). The reaction mixture was
guenched with 1 M sodium hydroxide solution (10 mL) and taken up in diethyl ether (10 mL). The
organic layer was separated, and the aqueous layer was extracted with ether (2 x 15 mL). The
combined organic layers were dried over anhydrous MgSQO., filtered and concentrated under
reduced pressure. The crude mixture was purified by column chromatography (10 g silica, ethyl

acetate/petroleum ether 40-60, 1:1 to 9:1). The pure fractions of the desired sulfone were
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combined, concentrated under reduced pressure and dried under high vacuum to yield 25 as an

off-white solid (33.1 mg, 61%, 85:15 e.r.).

1H NMR (500 MHz, Chloroform-d) &4 = 8.46 (s, 1H, H1), 7.83 (m, 2H, H12), 7.74 (d, J = 6.8 Hz, 1H,
Hs), 7.62 (m, 2H, He & Hi4), 7.59 (m, 2H, Hs & H), 7.48 (t, J = 7.8 Hz, 2H, H13), 3.15 (s, br, 4H, His),

1.74 (m, br, 4H, H17).

13C NMR (126 MHz, Chloroform-d) 6¢ = 162.3 (Quat., C;), 159.1 (Quat., Ci5), 156.8 (CH, C1), 139.1
(Quat., C11), 134.4 (CH, Ci14), 133.6 (CH, Cs), 131.7 (d, J = 1.8 Hz, Quat., C4), 130.8 (CH, Cs), 130.7 (d, J
= 29.7 Hz, Quat., Co), 129.5 (CH, C12), 129.4 (CH, C;), 128.7 (CH, C13), 126.1 (q, J = 4.9 Hz, CH, Cs),

124.0 (g, J = 274.2 Hz, quat., C10), 112.6 (Quat., Cs), 49.6 (CHz, C1s), 25.3 (CH, C17).

159F NMR (470 MHz, Chloroform-d) & = -60.1

HRMS (ESI*) calculated for C21H1sF3N30,S = 434.1145, mass found = 434.1145.

FTIR (neat) v/cm™ = 2981, 2804, 1552, 1513, 1479, 1451, 1309, 1167, 1143, 1123, 1109, 801, 774,

733,721, 682.

Chiral HPLC (Chiralpak AD, 30 % IPA, 70 % hexane, 1.0 mL/min, A = 226 nm, 10 ul injection)

RM9or = 8,38 min, ™"’ = 21.85 min.

[a]o?® = -50 (c = 0.1, CHCI3) for the 85:15 e.r. mixture.

Melting point 180-183 °C.
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(Z)-4-(1-((2,4-Dimethoxybenzyl)amino)-2-(6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimi

din-4-yl)vinyl)-N,N-dimethylaniline, 28[°%!

In a small vial, sulfonylpyrimidine 22a (20 mg, 0.04 mmol, 1.0 eq.) was suspended in
2,4-dimethoxybenzylamine (118 uL, 0.8 mmol, 20.0 eq.) and dichloromethane (0.1 mL) was added.
The vial was sealed and the resulting dark orange mixture was stirred vigorously at room
temperature for 3.5 days. The reaction mixture was quenched with saturated aqueous citric acid
(1 mL) and diluted with dichloromethane (1 mL). The reaction mixture was extracted with
dichloromethane (3 x 2 mL) and the combined organic extracts were washed with brine (5 mL),
dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The resulting bright
yellow crude material was purified via column chromatography (2 g silica, ethyl acetate/pentane,
2:8 to 1:0). The bright-yellow fractions were combined to afford enamine 28 as a yellow/orange

solid (23 mg, 86%).

1H NMR (400 MHz, Chloroform-d) 64 = 10.93 (t, J = 6.5 Hz, 1H, His), 8.66 (s, 1H, H1), 7.87 (m, 2H,
Hiz), 7.75 (d, J = 7.6 Hz, 1H, Hg), 7.58 (m, 2H, Hs & His), 7.49 (m, 3H, H; & Hi3), 7.24 (d, J = 7.9 Hz,
1H, Hs), 7.07 (d, J = 8.9 Hz, 2H, H29), 6.99 (d, J = 8.2 Hz, 1H, H23), 6.60 (d, J = 8.9 Hz, 2H, H30), 6.44 (d,
J=2.3 Hz, 1H, H27), 6.40 (dd, J = 8.2, 2.4 Hz, 1H, H2¢), 4.38 (s, 1H, Hie), 4.35 (d, J = 6.5 Hz, 2H, H1s),

3.81 (s, 3H, Haz/Hzs), 3.81 (s, 3H, Hz2/H2s), 2.95 (s, 6H, Hz).
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13C NMR (101 MHz, Chloroform-d) 6c = 165.5 (Quat., C2), 163.7 (Quat., C2s) , 160.6 (Quat. ,Cz1),
158.7 (Quat., Ci5), 158.3 (Quat., Cz4), 156.0 (CH, C1), 151.1 (Quat., C31), 139.4 (Quat., C11), 133.6
(CH, C14), 132.3 (Quat., C4), 131.9 (CH, Cs), 131.9 (CH, Cs), 129.4 (CH, C12), 129.3 (CH, Cz¢), 129.1
(Quat., Co), 128.9 (CH, C;), 128.7 (CH, C13& C237), 126.8 (q, J = 4.9 Hz, CH, Cs), 124.2 (q, ] = 274.0 Hz,
Quat., Ci), 123.8 (Quat., C3/C17), 123.8 (Quat., C3/Ci17), 120.0 (Quat., Cz), 111.4 (CH, Cs0), 104.0
(CH, Cz), 98.6 (CH, C27), 93.1 (CH, Cis), 55.5 (CH3, C22/Czs), 55.4 (CH3s, C22/Cys), 44.9 (CHz, Cig), 40.3

(CHs3, C3;).

15F NMR (377 MHz, Chloroform-d) &¢ = -59.3.

FTIR (Chloroform-d) v/cm™ = 2918, 1608, 1590, 1544, 1511, 1484, 1447, 1359, 1315, 1287, 1208,

1196, 1159, 1124, 1082, 1065, 1035, 993, 813, 772, 721, 688, 650.

HRMS (ESI*) calculated for C36H33F3N404S = 675.2239, mass found = 675.2247.

Melting point 78-80 °C.

* Broad signal, couples with both Hiz and H23 on HSQC.
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(Z2)-4-(1-Amino-2-(6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)vinyl)-N,N-

dimethylaniline, 29°¢!

Protected amine 28 (15 mg, 0.022 mmol, 1.0 eq.) was taken up in trifluoroacetic acid (0.19 mL, 2.4
mmol, 0.12 M) and dichloromethane (0.07 mL, 0.3 M) was added. The resulting reaction mixture
was stirred at room temperature for 4 hours. The deep red mixture was cooled down to 0 °C and
diluted with dichloromethane (1 mL) and the reaction was carefully quenched with a saturated
aqueous sodium bicarbonate (2 mL) and allowed to slowly warm up to room temperature. The
resulting orange mixture was separated and the aqueous layer was extracted with
dichloromethane (2 mL) and the combined organic extracts were washed with brine (5 mL), dried
over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The crude mixture was

purified by preparative TLC and amine 29 was obtained as an orange solid (8 mg, 66%).

1H NMR (400 MHz, Chloroform-d) 6 = 8.72 (s, 1H, Hi), 7.82 (m, 2H, H12), 7.75 (d, J = 7.4 Hz, 1H,
Hs), 7.58 (m, 1H, He), 7.52 (m, 2H, H7 & Hu4), 7.43 (m, 2H, Hi3), 7.22 (m, 1H, Hs), 7.12 (d, J = 8.9 Hz,

2H, Hz1), 6.53 (d, J = 9.0 Hz, 2H, Hzp), 4.66 (s, 1H, H1s), 2.89 (s, 6H, H23).

13C NMR (126 MHz, Chloroform-d) &¢ = 166.6 (Quat., Cz), 159.4 (Quat., C17), 159.0 (Quat., Cis),
156.2 (CH, C1), 151.9 (CH, C22), 139.2 (Quat., C11), 133.7 (CH, C1), 132.2 (q, J = 2.2 Hz, Quat., C4),

132.0 (CH, Cs), 131.9 (CH, Cs), 129.5 (CH, C12), 129.3 (d", J = 30.4 Hz, Quat., Co), 128.9 (CH, C13),

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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128.8 (CH, C;), 127.4 (CH, Ca1), 126.8 (g, J = 4.8 Hz, CH, Cs), 124.3 (Quat, C3), 124.1 (d", J = 274.3 Hz,

Quat., Cro), 112.1 (Quat., C1s), 111.9 (CH, Cz0), 90.3 (CH, Cig), 40.3 (CHs, Cz3).

19F NMR (377 MHz, Chloroform-d) 6-=-59.3.

FTIR (Chloroform-d) v/cm™ = 3423 (br), 2925, 1607, 1542, 1517, 1478, 1445, 1396, 1362, 1315,

1201, 1158, 1124, 1085, 1064, 1035, 992, 947, 909, 811, 774, 727, 687.

HRMS (ESI*) calculated for C27H23F3N405S = 525.1527, mass found = 525.1561.

Melting point 169-172 °C.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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4-(6-(Pyrrolidin-1-yl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)morpholine, 31b

Following general procedure D, using morpholine (24.5 uL, 0.28 mmol, 1.0 eq.). The resulting
crude product was purified by column chromatography (0.6 g silica, ethyl acetate/petroleum ether

40-60, 1:1 to 8:2). Compound 31b was obtained as a light-yellow solid (12 mg, 90%).

1H NMR (400 MHz, Chloroform-d) &4 = 8.39 (s, 1H, Hz), 7.72 (dd, J = 7.8, 1.5 Hz, 1H, Hs), 7.54 (td,
J=7.5,1.5Hz, 1H, Hg), 7.48 (m, 1H, Hy), 7.45 (m, 1H, Hs), 3.38 (m, 4H, H12), 3.05 (m, 4H, H14), 2.91

(m, 4H, H11), 1.69 (m, 4H, His).

13C NMR (101 MHz, Chloroform-d) 6c = 165.4 (Quat., C;), 159.8 (Quat., Ci13), 156.4 (CH, C1), 134.7
(CH, Cs), 131.7 (q, J = 2.3 Hz, Quat., C4), 131.0 (CH, Cs), 130.9 (g, J = 29.7 Hz, Quat., Cs), 128.2 (CH,
Cs), 126.9 (d, J = 5.0 Hz, CH, Cs), 124.1 (g, J = 274.3 Hz, Quat., C1o), 104.0 (Quat., C3), 66.7 (CHa, Ci2),

49.4 (CH3, Ci14), 49.4 (CH;, C11), 25.5 (CH3, Cis).

19F NMR (376 MHz, Chloroform-d) &¢ = -60.3.

FTIR (neat) v/cm™ =2981, 2804, 2708, 1553, 1527, 1452, 1422, 1382, 1365, 1310, 1254, 1165,

1102, 1031, 954, 813, 773.

HRMS (ESI*) calculated for C19H21F3N4O = 379.1740, mass found = 379.1732.

Melting point 95-100 °C.

208



4-(4-Ethylpiperazin-1-yl)-6-(pyrrolidin-1-yl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 31c

Following general procedure D, using N-ethylpiperazine (35.6 uL, 0.28 mmol, 1.0 eq.). The resulting
crude product was purified by column chromatography (1.0 g silica, 98:2
dichloromethane/methanol to 96:4 dichloromethane/methanol). Compound 31c was obtained as

an amber solid (9 mg, 66%).

1H NMR (400 MHz, Chloroform-d) &y = 8.36 (s, 1H, H1), 7.70 (d, J = 7.8 Hz, 1H, Hs), 7.52 (m, 1H, He),
7.45 (m, 2H, H; & Hs), 3.03 (m, 8H, H11 & H1z), 2.32 (g, J = 7.2 Hz, 2H, Hi3), 2.19 (m, 4H, His), 1.67

(td, ] =5.9, 3.0 Hz, 4H, H17), 1.01 (t, J = 7.2 Hz, 3H, H14).

13C NMR (101 MHz, Chloroform-d) &¢ = 160.2 (Quat., C;), 159.8 (Quat., Ci5), 156.1 (CH, C1), 134.8
(CH, Cs), 134.3 (d, J = 2.0 Hz, Quat., C4), 130.9 (CH, Cs), 129.4 (q, J = 30.1 Hz, Quat., Cs), 128.0 (CH,
C;), 126.7 (q, J = 5.2 Hz, CH, Cs), 124.0 (q, J = 275.7 Hz, Quat., C10), 103.1 (Quat., C3), 52.4 (CH,, C¢),

52.3 (CHy, C13), 49.2 (CH2, C11/C12), 48.3 (CH>, C11/Ci12), 25.4 (CH;, C17), 11.6 (CH3, Ci4).

19F NMR (376 MHz, Chloroform-d) &¢ = -60.3.

FTIR (neat) v/cm™ = 2923, 2851, 2360, 1559, 1523, 1481, 1458, 1421, 1370, 1343, 1311, 1256,

1232, 1201, 1163, 1108, 1062, 1022, 991, 962, 803, 781, 770, 665.

HRMS (ESI*) calculated for C19H26F3Ns = 406.2213, mass found = 406.2213.

Melting point 70-73 °C.
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(2)-4-(2-Fluorovinyl)-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 33102

In a flame-dried and argon backfilled vial was added a solution of TMS-alkyne 22b (23 mg, 0.05
mmol, 1.0 eq.) in anhydrous tetrahydrofuran (2.0 mL). The bright orange solution was cooled to
-5 °C and stirred vigorously. Tetra-n-butylammonium fluoride (TBAF) (1.0 M in THF, 60 uL, 0.06
mmol, 1.2 eq.) was added at —5 °C and the resulting dark brown mixture was stirred for 30 min
under argon, when TLC monitoring showed complete conversion of the starting material. The
resulting dark brown solution was quenched with saturated aqueous ammonium chloride (1.0 mL)
and extracted with dichloromethane (3 x 3 mL). The combined organic layers were washed with
brine (2 x 3 mL), dried over anhydrous sodium sulfate, filtered and concentrated. The crude
mixture was purified by column chromatography (1.2 g silica, 2:8 ethyl acetate/pentane).

Fluorovinylpyrimidine 33 was isolated as an amber oil (4.3 mg, 21%).

1H NMR (500 MHz, Chloroform-d) 64 = 8.88 (d, J = 1.6 Hz, 1H, H1), 7.90 (dd, J = 7.6, 1.6 Hz, 1H, Hs),
7.85 (m, 2H, Hiz), 7.72 (m, 2H, Hs & H7), 7.71 (d, J = 14.7 Hz, 1H, H1), 7.65 (tt, J = 7.5 Hz, 1.2 Hz, 1H,

His), 7.55 (dd, J = 8.4, 7.2 Hz, 2H, H13), 7.29 (m, 1H, Hs), 7.09 (d, J = 14.6 Hz, 1H, H1s).

13C NMR (126 MHz, Chloroform-d) &c = 167.9 (d, J = 254.8 Hz, Quat., C17), 160.1 (d, J = 4.7 Hz,
Quat., C1s), 158.3 (Quat., C2), 158.2 (CH, C1), 139.2 (Quat., C11), 134.2 (CH, C14), 133.8 (d, J = 5.6 Hz,
CH, Cis), 132.7 (CH, Cs), 132.1 (g, J = 2.7 Hz, Quat., C4), 131.8 (CH, Cs), 130.5 (CH, C), 129.9 (q,
J=30.6 Hz, Quat., Co), 129.7 (CH, Ci3), 128.2 (CH, C12), 127.2 (q, J = 5.0 Hz, Quat., Cs), 123.5 (q,

J=273.8 Hz, Quat., Cip), 119.8 (d, J = 27.7 Hz, Quat., C3).
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19F NMR (377 MHz, Chloroform-d) &¢ = -57.3 (s, -CFs), -60.4 (d, J = 3.9 Hz, CH=C(H)F).

FTIR (Chloroform-d) v/cm™ = 3062, 2916, 2361, 1590, 1530, 1436, 1392, 1316, 1177, 1127, 1085,

1069, 1035, 991, 965, 859, 833, 796, 773, 755, 730, 687.

HRMS (ESI*) calculated for Ci19H12FsN0,S = 409.0589, mass found = 409.0629.
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(2)-2-(6-(Phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)vinyl acetate, 34102

In a flame-dried and argon backfilled vial was added solution of TMS-alkyne 22b (23 mg, 0.05
mmol, 1.0 eq.) in anhydrous tetrahydrofuran (1.1 mL). The orange solution was cooled to -5 °C
and stirred vigorously. Acetic acid (2% v/v in THF, 0.22 mL, 0.075 mmol, 1.5 eq.) and TBAF (1.0 M
in THF, 60 uL, 0.06 mmol, 1.2 eq.) were added at =5 °C. The reaction mixture was allowed to slowly
warm up to room temperature and stirred for 16 h under argon. The resulting dark solution was
guenched with saturated aqueous sodium bicarbonate (0.1 mL), diluted with water (2 mL) and
extracted with dichloromethane (3 x 2 mL). The combined organic layers were washed with brine
(10 mL), dried over anhydrous sodium sulfate, filtered and concentrated. The crude mixture was
purified by column chromatography (1.2 g silica, 2:8 ethyl acetate/pentane). Vinyl acetate 34 was

obtained as a red solid (5 mg, 22%).

!H NMR (500 MHz, Chloroform-d) 64 = 9.02 (s, 1H, H1), 8.68 (d, J = 12.1 Hz, 1H, Hiy), 7.89 (dd,
J=84, 1.3 Hz, 2H, H1z), 7.86 (d, ] = 7.7 Hz, 1H, Hs), 7.72 (t, ] = 7.2 Hz, 1H, He), 7.66 (m, 3H, H13 &
Hia), 7.53 (t, J = 7.9 Hz, 1H, H7), 7.35 (d, J = 7.5 Hz, 1H, Hs), 5.79 (d, J = 12.0 Hz, 1H, H1s), 2.15 (s, 3H,

Hig).

13C NMR (126 MHz, Chloroform-d) &¢ = 166.9 (Quat., Cis), 163.9 (Quat., Cz), 163.8 (Quat., Cis),
157.2 (CH, C1), 146.3 (CH, C17), 137.9 (Quat., C11), 134.3 (CH, Cus), 132.1 (CH, Cs), 131.8 (CH, Cs),

130.3 (g, J = 1.9 Hz, Quat., C4), 129.9 (CH, Ci2), 129.7 (CH, Ci3), 129.2 (g, J = 30.3 Hz, Quat., Cs),

212



129.0 (CH, C7), 126.9 (g, J = 4.8 Hz, Cs), 126.3 (Quat., C3), 123.8 (q, J = 274.2 Hz, C1), 109.4 (CH,

Ci6), 20.7 (CH3, Ci9).

19F NMR (377 MHz, Chloroform-d) & = -59.3.

FTIR (Chloroform-d) v/cm™ = 2923, 2852, 1776, 1650, 1545, 1509, 1448, 1422, 1372, 1315, 1173,

1151, 1108, 811, 772, 726, 687.

HRMS (ESI*) calculated for C21H15F3N204S = 449.0738, mass found = 449.07763.

Melting point 61-63 °C.
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4-Ethynyl-6-methoxy-5-(2-(trifluoromethyl)phenyl)pyrimidine, 35

In a small vial, TMS-alkynyl(sulfonyl)pyrimidine 22b (50 mg, 0.11 mmol, 1.0 eq.) was dissolved in
methanol (0.8 mL), 1 M aqueous potassium carbonate (0.22 mL, 0.22 mmol, 2.0 eq.) was added
and the resulting brown suspension was stirred at room temperature for 20 minutes. Water (5 mL)
and dichloromethane (5 mL) were added and the phases were separated. The aqueous layer was
extracted with dichloromethane (2 x 5 mL) and the combined organic layers were dried over
anhydrous magnesium sulfate, filtered and concentrated. The resulting crude mixture was purified
by column chromatography (1.5 g silica, ethyl acetate/pentane, 2:8 to 1:1). The deprotected,

methanolysed pyrimidine 35 was isolated as an off-white solid (11 mg, 36%).

1H NMR (500 MHz, Chloroform-d) &4 = 8.76 (s, 1H, H1), 7.79 (d, J = 7.9 Hz, 1H, Hsg), 7.63 (t, J = 7.4

Hz, 1H, He), 7.56 (t, J = 7.7 Hz, 1H, H), 7.29 (d, J = 7.5 Hz, 1H, Hs), 3.92 (s, 3H, H11), 3.11 (s, 1H, H1a).

13C NMR (126 MHz, Chloroform-d) &¢ = 167.3 (Quat., C2), 158.0 (CH, C1), 148.2 (Quat., C12), 132.0
(CH, Cs), 131.7 (CH, Cs), 131.3 (q, J = 2.2 Hz, Quat., C4), 129.5 (q, J = 30.5 Hz, Quat., Cs), 129.0 (CH,
C7), 126.6 (q, ] =4.9 Hz, CH, Cs), 123.8 (q, J = 273.8 Hz, Quat., C10), 123.1 (Quat., C3), 84.4 (CH, Ci4),

79.6 (Quat., C13), 54.6 (CH, C11).

15F NMR (470 MHz, Chloroform-d) & = -60.8.

FTIR (Chloroform-d) v/cm™ = 1607, 1562, 1469, 1419, 1384, 1314, 1170, 1127, 1062, 1036, 997,

833, 770.
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HRMS (ESI*) calculated for C14H9F3N20 = 279.0701, mass found = 279.07388.

Melting point 104-106 °C.
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4-Methoxy-6-phenyl-5-(2-(trifluoromethyl)phenyl)pyrimidine, 36

Sulfonylpyrimidine 23a (10 mg, 0.02 mmol, 1.0 eq.) was weighed into a small vial, dissolved in
methanol (0.1 mL) and 1 M aqueous potassium carbonate (40 puL, 0.04 mmol, 2.0 eq.) was added.
The resulting colourless suspension was stirred at room temperature for 16 h. Water (1 mL) and
dichloromethane (1 mL) were added and the phases were separated. The aqueous layer was
extracted with dichloromethane (3 x 2 mL) and the combined organic layers were washed with
brine (5 mL), dried over anhydrous magnesium sulfate, filtered and concentrated. The resulting
crude mixture was purified by preparative TLC (2:8 ethyl acetate/pentane). Methoxypyrimidine 36

product was isolated as a white solid (4 mg, 53%).

1H NMR (500 MHz, Chloroform-d) 8, = 8.89 (s, 1H, H), 7.71 (dd, J = 7.4, 1.9 Hz, 1H, Hs), 7.47 (m,
2H, Hs & H7), 7.34 (m, 2H, Hia), 7.24 (d, J = 7.3 Hz, 1H, Hs), 7.20 (t J = 7.3 Hz, 2H, H1s), 7.15 (dd,

J=7.3,1.8Hz, 1H, Hig), 3.94 (s, 3H, H11).

13C NMR (126 MHz, Chloroform-d) 6c = 167.9 (Quat., C2), 163.5 (Quat., C12), 157.6 (CH, C1), 137.6
(Quat., C13), 132.8 (CH, Ci6), 132.5 (q, J = 2.1 Hz, Quat., C4), 131.8 (CH, Cs), 129.8 (q, J = 30.1 Hz,
Quat., Co), 129.5 (CH, C14), 129.1 (CH, Cs), 128.4 (CH, C;), 128.0 (CH, C1s), 127.0 (q, J = 4.8 Hz, CH,

Cs), 124.0 (d, J = 274.2 Hz, Quat., C1), 118.1 (Quat., C3), 54.5 (CHs, C11).

19F NMR (470 MHz, Chloroform-d) &¢ = -60.4.
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FTIR (Chloroform-d) v/cm™ = 2959, 2917, 2362, 1606, 1562, 1544, 1496, 1468, 1422, 1382, 1314,

1169, 1131, 1035, 696.

HRMS (ESI*) calculated for C1sH13F3N20 = 331.1014, mass found = 331.1050.

Melting point 98—-101 °C.
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(S)-4-((6-Methoxy-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)ethynyl)-N,N-dimethylaniline,

37a

Racemic: Following general procedure E, using racemic sulfonylpyrimidine 22a and methanol.
Methoxypyrimidine 37a was isolated as a light yellow solid (7.3 mg, 93%). Starting material 22a

was also recovered (0.7 mg, 7%).

Enantioenriched: Following general procedure E, using enantioenriched sulfonylpyrimidine 22a

(85:15 e.r.) and methanol. Methoxypyrimidine 37a was isolated as a light yellow solid (7 mg, 87%,

85:15 e.r.). Starting material 22a was also recovered (0.7 mg, 7%).

1H NMR (500 MHz, Chloroform-d) &4 = 8.74 (s, 1H, H1), 7.81 (d, J = 7.8 Hz, 1H, Hs), 7.66 (t, J = 7.2
Hz, 1H, Hes), 7.58 (t, J = 7.7 Hz, 1H, H7), 7.37 (d, J = 7.5 Hz, 1H, Hs), 6.96 (d, J = 8.9 Hz, 2H, His), 6.51

(d, J=9.0 Hz, 2H, H17), 3.93 (s, 3H, H11), 2.95 (s, 6H, H19).

13C NMR (126 MHz, Chloroform-d) 6¢ = 167.0 (Quat., Cz), 157.8 (CH, C;1), 151.0 (Quat., C12), 150.4
(Quat., Cis), 133.7 (CH, Cis), 132.5 (q, J = 2.1 Hz, Quat., Cs4), 132.3 (CH, Cs), 131.8, (CH, Cs) 129.8 (q,
J=30.5 Hz, Quat., Cg), 128.6 (CH, C;), 126.5 (q, J = 4.9 Hz, CH, Cg), 124.0 (q, J = 274.0 Hz, Quat., Cig),
121.2 (Quat., C3), 111.6 (CH ,C17), 107.7 (Quat., C15), 100.3 (Quat., C14), 85.2 (Quat., C13), 54.4 (CH;,

Ci11), 40.2 (CH3, Cig).

19F NMR (377 MHz, Chloroform-d) &- = -60.7.
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FTIR (neat) v/cm™ = 2918, 2360, 2201, 1607, 1560, 1537, 1466, 1426, 1390, 1367, 1314, 1166,

1127, 1061, 1034, 996, 946, 814, 770.
HRMS (ESI*) calculated for C22H1sF3N30 = 398.1436, mass found = 398.1482.

Chiral HPLC (Chiralpak ADH, 20% IPA, 80% hexane, 1.0 mL/min, A = 250 nm, 10 ul injection)

MM = 10.66 min, g ™%°" = 12.39 min (85:15 e.r.).
[a]%® = 27 (c = 0.1, chloroform).

Melting point 187-190 °C (rac.), 194—-197 °C (ent.).
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6-((4-(Dimethylamino)phenyl)ethynyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 37b

Sulfonylpyrimidine 22a (10 mg, 0.02 mmol, 1.0 eq.) was weighed into a small vial, suspended in
1,4-dioxane(0.2 mL), and sodium hydroxide (50% w/w aqueous solution, 10 uL) was added and the
resulting yellow suspension was stirred at room temperature for 18 h. The reaction mixture was
neutralized with 1 M hydrogen chloride (a few drops) and water (1 mL) and dichloromethane (1
mL) were added and the phases were separated. The aqueous layer was extracted with
dichloromethane (3 x 2 mL) and the combined organic layers were washed with brine (5 mL), dried
over anhydrous magnesium sulfate, filtered and concentrated. The crude mixture, a light-yellow

solid was identified to be pyrimidone 37b (7 mg, 93%).

1H NMR (500 MHz, Chloroform-d) &4 = 13.00 (s, 1H, NH), 8.08 (s, 1H, Hi), 7.84 (d, J = 7.9 Hz, 1H,
Hs), 7.68 (t, J = 7.3 Hz, 1H, Hg), 7.60 (t, J = 7.7 Hz, 1H, H7), 7.42 (d, J = 7.6 Hz, 1H, Hs), 6.93 (d, J = 8.9

Hz, 2H, His), 6.50 (d, J = 9.0 Hz, 2H, H1g), 2.95 (s, 6H, H1s).

13C NMR (126 MHz, Chloroform-d) &¢ = 162.7 (Quat., C;), 151.2 (Quat., C17), 148.3 (Quat., C11),
148.2 (CH, C1), 133.8 (CH, C1s), 132.4 (g, J = 2.4 Hz, Quat., C4), 132.3 (CH, Cs), 132.2 (CH, Cs), 130.1
(g, J = 30.4 Hz, Quat., Cg), 128.8 (CH, C;), 127.5 (Quat., C3), 126.7 (q, J = 4.8 Hz, CH, Cs), 124.1 (q,
J=274.1 Hz, Quat., C1), 111.6 (CH, Cis), 107.4 (Quat., Cis), 103.1 (CH, Ci3), 85.6 (CH, Ci3), 40.1

(CHs, Cis).

15F NMR (377 MHz, Chloroform-d) &¢ = -60.5.
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FTIR (Chloroform-d) v/cm™ = 2980, 2918, 2191, 1650, 1591, 1523, 1446, 1409, 1368, 1315, 1265,

1065, 1035, 1017, 817, 769, 732.

HRMS (ESI*) calculated for C21H16F3N30 = 384.1318, mass found = 384.1317.

Melting point 203-206 °C.
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6-Chloro-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 39

Sulfonyl pyrimidine 20 (15 mg, 0.038 mmol, 1.0 eq.) was weighed into a vial and dissolved in
1,4-dioxane (0.2 mL). Aqueous sodium hydroxide (50% w/w) (25 uL, 0.456 mmol, 12.0 eq.) was
added and the resulting colourless mixture was stirred at room temperature overnight. Upon
completion, the reaction mixture had turned yellow. The reaction mixture was acidified with 1 M
hydrogen chloride (a few drops), diluted with dichloromethane (1 mL) and water (1 mL). The
aqueous layer was extracted with dichloromethane (3 x 2 mL) and the combined organic extracts
were washed with brine (5 mL), dried over anhydrous magnesium sulfate, filtered and
concentrated in vacuo. The crude mixture, an off-white solid, was identified as pyrimidone 39 (9

mg, 95%).

1H NMR (500 MHz, Chloroform-d) 6y = 12.99 (s, 1H, NH), 8.02 (s, 1H, H1), 7.82 (d, J = 7.8 Hz, 1H,

Hs), 7.68 (t, J = 7.6 Hz, 1H, Hg), 7.60 (t, J = 7.7 Hz, 1H, H7), 7.29 (d, J = 7.6 Hz, 1H, Hs).

13C NMR (126 MHz, Chloroform-d) ¢ = 162.8 (Quat., Cz), 158.5 (Quat., C11), 147.7 (CH, C1), 132.5
(CH, Cs), 131.3 (CH, Cs), 130.4 (q, J = 2.2 Hz, Quat., C4), 129.4 (CH, C7), 129.3 (g, J = 30.8 Hz, Quat.,

Co), 126.8 (q, J =4.9 Hz, CH, Cs), 125.0 (Quat., C3), 123.7 (q, J = 273.8 Hz, Quat., C1g).

15F NMR (471 MHz, Chloroform-d) &- = -61.2.

FTIR (Chloroform-d) v/cm™ = 3660, 2981, 2917, 2849, 1661, 1590, 1552, 1462, 1380, 1316, 1252,

1166, 1131, 1067, 1036, 995, 953, 798, 733, 685, 647.

HRMS (ESI*) calculated for C11HsCIF3N20 = 275.0194, mass found = 275.0194.
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Melting point 163—-165 °C.

223



(R)-3-Benzyl-6-chloro-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 40a
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Racemic: Following general procedure F, using racemic chloropyrimidine 20, the reaction mixture
was quenched with benzyl bromide (24 pL, 0.20 mmol, 5.0 eq.), and stirred at 50 °C for 1 h. The
crude mixture was purified by column chromatography (7.5 g silica, 2:8 ethyl acetate/pentane)

and the desired benzyloxypyrimidine 40a obtained as a white solid (10.5 mg, 76%).

Enantioenriched: Following general procedure F, using enantioenriched chloropyrimidine 20

(88:12 e.r.), the reaction mixture was quenched with benzyl bromide (24 pL, 0.20 mmol, 5.0 eq.),
and stirred at 50 °C for 1 h. The crude mixture was purified by column chromatography (7.5 g
silica, 2:8 ethyl acetate/pentane) and the desired benzylpyrimidinone 40a obtained as a white

solid (7 mg, 52%, 88:12 e.r.).

!H NMR (400 MHz, Chloroform-d) 6y = 8.10 (s, 1H, Hi), 7.78 (d, J = 7.9 Hz, 1H, Hs), 7.64 (tdd,
J=7.6,1.4,0.7 Hz, 1H, Hg), 7.55 (tt, J = 7.6, 1.1 Hz, 1H, H), 7.38 (m, 3H, H13 & H1s), 7.33 (dd, J = 7.6,
2.0 Hz, 2H, H14), 7.28 (d, ] = 7.6 Hz, 1H, Hs), 5.19 (d, J = 14.5 Hz, 1H, Hi1), 5.08 (d, J = 14.5 Hz, 1H,

Hiz).

13C NMR (101 MHz, Chloroform-d) 8¢ = 159.9 (Quat. ,Cz), 156.0 (Quat., Cis), 149.7 (CH, C1), 134.6

(Quat., C12), 132.5 (CH, Cs), 131.5 (CH, Cs), 131.2 (q, J = 2.1 Hz, Quat., C4), 129.5 (Quat., Cs), 129.4
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(CH, C13), 129.2 (CH, Cis), 129.0 (CH, C;), 128.4 (CH, C14), 126.8 (g, J = 5.0 Hz, CH, Cs), 124.6 (Quat.,

Cs), 123.9 (d”, J = 274.0 Hz, Quat., Ci10), 50.5 (CHa, C11).
19F NMR (377 MHz, Chloroform-d) 6-=-61.2.

FTIR (Chloroform-d) v/cm™ =2981, 1668, 1587, 1544, 1381, 1315, 1267, 1222, 1171, 1126, 1076,

1044, 1035, 969, 945.
HRMS (ESI*) calculated for C18H12CIF3N20 = 365.0663, mass found = 365.0663.

Chiral HPLC (Chiralpak ADH, 20% IPA, 80% hexane, 1.0 mL/min, A = 250 nm, 10 L injection)

R™9°" = 9.06 min, r™"°" = 10.06 min (88:12 e.r.).
[a]%’ = - 13 (c = 0.1, chloroform) for the 88:12 e.r. mixture.

Melting point 94-96 °C (rac.), 73-76 °C (ent.).

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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3-(4-(tert-Butyl)benzyl)-6-chloro-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 40b

7
8 6
10 9
F;C” 7
Cl (o] 15
/
h D) 1 16
NN 14
1 1" 13

17

Following general procedure F, the reaction mixture was quenched with 4-tert-butylbenzyl
bromide (37 uL, 0.20 mmol, 5.0 eq.). The crude mixture was purified by column chromatography

(3 gsilica, 2:8 ethyl acetate/pentane) and product 40b was obtained as a white solid (10 mg, 65%).

14 NMR (500 MHz, Chloroform-d) 6, = 8.08 (s, 1H, H1), 7.78 (d, J = 7.9 Hz, 1H, Hs), 7.64 (¢t
J=7.5Hz, 1H, He), 7.55 (t, J = 7.7 Hz, 1H, H7), 7.41 (d, J = 8.3 Hz, 2H, H13), 7.29 (d, J = 8.2 Hz, 1H,
Hs), 7.27 (d, J = 8.8 Hz, 2H, Hu4), 5.14 (d, J = 14.5 Hz, 1H, H11), 5.07 (d, J = 14.5 Hz, 1H, H11), 1.32 (s,

9H1 Hl7)'

13C NMR (126 MHz, Chloroform-d) &¢ = 159.9 (Quat., C;), 156.0 (Quat., C1g), 152.1 (Quat., Cis),
149.8 (CH, H1), 132.5 (CH, Cs), 131.5 (CH, Cs & Quat., C12), 131.3 (g, J = 2.3 Hz, Quat., C4), 129.3 (g,
J=30.6 Hz, Quat., Cs), 129.2 (CH, C;), 128.3 (CH, C14), 126.8 (g, J = 5.0 Hz, CH, Cs), 126.4 (CH, C13),
124.5 (Quat., Cs3), 123.9 (q, J = 273.9 Hz, Quat., C10), 50.1 (CHa, C11), 34.8 (Quat., Cis), 31.4 (CHs,

Ci17).

19F NMR (377 MHz, Chloroform-d) 6-=-61.2.

FTIR (Chloroform-d) v/cm™ = 2963, 1669, 1587, 1543, 1403, 1380, 1315, 1267, 1221, 1170, 1128,

1076, 1036, 969, 768, 648, 618.

HRMS (ESI*) calculated for C22H20CIF3N>0 = 421.12890, mass found = 421.1288.

Melting point 168-170 °C.
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6-Chloro-3-(3,5-di-tert-butylbenzyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 40c

Following general procedure F, the reaction mixture was quenched with 3,5-di-tert-butylbenzyl
bromide (57 mg, 0.20 mmol, 5.0 eq.). The crude mixture was purified by column chromatography
(3 g silica, 2:8 ethyl acetate/pentane) and benzylpyrimidinone 40c was obtained as a white solid

(13 mg, 75%).

14 NMR (500 MHz, Chloroform-d) 6y = 8.07 (s, 1H, H1), 7.79 (d, J = 7.9 Hz, 1H, Hs), 7.65 (¢t
J=7.6Hz, 1H, He), 7.56 (t, J = 7.7 Hz, 1H, H7), 7.43 (t, J = 1.8 Hz, 1H, H1s), 7.29 (d, J = 7.6 Hz, 1H, Hs),
7.16 (d, J = 1.8 Hz, 2H, H13), 5.33 (d, J = 14.5 Hz, 1H, H11), 4.95 (d, J = 14.5 Hz, 1H, H11), 1.32 (s, 18H,

H17).

13C NMR (126 MHz, Chloroform-d) &¢ = 160.0 (Quat., C2), 155.9 (Quat., C1g), 152.2 (Quat., Ci4),
149.9 (CH, C1), 133.9 (Quat., Ci1z), 132.5 (CH, Cs), 131.5 (CH, Cs), 131.4 (q, J = 2.2 Hz, Quat., C4),
129.4 (g, J = 30.5 Hz, Quat., Cs), 129.2 (CH, C;), 127.8 (d", J = 277.3 Hz, Quat., C1), 126.8 (q, ] = 4.9
Hz, CH, Cg), 124.4 (Quat., C3), 123.1 (CH, C15), 122.7 (CH, C13), 50.7 (CH>, C11), 35.0 (Quat., Ci¢), 31.5

(CHs, C17).

15F NMR (377 MHz, Chloroform-d) 6-=-61.1.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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FTIR (Chloroform-d) v/cm™ = 2963, 1667, 1588, 1543, 1478, 1403, 1379, 1364, 1315, 1220, 1171,

1130, 1076, 1036, 974, 941, 794, 768, 734, 712.

HRMS (ESI*) calculated for C26H2sCIF3N,0 = 477.1915, mass found = 477.19153.

Melting point 139-142 °C.
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6-Chloro-3-(4-fluorobenzyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 40d

Following general procedure F, the reaction mixture was quenched with 4-fluorobenzyl bromide
(25 pL, 0.20 mmol, 5.0 eq.). The crude mixture was purified by column chromatography (3 g silica,
2:8 ethyl acetate/pentane) and a light-yellow viscous oil was obtained (18 mg, quant.). After

triturating the crude mixture in pentane, product 40d was obtained as a white solid (9 mg, 64%).

14 NMR (500 MHz, Chloroform-d) 6y = 8.11 (s, 1H, H1), 7.78 (d, J = 7.9 Hz, 1H, Hs), 7.64 (¢t
J=7.5Hz, 1H, He), 7.55 (t, J = 7.7 Hz, 1H, H;), 7.34 (dd, J = 8.5, 5.3 Hz, 2H, H13), 7.27 (d, J = 8.5 Hz,

1H, Hs), 7.07 (t, J = 8.6 Hz, 2H, H14), 5.16 (d, J = 14.5 Hz, 1H, H11), 5.04 (d, J = 14.5 Hz, 1H, H11).

13C NMR (126 MHz, Chloroform-d) 6c= 163.0 (d, J = 248.4 Hz, Quat., C1s), 159.8 (Quat., C2), 156.1
(Quat., Cis), 149.5 (CH, C1), 132.6 (Quat., C1z), 132.5 (CH, Cs), 131.5 (CH, Cs), 131.1 (g, J = 2.1 Hz,
Quat., Cs), 130.5 (d, J = 8.5 Hz, CH, C13), 129.3 (g, J = 30.5 Hz, Quat., Cs), 129.3 (CH, C), 126.9 (g,
J=5.0 Hz, CH, Cs), 124.7 (Quat., Cs), 123.9 (g, J = 273.8 Hz., Quat., Co), 116.4 (d, J = 21.6 Hz, CH,

Ci4), 49.9 (CH;, C11).

19F NMR (377 MHz, Chloroform-d) &¢ = -61.2 (CFs), -112.5 (m, CF).

FTIR (Chloroform-d) v/cm™ = 2923, 1669, 1587, 1544, 1511, 1404, 1380, 1316, 1267, 1226, 1172,

1127, 1077, 1043, 970, 942, 797.

HRMS (ESI*) calculated for C1sH11CIF4N20 = 383.05689, mass found = 383.0571.

Melting point 89-92 °C.
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6-Chloro-3-(4-nitrobenzyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 40e

Following general procedure F, the reaction mixture was quenched with 4-nitrobenzyl bromide (43
mg, 0.20 mmol, 5.0 eq.). The crude mixture was purified by column chromatography (7.5 g silica,
2:8 ethyl acetate/pentane to 1:0 ethyl acetate/pentane) and benzylpyrimidinone 40e was

obtained as a yellow oil (14 mg, 91%).

14 NMR (500 MHz, Chloroform-d) 6, = 8.24 (d, J = 8.8 Hz, 2H, Hu), 8.18 (s, 1H, Hi), 7.77 (d,
J=1.3Hz, 1H, Hs), 7.64 (t, J = 7.5 Hz, 1H, Hs), 7.56 (t, J = 7.8 Hz, 1H, H7), 7.50 (d, J = 8.7 Hz, 2H, H13),

7.27 (d, J = 8.2 Hz, 1H, Hs), 5.31 (d, J = 15.0 Hz, 1H, H11), 5.13 (d, J = 14.9 Hz, 1H, H11).

13C NMR (126 MHz, Chloroform-d) 6c = 159.7 (Quat., C2), 156.5 (Quat., Cis), 149.4 (CH, C1), 148.2
(Quat., C15), 141.5 (Quat., C12), 132.6 (CH, Ce), 131.4 (CH., Cs), 130.7 (g, J = 2.2 Hz, Quat., C4), 129.4
(CH, C;), 129.2 (q, J = 30.5 Hz, Quat., Cs), 129.0 (CH, C13), 126.9 (g, J = 5.0 Hz, CH, Cs), 125.0 (Quat.,

Cs), 124.5 (CH, C1a), 123.9 (d, J = 273.8 Hz, Quat., C1g), 50.1 (CH3, C11).

19F NMR (377 MHz, Chloroform-d) 6-=-61.2.

FTIR (Chloroform-d) v/cm™ = 2923, 2853, 1670, 1588, 1544, 1521, 1403, 1380, 1346, 1315, 1267,

1222, 1171, 1127, 1078, 1046, 1036, 975, 938, 857, 808, 770, 732.

HRMS (ESI*) calculated for C1sH11CIF3N303 = 410.0514, mass found = 410.0515.
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6-Chloro-3-(naphthalen-2-yImethyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-onene, 40f

Following general procedure F, the reaction mixture was quenched with 2-
(bromomethyl)naphtalene (44 mg, 0.20 mmol, 5.0 eq.). The crude mixture was purified by column
chromatography (3 g silica, 2:8 ethyl acetate/pentane) and naphtaleneylmethylpyrimidinone 40f

was obtained as a white solid (14 mg, 92%).

1H NMR (500 MHz, Chloroform-d) &1 = 8.17 (s, 1H, Hi), 7.87 (d, J = 8.4 Hz, 1H, H1s), 7.84 (m, 2H,
H17& Hz1), 7.79 (d, J = 7.7 Hz, 2H, Hs & His), 7.64 (t, J = 7.4 Hz, 1H, He), 7.56 (t, J = 7.8 Hz, 1H, H7),
7.52 (m, 2H, His & Hig), 7.42 (dd, J = 8.4, 1.9 Hz, 1H, Hia), 7.29 (d, J = 7.6 Hz, 1H, Hs), 5.36 (d,

J=14.5 Hz, 1H, H11), 5.24 (d, J = 14.6 Hz, 1H, H1y).

13C NMR (126 MHz, Chloroform-d) 6¢c = 159.9 (Quat., C), 156.1 (Quat., C22), 149.8 (CH, C:1), 133.4
(Quat., C15/Ca0), 133.3 (Quat., C15/Cz0), 132.5 (CH, Ce), 131.9 (Quat., C12), 131.5 (CH, Cs), 131.2 (q,
J=2.3 Hz, Quat., Cs4), 129.5 (CH, C13), 129.2 (CH, C;), 128.9 (d", J = 32.9 Hz, Quat., Cs), 128.1 (CH,
C21), 127.9 (CH, Ci17), 127.8 (CH, C1s), 126.9 (CH, C1s/C1s), 126.9 ( CH, C16/C19), 126.8 (g, J = 5.0 Hz,

CH, Cs), 125.5 (CH, C14), 124.6 (Quat., C3), 123.9 (q, J = 273.8 Hz, Quat., C1o), 50.6 (CH2, Ci1).

19F NMR (377 MHz, Chloroform-d) 6-=-61.1.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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FTIR (Chloroform-d) v/cm™ = 2981, 2920, 2851, 1670, 1587, 1543, 1403, 1378, 1315, 1267, 1221,

1127, 1077, 1037, 978, 954, 941, 797, 768.

HRMS (ESI*) calculated for C22H14CIF3N0 = 415.0820 , mass found = 415.0818.

Melting point 45—48 °C.
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3-Allyl-6-chloro-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 40g

Following general procedure F, the reaction mixture was quenched with 3-bromopropene (17 pL,
0.20 mmol, 5.0 eq.). The crude mixture was purified by preparative thin-layer chromatography (1:1

ethyl acetate/pentane) allylpyrimidinone 40g was obtained as a colourless oil (6 mg, 52%).

1H NMR (500 MHz, Chloroform-d) &1 = 8.06 (s, 1H, Hy), 7.78 (d, J = 7.9 Hz, 1H, Hs), 7.64 (t, J = 7.4
Hz, 1H, Hs), 7.55 (t, J = 7.7 Hz, 1H, H7), 7.28 (d, J = 7.6 Hz, 1H, Hs), 5.96 (ddt, J = 16.2, 10.3, 5.9 Hz,
1H, H1z), 5.38 (d, J = 10.3 Hz, 1H, Hi3a), 5.31 (d, J = 17.2 Hz, 1H, Hiss), 4.58 (dddt, J = 44.8, 15.6, 6.1,

1.6 Hz, 2H, Hi1).

13C NMR (126 MHz, Chloroform-d) &¢ = 159.6 (Quat., Cz), 156.1 (Quat., Ci4), 149.6 (CH, C1), 132.5
(CH, Cs), 131.5 (CH, Cs), 131.2 (q, J = 2.3 Hz, Quat., Cs), 130.8 (CH, Ci12), 129.3 (q, J = 30.5 Hz, Quat.,
Co), 129.2 (CH, C;), 126.8 (g, J = 4.9 Hz, CH, Cs), 124.5 (Quat., C3), 123.9 (q, J = 273.8 Hz, Quat., C1o),

120.4 (CH;, C13), 49.3 (CH3, Ci1).

19 NMR (377 MHz, Chloroform-d) 6 = -61.2.

FTIR (Chloroform-d) v/cm™ = 2960, 2921, 2851, 1723, 1673, 1587, 1544, 1511, 1462, 1380, 1315,

1269, 1227, 1171, 1128, 1075, 1039, 969, 797, 768.

HRMS (ESI*) calculated for C14H10CIF3N>O = 315.0507, mass found = 315.0507.
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6-Chloro-3-(prop-2-yn-1-yl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4(3H)-one, 40h

Following general procedure F, the reaction mixture was quenched with 3-bromopropene (17 uL,
0.20 mmol, 5.0 eq.). The crude mixture was purified by column chromatography (3 g silica, 4:6
ethyl acetate/pentane) and the resulting oil was further purified by thin-layer chromatography

(1:1 toluene/diethyl ether) to yield product 40h as a white sticky solid (5 mg, 43%).

14 NMR (500 MHz, Chloroform-d) 6y = 8.46 (s, 1H, Hi), 7.79 (d, J = 8.0 Hz, 1H, Hs), 7.65 (¢,
J=7.6Hz, 1H, Hg), 7.56 (t, J = 7.7 Hz, 1H, H7), 7.28 (d, J = 7.9 Hz, 1H, Hs), 4.76 (qd, J = 18.1, 2.6 Hz,

ZH, H11), 2.65 (S, 1H, H13).

13C NMR (126 MHz, Chloroform-d) ¢ = 159.1 (Quat., Cz), 156.5 (Quat., C14), 148.6 (CH, C1), 132.5
(CH, Cs), 131.5 (CH, Cs), 130.9 (d, J = 1.9 Hz, Quat., C4), 129.7 (d", J = 35.7 Hz, Quat., Cs), 129.3 (CH,
C;), 126.9 (g, J = 4.7 Hz, CH, Cs), 124.0 (Quat., C3), 123.9 (q, J = 273.8 Hz, Quat., C10) 77.7 (CH, Ci3),

74.9 (Quat., C12), 36.4 (CH2, Ci1).

19F NMR (377 MHz, Chloroform-d) 6- = -61.2.

FTIR (Chloroform-d) v/cm™ = 3658, 2981, 2889, 1676, 1589, 1545, 1473, 1462, 1382, 1316, 1252,

1154, 1078, 954.

HRMS (ESI*) calculated for C14HsCIF3N>0 = 313.0350, mass found = 313.0351.

* In this section, some 3C signals expected to be quartets (q) were reported as doublets (d) when observed as such
on the spectra. This can be due to low concentrations of substrate or signals merging together.
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(S)-4-(1-Benzyl-1H-1,2,3-triazol-4-yl)-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine,

41[90,107]

Racemic: In a small vial, racemic (trimethylsilyl)acetylene-pyrimidine 22b (30 mg, 0.065 mmol, 1.0
eq.) was dissolved in tert-butyl alcohol (1.0 mL) at 33 °C and benzyl azide (9.6 uL, 0.072 mmol, 1.1
eq.) was added. In another small vial, copper(ll) sulfate pentahydrade (8 mg, 0.032 mmol, 50 mol
%), and sodium-L-ascorbate (13 mg, 0.065 mmol, 1.0 eq.) were dissolved in water (1.0 mL). The
resulting orange aqueous solution was added slowly to the previous organic solution. Pyridine (32
uL) and TBAF (1.0 M in THF, 65 uL, 0.065 M, 1.0 eq.) were slowly added to the mixture in
sequence. The resulting brown solution was stirred at 33 °C under nitrogen atmosphere for 16 h.
The reaction mixture was quenched with saturated aqueous ammonium chloride (1 mL) and
extracted with dichloromethane (3 x 5 mL). The combined organic layers were washed with brine
(2 x 10 mL), dried over anhydrous magnesium sulfate, filtered and concentrated under reduced
pressure. The crude reaction mixture was purified by column chromatography (3 g silica, 1:1 ethyl

acetate/pentane) and 1,2,3-triazolylpyrimidine 41 was isolated as an amber solid (22 mg, 65%).

Enantioenriched: In a small vial, enantioenriched (trimethylsilyl)acetylene-pyrimidine 22b (81:19

e.r.) (30 mg, 0.065 mmol, 1.0 eq.) was dissolved in tert-butyl alcohol (1.0 mL) at 33 °C, and benzyl
azide (9.6 uL, 0.072 mmol, 1.1 eq.) was added. In another small vial, copper(ll) sulfate
pentahydrade (8 mg, 0.032 mmol, 50 mol %), and sodium-L-ascorbate (13 mg, 0.065 mmol, 1.0
eg.) were dissolved in water (1.0 mL). The resulting orange aqueous solution was added slowly to

the previous organic solution. Pyridine (32 pL) and TBAF (1.0 M in THF, 65 uL, 0.065 M, 1.0 eq.)
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were slowly added to the mixture in sequence. The resulting brown solution was stirred at 33 °C
under nitrogen atmosphere for 16 h. The reaction mixture was quenched with saturated aqueous
ammonium chloride solution (1 mL) and extracted with dichloromethane (3 x 5 mL). The combined
organic layers were washed with brine (2 x 10 mL), dried over anhydrous magnesium sulfate,
filtered and concentrated under reduced pressure. The crude reaction mixture was purified by
column chromatography (5 g silica, 1:1 ethyl acetate/pentane). The desired product 41 was

isolated as a brown-red solid (15 mg, 45%, 81:19 e.r.).

1H NMR (400 MHz, Chloroform-d) 64 = 9.19 (s, 1H, Hz), 7.89 (dd, J = 8.4, 1.3 Hz, 2H, H12), 7.69 (d,
J=7.8Hz, 1H, Hs), 7.65 (m, 2H, Hs & H7), 7.59 (m, 1H, H14), 7.53 (m, 2H, H1s), 7.41 (m, 1H, Hs), 7.36

(m, 3H, H21 & H33), 7.12 (m, 2H, Hzo), 6.94 (s, 1H, H17), 5.40 (sextet, J = 17.0 Hz, 2H, H1s).

13C NMR (101 MHz, Chloroform-d) &¢ = 164.6 (Quat., Cz), 158.6 (Quat., Cis), 157.8 (CH, C1), 145.1
(Quat., Cis), 137.7 (Quat., C11), 134.4 (CH, Cs), 133.7 (Quat., Cis), 132.0 (CH, Cs), 131.9 (CH, C5),
130.6 (q, J = 1.8 Hz, Quat., Cs), 129.9 (CH, C14), 129.8 (CH, C12), 129.4 (CH, C13), 129.2 (CH, C2,),
129.1 (q, J = 34.9 Hz., Quat. Cs), 129.0 (CH, C21), 128.4 (CH, Ca0), 126.8 (q, J = 4.7 Hz, CH, Cs), 126.4

(Quat., C3), 126.0 (CH, C17), 123.8 (q, ] = 274.5 Hz, Quat., Cio), 54.4 (CH,, C1s).
19 NMR (377 MHz, Chloroform-d) &¢ = -59.5.

FTIR (Chloroform-d) v/cm™ = 2981, 2361, 1544, 1448, 1415, 1315, 1267, 1241, 1153, 1123, 1080,

1035, 997, 956, 810, 767, 722, 687.
HRMS (ESI*) calculated for Ca6H1sF3N502S = 522.1167, mass found = 522.1207.

Chiral HPLC (Chiralpak IC, 40% IPA, 60% hexane, 1.3 mL/min, A = 250 nm, 10 ul injection)

™" = 28.48 min, 1z "¥°" = 21.92 min (81:19 e.r.).

[a]Zs =-14 (C =0.1, Ch/Of'OfOf'lH)fOf' the 81:19 e.r. mixture.
D
236



Melting point 145-147 °C (rac.), 65—-68 °C (ent.).
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4-(1-Benzyl-1H-1,2,3-triazol-4-yl)-6-methoxy-5-(2-(trifluoromethyl)phenyl)pyrimidine, 42a [107]

Following general procedure G, using benzyl azide (9.6 uL, 0.072 mmol, 1.1 eq.). The crude
reaction mixture was purified by column chromatography (2 g silica, 1:1 ethyl acetate/pentane).
An amber oil (15 mg) was isolated and further purified by preparative thin-layer chromatography

to yield 1,2,3-triazolyl(methoxy)pyrimidine 42a as a yellow oil (6 mg, 23%).

4 NMR (500 MHz, Chloroform-d) 6y = 8.84 (s, 1H, H1), 7.73 (d, J = 7.8 Hz, 1H, Hs), 7.58 (t,
J=8.4Hz, 1H, He), 7.49 (m, 1H, H7), 7.34 (m, 3H, His & H1), 7.22 (d, J = 7.3 Hz, 1H, Hs), 7.14 (m, 3H,

Hi; & H14), 5.40 (5, ZH, H15), 3.92 (S, 3H, H11).

13C NMR (126 MHz, Chloroform-d) &¢ = 167.8 (Quat., C2), 157.9 (CH, C1), 154.3 (Quat., C13), 146.0
(Quat., Ci3), 134.1 (Quat., Cig), 132.2 (CH, Cs), 132.2 (CH, Cs), 131.9 (q, J = 2.3 Hz, Quat., C4), 131.2
(CH, Ci9), 129.2 (CH, Cig), 129.0 (CH, Cy), 128.8 (q, J = 30.8 Hz, Cs), 128.4 (CH, C17), 126.6 (q,
J=4.2 Hz, CH, Cs), 124.9 (CH, C14), 123.8 (q, J = 274.0 Hz, Quat., Ci), 116.6 (Quat., Cs), 54.6 (CHs,

Ci1), 54.3 (CH;, Ci5).

15F NMR (470 MHz, Chloroform-d) & = -61.2.

FTIR (Chloroform-d) v/cm™ = 1733, 1607, 1579, 1470, 1422, 1314, 1167, 1110, 1036, 993, 815,

769, 718.

HRMS (ESI*) calculated for C21H16F3N50 = 412.1340, mass found = 412.1381.
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For the synthesis and characterisation of 1,2,3-triazolyl(methoxy)pyrimidines 42b—c, see Alistair

Ross’ work. 108!
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IV.2.2 Part Il: The synthesis of atropisomeric biarylpyrimidines

for the inhibition of KRAS G12C

IV.2.2.1 General procedures

General procedure H

For the iodination of isoquinolinones 68, 114, 160 with N-iodosuccinimide.!?3?

N-lodosuccinimide (1.1 eqg.) was added to a solution of a given isoquinolinone (1.0 eq.) in
N,N-dimethylformamide (0.22 M). The reaction mixture was heated to 80 °C and stirred for 2 h.
The reaction mixture was allowed to cool down to room temperature and was then poured onto
cold water (0.044 M). The resulting precipitate was filtered, washed abundantly with water and
dried under low vacuum for several hours to yield the corresponding 4-iodoisoquinolinone, which

was used in the next step without further purification.

General procedure |

For the bromination of isoquinolinones 68, 114 with N-bromosuccinimide.?3?]

N-Bromosuccinimide (1.1 eq.) was added to a solution of a given isoquinolinone (1.0 eq.) in
N,N-dimethylformamide (0.22 M). The reaction mixture was stirred at room temperature for 2 h
and was then poured onto ice-cold water (0.044 M). The resulting precipitate was filtered, washed
abundantly with water and dried under low vacuum for several hours to yield the corresponding

4-bromoisoquinolinone, which was used in the next step without any further purification.
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General procedure J

For the chlorination of isoquinolinones 70a—b, 115a-b, 163 with phosphorus(V) oxychloride.?3%

A given isoquinolinone (1.0 eq.) was suspended in phosphorus (V) oxychloride (0.3 M). The
resulting suspension was heated to 90 °C and stirred until full consumption of the starting material
was observed by TLC (16—48 h). The resulting brown solution was allowed to cool down to room
temperature and poured onto ice (60 g/mL POCIl3). The mixture was stirred until it had warmed up
to room temperature and extracted with dichloromethane (x 3). The combined organic layers
were washed with brine, dried over anhydrous magnesium sulfate, filtered and concentrated in
vacuo to yield the corresponding chloroisoquinoline, which was used in the next step without any
further purification.

General procedure K
For the SNAr reaction of chloroisoquinolines 71a-b, 116a-b, 164, 165 with protected

piperazines.l?4

A mixture of a given chloroisoquinoline (1.0 eq.), a given protected piperazine (1.5 eq.) and
potassium carbonate (3.0 eq.) in N,N-dimethylformamide (0.3 M) was allowed to stir between 80

and 100 °C until full consumption of the starting material had been observed by TLC (16—48 h).

Precipitation “purification”: The reaction mixture was allowed to cool down to room temperature
and poured onto ice water. The resulting precipitate was filtered off, washed abundantly with

water and dried under high-vacuum for several hours to yield the desired piperazinylisoquinoline.

Flash column chromatography purification: The reaction mixture was allowed to cool down to
room temperature and poured onto ice water. The resulting slurry was diluted and extracted with

ethyl acetate (x 3). The combined organic layers were washed with water (x 3) and brine (x 3),
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dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The resulting crude

mixture was purified by column chromatography to yield the desired piperazinylisoquinoline.

General procedure L

For the SNAr reaction of chloroisoquinolines 106, 140, 164 with protected piperazines.2°6!

A mixture of a given chloroisoquinoline (1.0 eq.), a given protected piperazine (1.5 eq.) and
N,N-diisopropylethylamine (3.0 eq.) in dimethylsulfoxide (0.3 M) was allowed to stir between 80

and 100 °C until full consumption of the starting material was observed by TLC (16—48 h).

Precipitation “purification”: The reaction mixture was allowed to cool down to room temperature
and poured onto ice water. The resulting precipitate was filtered off, washed abundantly with

water and dried under high-vacuum for several hours to yield the desired piperazinylisoquinoline.

Flash column chromatography purification: The reaction mixture was allowed to cool down to
room temperature and poured onto ice water. The resulting slurry was diluted and extracted with
ethyl acetate (x 3). The combined organic layers were washed with water (x 3) and brine (x 3),
dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The resulting crude

mixture was purified by column chromatography to yield the desired piperazinylisoquinoline.

General procedure M
For the Stille cross-coupling iodoisoquinolines 76a, 117a, 156a, 168a-b with

organostannylpyrimidines 86, 113 and 162.12>1]

A flame-dried Schlenk tube was loaded with a given iodoisoquinoline (1.0 eq.), a given
pyrimidinylstannane (2.0 eq), cesium fluoride (2.0 eq.), tetrakis(triphenylphosphine) palladium(0)
(20 mol%) and copper iodide (40 mol%), the reaction vessel was sealed and purged with argon five

times. N,N-dimethylformamide (0.1 M) was added and the reaction mixture was heated to 80 °C
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and stirred under argon for 20 h%. The reaction mixture was allowed to cool down to room
temperature and the resulting solution was extracted with ethyl acetate (x 3). The combined
organic layers were washed with water (x 3), 1 M aqueous potassium fluoride (x 3, at least 1 min
per wash) and brine (x 3), dried over anhydrous magnesium sulfate, filtered and concentrated
under reduced pressure. The resulting crude mixture was purified by column chromatography to

yield the desired cross-coupling product.

General procedure N

For the a-arylation of malonates 16a—-b, with haloisoquinolines 71a, 76¢, 116a, 117a—c.8°

In a flame-dried Schlenk tube, a given iodoisoquinoline (1.0 eq.), copper iodide (10 mol%),
2-picolinic acid (10 mol%) and caesium carbonate (3.0 eq.) were added in sequence. The vessel
was purged three times with argon and anhydrous 1,4-dioxane (0.6 M) was added, followed by a
given diethyl malonate (2.0 eq.). The resulting yellow slurry was heated to 50 °C and stirred for 66
h (the temperature was increased to 80-100 °C for 76¢ and 117c, when no reaction had been
observed after 66 h at 50 °C). The reaction mixture was allowed to cool down to room
temperature and diluted ten-fold in ethyl acetate, and saturated agueous ammonium chloride was
added. The aqueous layer was washed with ethyl acetate (x 3). The combined organic layers were
washed with brine, dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo.

The resulting solid was purified by column chromatography to yield the desired arylated malonate.

$ Unless stated otherwise.
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IV.2.2.2 Experimental data

3-(Trifluoromethyl)isoquinolin-1(2H)-one, 68231

Condensation: Homophthalic acid 64 (98%, 4.1 g, 22.2 mmol, 1.0 eq.) was introduced in a pressure
tube and dissolved in trifluoroacetic anhydride 65 (25 mL). The mixture was heated to 140 °C and
stirred for 48 h. The black reaction mixture was poured onto water (400 mL) and stirred for 1 h at
room temperature. Ethyl acetate (200 mL) was added to the resulting white precipitate and the
layers were separated. The aqueous layer was extracted with ethyl acetate (3 x 200 mL). The
combined organic layers were dried over anhydrous magnesium sulfate, filtered and concentrated
under reduce pressure to yield a light brown solid (5.9 g). MS analysis confirmed the solid to be a
mixture of 1-oxo-3-(trifluoromethyl)-1H-isochromene-4-carboxylic acid (major) and 3-

trifluoromethyl-1H-isochrom-1-one (minor).

Lactam formation: The solid was dissolved in concentrated ammonium hydroxide (35%, 250 mL),

heated to 35 °C, and stirred for 48 h under nitrogen atmosphere. The reaction mixture was
allowed to cool to room temperature, carefully neutralised with concentrated hydrogen chloride
(ca. 200 mL) and extracted with ethyl acetate (3 x 200 mL). The combined organic layers were
dried over anhydrous magnesium sulfate and concentrated under reduced pressure to yield a light
brown solid. NMR and MS analysis confirmed the solid to be a 9:1 mixture of 3-hydroxy-3-
(trifluoromethyl)-3,4-dihydroisoquinolin-1(2H)-one and title compound

(3-(trifluoromethyl)isoquinolin-1(2H)-one) 68.
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Dehydration: The solid was taken up in N,N-dimethylformamide (50 mL) and the resulting solution
was refluxed for 6 days. The reaction mixture was allowed to cool down to room temperature and
poured onto ice water (200 mL). The resulting beige precipitate was filtrated and washed
abundantly with water (2 L). The resulting beige solid was dried in vacuo for an hour and identified

to be the pure, desired product 68 (3.9 g, 83%).

1H NMR (500 MHz, Dimethyl sufloxide-ds) 61 = 12.27 (s, 1H, Hz), 8.21 (d, J = 8.0 Hz, 1H, Hs), 7.83

(d,J=7.9Hz, 1H, Hs), 7.78 (td, J = 7.8, 1.4 Hz, 1H, Hg), 7.63 (t, ] = 7.4 Hz, 1H, Hy), 7.19 (s, 1H, Ha).

13C NMR (126 MHz, Dimethyl sufloxide-ds) 6c = 162.2 (Quat., C1), 135.7 (Quat., Cs), 133.6 (CH, Cs),
129.6 (CH, C7), 128.5 (CH, Cs & Quat., Ci0), 127.6 (g, J = 21.1 Hz, Quat., C3), 127.2 (CH, Cs), 120.9 (g,

J=272.3 Hz, Quat., C11), 105.6 (CH, Cy).

19F NMR (377 MHz, Chloroform-d) 6= -67.5.

FTIR (neat) v/cm™ = 2822 (br), 1670, 1606, 1561, 1475, 1387, 1340, 1329, 1310, 1213, 1182, 1129,

1083, 947, 885, 842, 757, 721, 673, 636.

HRMS (ESI*) calculated for C1oHsF3NO = 214.0474, mass found = 214.0475.

Melting point 185-187 °C.
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4-lodo-3-(tri fluoromethyl)isoquinolin-1(2H)-one, 70a

Following general procedure H, using isoquinolinone 68 (2.0 g, 9.4 mmol). The desired

4-iodoisoquinoline 70a was obtained as a white solid (2.78 g, 87%).

1H NMR (500 MHz, Chloroform-d) 8y = 9.59 (s, 1H, Hz), 8.46 (d, J = 7.9 Hz, 1H, Hs), 8.13 (d, J = 8.2

Hz, 1H, He), 7.87 (t, J = 7.3 Hz, 1H, H7), 7.70 (t, J = 7.6 Hz, 1H, Hs).

13C NMR (126 MHz, Chloroform-d) ¢ = 161.2 (Quat., C1), 137.4 (Quat., Cs), 134.6 (CH, C;), 133.2
(CH, Cs), 130.4 (g, J = 33.3 Hz, Quat., C3), 130.1 (CH, Cs), 128.2 (CH, Cs), 126.8 (Quat., C10), 120.1 (g,

J=275.6 Hz, Quat., C11), 74.9 (Quat., Ca).

15F NMR (377 MHz, Chloroform-d) & = -63.4.

FTIR (Chloroform-d) v/cm™ = 2916, 1687, 1647, 1605, 1465, 1317, 1273, 1238, 1201, 1156, 1138,

764, 725.

HRMS (ESI*) calculated for C1oHsF3INO = 339.9441, mass found = 339.9440.

Melting point 236-238 °C.
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4-Bromo-3-(trifluoromethyl)isoquinolin-1(2H)-one, 70b

Following general procedure 1, using isoquinolinone 68 (500 mg, 2.4 mmol). The desired

4-bromoisoquinoline 70b was obtained as a white solid (577 mg, 84%).

'H NMR (500 MHz, Chloroform-d) 64 = 9.56 (s, 1H, H>), 8.48 (dd, J = 8.0, 1.4 Hz, 1H, Ho), 8.15 (d, J =

8.6 Hz, 1H, He), 7.88 (ddd, J = 8.4, 7.2, 1.4 Hz, 1H, H7), 7.71 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H, Hs).

13C NMR (126 MHz, Chloroform-d) &¢ = 160.8 (Quat., C1), 135.6 (Quat., Cs), 134.4 (CH, C;), 130.2
(CH, Cs), 128.3 (Quat., i), 127.9 (CH, C), 127. (CH, Cs), 126.7 (g, J = 34.0 Hz, Quat., C3), 120.2 (q, J

= 274.9 Hz, Quat., C11), 102.1 (q, J = 2.6 Hz, Quat., Cs).

15F NMR (377 MHz, Chloroform-d) & = -63.7.

FTIR (Chloroform-d) v/cm™ = 2917, 1685, 1648, 1603, 1559, 1467, 1332, 1320, 1278, 1240, 1161,

1140, 766.

HRMS (ESI*) calculated for Ci1oHsBrF3sNO = 291.9579, mass found = 291.9580.

Melting point 238-240 °C.
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1-Chloro-4-iodo-3-(trifluoromethyl)isoquinoline, 71a

Cl

8 \N2

1"

Following general procedure J, using iodoisoquinolinone 70a (250 mg, 0.75 mmol). The reaction

mixture was stirred at 90 °C for 48 h. Chloroisoquinoline 71a was obtained as a white solid (246

mg, 93%).

1H NMR (400 MHz, Chloroform-d) &y = 8.43 (d, J = 8.4 Hz, 1H, Hs), 8.38 (d, J = 8.3 Hz, 1H, He), 7.95

(m, 1H, Hy), 7.88 (m, 1H, Hs).

13C NMR (126 MHz, Chloroform-d) 6c = 152.0 (Quat., C1), 143.1 (q, J = 33.9 Hz, Quat., C3), 140.1

(Quat., Cs), 133.8 (CH, Cs), 133.8 (CH, C5), 131.6 (CH, Cs), 128.2 (Quat., C1), 127.3 (CH, Cs), 121.5

(g, J =275.5 Hz, Quat., Ci1), 94.9 (Quat., C4).

19F NMR (377 MHz, Chloroform-d) & = -63.1.

FTIR (Chloroform-d) v/cm™ = 2923, 2853, 1551, 1485, 1447, 1392, 1358, 1298, 1259, 1236, 1174,

1133, 1123, 981, 864, 768, 754, 688, 622.

HRMS (ESI*) calculated for C10H4CIF3IN = 357.9102, mass found = 357.9102.

Melting point 103—-105 °C.
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4-Bromo-1-chloro-3-(trifluoromethyl)isoquinoline, 71b

Following general procedure J, using bromoisoquinoline 70b (500 mg, 1.7 mmol, 1.0 eq). The
reaction mixture was at 90 °C for 48 h. Chloroisoquinoline 71b was obtained as a light-yellow solid

(524 mg, 99%).

1H NMR (400 MHz, Chloroform-d) & = 8.47 (d, J = 8.5 Hz, 1H, Ho), 8.41 (d, J = 7.5 Hz, 1H, Hg), 7.97

(ddd, J=8.5,7.0, 1.3 Hz, 1H, Hs), 7.89 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, H7).

13C NMR (101 MHz, Chloroform-d) 6¢ = 150.5 (Quat., C1), 139.1 (q, J = 34.8 Hz, Quat., Cs3), 137.5
(Quat., Cs), 133.5 (CH, Cs), 131.5 (CH, C;), 128.8 (Quat. Cio), 128.2 (CH, Co), 127.2 (CH, Cs), 121.5 (g,

J=275.0 Hz, Quat., C11), 118.5 (Quat., Ca4).

19 NMR (377 MHz, Chloroform-d) & = -63.8.

FTIR (Neat) v/em™ = 2916, 2849, 1557, 1395, 1302, 1260, 1238, 1196, 1169, 1150, 1127, 985, 865,

768, 754, 720, 624.

HRSM (ESI*) calculated for C10H4BrCIFsN = 311.9218, mass found = 311.9218.

Melting point 98—-100 °C.
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1-Chloro-4-(pyrimidin-5-yl)-3-(trifluoromethyl)isoquinoline, 731241

lodoisoquinoline 71a (50 mg, 0.14 mmol, 1.0 eq.), pyrimidin-5-yl boronic acid 72 (19 mg, 0.15
mmol, 1.1 eq.), sodium carbonate (44 mg, 0.42 mmol, 3.0 eq.), and
1,1’-bis[(diphenylphosphino)ferrocene]dichloropalladium(ll) complex with dichloromethane (11
mg, 0.014 mmol, 0.1 eq.) were added to a Schlenk tube. The vessel was purged with argon three
times and 1,2-dimethoxyethane (0.6 mL) and water (0.3 mL) were added under argon atmosphere.
The resulting red mixture was heated to 100 °C and stirred for 16 h. The reaction mixture was
allowed to cool down to room temperature and water (3 mL) was added. The layers were
separated and the aqueous layer was extracted with ethyl acetate (3 x 3 mL). The combined
organic layers were dried over anhydrous magnesium sulfate, filtered and concentrated under
reduced pressure. The resulting red solid was purified by column chromatography (10 g silica,

pentane/ethyl acetate, 9:1 to 1:1) to yield the desired product 73 as a red solid (27 mg, 62%).

1H NMR (500 MHz, Chloroform-d) &4 = 9.41 (s, 1H, Hi4), 8.76 (s, 2H, Hi3), 8.56 (d, J = 8.3 Hz, 1H,
Hs), 7.92 (ddd, J = 8.4, 6.9, 1.2 Hz, 1H, Hs), 7.85 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H, H;), 7.42 (d, J = 8.4 Hz,

1H, Hs).

13C NMR (126 MHz, Chloroform-d) 6c = 159.2 (CH, C14), 157.2 (CH, C13), 153.0 (Quat., C1), 139.0 (g,
J = 33.3 Hz, Quat., C3), 137.8 (Quat., Cs), 133.2 (CH, C;), 131.1 (CH, Cs), 128.3 (Quat., C12), 127.8

(Quat., C10), 127.3 (CH, Cs), 126.2 (CH, Cs), 126.0 (Quat., C4), 121.7 (g, J = 275.5 Hz, Quat., C11).

15F NMR (377 MHz, Chloroform-d) & =-59.7.
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FTIR (Chloroform-d) v/cm™ = 2918, 1548, 1501, 1451, 1420, 1400, 1351, 1325, 1278, 1235, 1185,

1170, 1129, 1098, 1049, 986, 915, 871, 771, 730, 689, 637.

HRMS (ESI*) calculated for C14H7CIF3N3 = 310.0353, mass found = 310.0353.

Melting point 151-153 °C.
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1-(4-(4-(Pyrimidin-5-yl)-3-(trifluoromethyl)isoquinolin-1-yl)piperazin-1-yl)prop-2-en-1-one,

75[242,243]

Hieb16 H1ea
o I[+5
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Starting from compound 74: A mixture of chloroisoquinoline 73 (25 mg, 0.08 mmol, 1.0 eq.),

piperazine (10 mg, 0.12 mmol, 1.5 eq.) and potassium carbonate (33 mg, 0.24 mmol, 3.0 eq.) in
N,N-dimethylformamide (0.5 mL) was allowed to stir at 80 °C for 16 h. The reaction mixture was
allowed to cool down to room temperature and poured onto ice water. The resulting red
precipitate was filtered, washed abundantly with water, dried under low vacuum and used
without any further purification (17 mg). The crude amine (15 mg, 0.04 mmol, 1.0 eq.) was
dissolved in triethylamine (62 uL, 0.44 mmol, 11.1 eq.) and dichloromethane (3.3 mL). The
resulting solution was cooled to 0 °C and a solution of acryloyl chloride in dichloromethane
(0.011 M, 4.7 mL) was added carefully to the mixture. The ice bath was removed and the mixture
was stirred at room temperature for 2 h. The reaction was quenched with saturated sodium
bicarbonate (5 mL) and extracted with dichloromethane (3 x 5 mL). The combined organic layers
were washed with saturated sodium bicarbonate (2 x 8 mL) and brine (8 mL), dried over
anhydrous magnesium sulfate, filtered and concentrated in vacuo. The resulting yellow crude solid
was purified by column chromatography (10 g silica, 97:3 dichloromethane/methanol) to yield the

desired product 75 as a light-red solid (15 mg, 51% over two steps).

252



Starting from compound 77: A solution of isoquinoline 77 (15 mg, 0.03 mmol, 1.0 eq.) in hydrogen

chloride (1.25 M in methanol, 1.5 mL) was stirred in a vial at room temperature for 1.5 h. The
resulting mixture was concentrated in vacuo and the crude yellow solid obtained was taken to the
next step without any purification. The crude deprotected amine was dissolved in triethylamine
(52 pL, 0.37 mmol, 11.1 eq.) and dichloromethane (2.25 mL). The resulting solution was cooled to
0 °C and a solution of acryloyl chloride in dichloromethane (0.011 M, 3.75 mL) was added carefully
to the mixture. The ice bath was removed and the mixture was stirred at room temperature for
1.5 h. The reaction was quenched with saturated sodium bicarbonate (3 mL) and extracted with
dichloromethane (3 x 3 mL). The combined organic layers were washed with saturated sodium
bicarbonate (5 mL) and brine (5 mL), dried over anhydrous magnesium sulfate, filtered and
concentrated in vacuo. The resulting yellow crude solid was purified by column chromatography
(7g silica, 97: 3 dichloromethane/methanol) to yield the desired product 75 as a light-brown solid

(13 mg, 93% over two steps).

1H NMR (500 MHz, Chloroform-d) &4 = 9.35 (s, 1H, His), 8.72 (s, 2H, His), 8.20 (m, 1H, Hs), 7.70
(dddd, J = 15.0, 8.4, 7.0, 1.5 Hz, 2H, H; & Hs), 7.32 (dd, J = 8.0, 1.6 Hz, 1H, He), 6.65 (dd, J = 16.8,
10.6 Hz, 1H, His), 6.36 (dd, J = 16.7, 1.9 Hz, 1H, Hisb), 5.77 (dd, J = 10.6, 1.9 Hz, 1H,H164), 3.92 (d, J =

41.7 Hz, 4H, H13), 3.64 (s, 4H, H12).

13C NMR (126 MHz, Chloroform-d) 6 = 165.9 (Quat., C14), 160.6 (Quat., Cs), 158.5 (CH, Cig), 157.7
(CH, C1s), 138.4 (Quat., Cs), 138.2 (g, J = 31.8 Hz, Quat., C3), 131.5 (CH, Cg), 129.6 (Quat., C17), 128.6
(CHa, Cis), 128.6 (CH, C;), 127.4 (CH, Cis), 126.2 (CH, Ce), 125.7 (CH, Cs), 122.3 (g, J = 275.2 Hz,
Quat., C11), 121.6 (Quat., C10), 119.8 (Quat., Ca), 51.9 (CHz, C12), 50.4 (CHz, Ci2), 45.6 (CHz, Ci3), 42.0

(CH., Ci3).

15F NMR (377 MHz, Chloroform-d) 6 = -60.1.

253



FTIR (Chloroform-d) v/cm™ = 2919, 2851, 1648, 1613, 1575, 1550, 1507, 1460, 1434, 1413, 1391,

1349, 1238, 1176, 1125, 1097, 1049, 1015, 974, 778, 731.

HRMS (ESI*) calculated for C21H30F3N50 = 414.1536, mass found = 414.1532.

Melting point 139-142 °C.
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tert-Butyl 4-(4-iodo-3-(trifluoromethyl)isoquinolin-1-yl)piperazine-1-carboxylate, 76a
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Following general procedure K, using chloroisoquinoline 71a (100 mg, 0.28 mmol, 1.0 eq) and
1-Boc-piperazine (78 mg, 0.42 mmol, 1.5 eq.). The reaction mixture was stirred at 80 °C for 16 h.
When poured onto ice water and filtrated, title compound 76a was obtained as an off-white solid
(75 mg, 56%) (additional compound 76a was identified dissolved in the aqueous filtrate). When
purified by column chromatography (12 g silica, 85:15 pentane/ethyl acetate), the title compound

was obtained as a light-yellow solid (136 mg, 96%).

'H NMR (500 MHz, Chloroform-d) 6, = 8.33 (dd, J = 8.6, 1.2 Hz, 1H, Ho), 8.03 (dd, J = 8.4, 1.3 Hz,
1H, He), 7.78 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H, H7), 7.68 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, Hs), 3.68 (m, 4H,

H12), 3.47 (m, 4H, H13), 1.50 (S, 9H, Hls).

13C NMR (126 MHz, Chloroform-d) 6¢c = 160.1 (Quat., C1), 155.0 (Quat., C14), 142.2 (q, J = 32.9 Hz,
Quat., Cs), 140.1 (Quat., Cs), 133.7 (CH, Cs), 132.0 (CH, C;), 129.0 (CH, Cs), 125.8 (CH, Cs), 122.7
(Quat., Cio), 122.2 (q, J = 275.3 Hz, Quat., C11), 86.3 (CH, Cs), 80.2 (Quat., Cis), 51.6 (CH2, Ci2), 50.6

(CH3, C12), 44.0 (CH3, C13), 43.2 (CH;, C13), 28.6 (CH3, Cis).
19F NMR (377 MHz, Chloroform-d) & = -63.4.

FTIR (Chloroform-d) v/cm™ = 2977, 2924, 1694, 1563, 1498, 1457, 1412, 1339, 1247, 1166, 1129,

1017, 949, 868, 766, 732, 681.
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HRMS (ESI*) calculated for C19H21F3IN30, = 508.0703, mass found = 508.0702.

Melting point 161-163 °C.
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Benzyl 4-(4-iodo-3-(trifluoromethyl)isoquinolin-1-yl)piperazine-1-carboxylate, 76b
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Following general procedure K, using chloroisoquinoline 71a (100 mg, 0.28 mmol, 1.0 eq) and
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1-Cbz-piperazine (79 uL, 0.42 mmol, 1.5 eq.). The reaction mixture was stirred at 80 °C for 16 h.
When poured onto ice water and filtrated, title compound 76b was obtained as an off-white solid

(151 mg, 99%).

1H NMR (500 MHz, Chloroform-d) &y = 8.34 (d, J = 8.4 Hz, 1H, Hs), 8.02 (d, J = 8.4 Hz, 1H, He), 7.78
(ddd, J = 8.4, 6.9, 1.3 Hz, 1H, H;), 7.69 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, Hs), 7.38 (m, 4H, H17 & Has),

7.34 (m, 1H, H19), 5.19 (S, ZH, H15), 3.76 (m, 4H, H12), 3.50 (m, 4H, H13).

13C NMR (126 MHz, Chloroform-d) ¢ = 160.0 (Quat., C1), 155.5 (Quat., C14), 142.2 (q, J = 32.7 Hz,
Quat., C3), 140.1 (Quat., Cs), 136.7 (Quat., Ci¢), 133.7 (CH, Cy), 132.1 (CH, C7) 129.1 (CH, Cg), 128.7
(CH, Ci9), 128.3 (CH, C17/Cis), 128.1 (CH, C17/Cis), 125.7 (CH, Cs), 122.7 (Quat., Ci0), 122.1 (q, J =

275.3 Hz), 86.5 (Quat., C4), 67.5 (CHz, C15), 51.0 (d, J = 103.6 Hz, CHz, Ci13), 43.8 (CH;, C12).
19 NMR (377 MHz, Chloroform-d) & = -63.4.

FTIR (Chloroform-d) v/ecm™ = 1699, 1563, 1498, 1414, 1242, 1185, 1128, 1014, 765.
HRMS (ESI*) calculated for C22H19F3IN30; = 542.0547, mass found = 542.0547.

Melting point > 280 °C.
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4-lodo-1-(4-tosylpiperazin-1-yl)-3-(trifluoromethyl)isoquinoline, 76¢

Following general procedure K, using chloroisoquinoline 71a (100 mg, 0.28 mmol, 1.0 eq) and
1-tosylpiperazine hydrochloride (116 mg, 0.42 mmol, 1.5 eq.). The reaction mixture was stirred at
80 °C for 16 h. When poured onto ice water and filtrated, title compound 76¢ was obtained as an
off-white solid (124 mg, 79%). When purified by column chromatography (12 g silica, 85:15

pentane/ethyl acetate), the title compound was obtained as an off-white solid (121 mg, 77%).

1H NMR (500 MHz, Chloroform-d) &y = 8.31 (d, J = 8.5 Hz, 1H, Hs), 7.88 (d, J = 8.1 Hz, 1H, He), 7.75
(t, )= 7.9 Hz, 1H, Hy), 7.70 (d, J = 7.8 Hz, 2H, H1s), 7.63 (t, J = 7.5 Hz, 1H, Hs), 7.37 (d, J = 7.7 Hz, 2H,

H16), 3.60 (t, J=4.7 HZ, 4H, le), 3.25 (t, J=4.7 HZ, 4H, H13), 2.46 (5, 3H, H1g),

13C NMR (126 MHz, Chloroform-d) 6¢c = 159.5 (Quat., C1), 144.1 (Quat., C17), 142.1 (q, J = 32.8 Hz,
Quat., C3), 140.1 (Quat., C14), 133.7 (CH, Cs), 132.7 (Quat., Cs), 132.1 (CH, C), 130.0 (CH, C1s), 129.1
(CH, Cs), 128.0 (CH, C15), 125.5 (CH, Cs), 122.5 (Quat., C10), 122.0 (q, J = 275.1 Hz, Quat., C11), 86.7

(CH, C4), 50.5 (CH;, C12), 45.8 (CH3, C13), 21.7 (CH3, Cisg).

19F NMR (377 MHz, Chloroform-d) & = -63.5.
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FTIR (Chloroform-d) v/cm™ = 1456, 1342, 1326, 1312, 1284, 1269, 1163, 1127, 1100, 1060, 1021,

931, 800, 768, 729, 652.

HRMS (ESI*) calculated for C21H19F3IN30,S = 562.0268, mass found = 562.0267.

Melting point 258-261 °C.
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tert-Butyl 4-(4-bromo-3-(trifluoromethyl)isoquinolin-1-yl)piperazine-1-carboxylate, 76d

16
16 16
15
0.0
N
[N 13
N~ 12
100,

SN
3

9

1

Following general procedure K, using chloroisoquinoline 71b (100 mg, 0.32 mmol, 1.0 eq) and
1-Boc-piperazine (78 mg, 0.42 mmol, 1.5 eq.). The reaction mixture was stirred at 80 °C for 16 h.
When purified by column chromatography (12 g silica, 85:15 pentane/ethyl acetate), title

compound 76d was obtained as a light-yellow solid (131 mg, 88%).

1H NMR (400 MHz, Chloroform-d) &4 = 8.4 (d, J = 8.3 Hz, 1H, Hs), 8.1 (d, J = 7.7 Hz, 1H, He), 7.8
(ddd, J = 8.4, 7.0, 1.3 Hz, 1H, H;), 7.7 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H, Hs), 3.7 (m, 4H, H12), 3.5 (m, 4H,

H13), 1.5 (5, 9H, H15).

13C NMR (101 MHz, Chloroform-d) ¢ = 159.2 (Quat. C;), 155.0 (Quat., C14), 138.1 (q, J = 33.0 Hz,
Quat., C3), 137.7 (Quat., Cs), 131.7 (CH, C;), 128.9 (CH, Cs), 128.2 (CH, Co), 125.7 (CH, Cg), 123.2
(Quat., Cio), 122.1 (q, J = 275.0 Hz, Quat., Ci11), 111.3 (Quat., C4), 80.2 (Quat., C1s), 51.2 (CH;, Ci3),

44.0 (CH3, C12), 28.6 (CH3, Cig).

15 NMR (377 MHz, Chloroform-d) 6r = 64.0.

FTIR (Chloroform-d) v/ecm™ = 2980, 1693, 1556, 1500, 1410, 1366, 1246, 1165, 1129, 1017, 960,

873, 768, 733, 682.

HRMS (ESI*) calculated for C19H21BrFsN30; = 482.0661, mass found = 482.0659.

Melting point 160-162 °C.
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4-Bromo-1-(4-tosylpiperazin-1-yl)-3-(trifluoromethyl)isoquinoline, 76e

Following general procedure K, using chloroisoquinoline 71b (100 mg, 0.32 mmol, 1.0 eq) and
1-tosylpiperazine hydrochloride (116 mg, 0.42 mmol, 1.5 eq.). The reaction mixture was stirred at
80 °C for 16 h. When poured onto ice water and filtrated, title compound 76e was obtained as an

off-white solid (115 mg, 69%).

1H NMR (500 MHz, Chloroform-d) &+ = 8.36 (d, J = 7.9 Hz, 1H, Hs), 7.94 (dd, J = 8.3, 1.3 Hz, 1H, Hs),
7.79 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H, H7), 7.70 (d, J = 8.3 Hz, 2H, H1s), 7.64 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H,

Hs), 7.37 (d, J = 8.0 Hz, 2H, His), 3.58 (m, 4H, H12), 3.26 (t, J = 4.9 Hz, 4H, H13), 2.46 (s, 3H, H1s).

13C NMR (126 MHz, Chloroform-d) 6c = 158.6 (Quat., C1), 144.1 (Quat., C17), 138.0 (g, J = 33.2 Hz,
Quat., C3), 137.7 (Quat., Cs), 132.8 (Quat.,C14), 131.8 (CH, C7), 130.0 (CH, C1s), 129.0 (CH, Cs), 128.3
(CH, C15), 128.0 (CH, Cs), 125.5 (CH, Cs), 123.0 (Quat., C10), 122.0 (q, J = 274.8 Hz, Quat., C11), 111.7

(Quat., Cs), 50.5 (CH3, C12), 45.8 (CH2, C13), 31.1 (CH3, Cis).

19F NMR (377 MHz, Chloroform-d) 6 = 64.1.

FTIR (Chloroform-d) v/cm™ = 2923, 2854, 1598, 1557, 1499, 1415, 1327, 1311, 1273, 1238, 1187,

1132, 1103, 1019, 933, 868, 816, 728, 682.

HRMS (ESI*) calculated for C21H19BrF3N30;S = 516.0386, mass found = 516.0383.
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Melting point 238—-240 °C.
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tert-Butyl-4-(4-(pyrimidin-5-yl)-3-(trifluoromethyl)isoquinolin-1-yl)piperazine-1-carboxylate,

H[24l]

lodoisoquinoline 76a (25 mg, 0.05 mmol, 1.0 eq.), pyrimidin-5-yl boronic acid 72 (7 mg, 0.06 mmaol,
1.1 eq.), sodium carbonate (16 mg, 0.15 mmol, 3.0 eq.), and
1,1’-bis[(diphenylphosphino)ferrocene]dichloropalladium(ll) complex with dichloromethane (4 mg,
0.005 mmol, 0.1 eq.) were added to a Schlenk tube. The vessel was purged with argon three times
and 1,2-dimethoxyethane (0.2 mL) and water (0.1 mL) were added under argon. The resulting red
mixture was heated to 100 °C and stirred for 16 h. The reaction mixture was allowed to cool down
to room temperature and water (1 mL) was added. The layers were separated and the aqueous
layer was extracted with ethyl acetate (3 x 1 mL). The combined organic layers were dried over
anhydrous magnesium sulfate, filtered and concentrated under reduced pressure. The resulting
red solid was purified by column chromatography (1 g silica, 6:4 pentane/ethyl acetate) to yield

title compound 77 as a red solid (19 mg, 85%).

1H NMR (500 MHz, Chloroform-d) &y = 9.34 (s, 1H, His), 8.71 (s, 2H, His), 8.18 (dd, J = 7.4, 2.4 Hz,
1H, Hs), 7.67 (m, 2H, Hy/Hs), 7.30 (dd, J = 7.5, 2.2 Hz, 1H, He), 3.72 (m, 4H, H12), 3.57 (m, 4H, Hi3),

1.50 (s, 9H, His).
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13C NMR (126 MHz, Chloroform-d) 6¢ = 160.9 (Quat., Cs), 158.5 (CH, Cis), 157.7 (CH., Cig), 155.0
(Quat., Ci4), 138.4 (Quat., Cs), 138.2 (q, J = 31.9 Hz, Quat., C3), 131.3 (CH, C;), 129.7 (Quat., Ci7),
128.4 (CH, Cs), 126.1 (CH, Cs), 125.8 (CH, Co), 122.4 (g, J = 275.3 Hz, Quat., C11), 121.6 (Quat., Cio),
119.4 (Quat., Cs), 80.2 (Quat., Cis), 51.1 (d, J = 131.0 Hz, CHa, C13), 43.7 (d, J = 103.9 Hz, CH3, C12),

28.6 (CHs, Cs).

15F NMR (377 MHz, Chloroform-d) & = -60.1.

FTIR (Chloroform-d) v/cm™ = 2977, 2924, 1694, 1563, 1498, 1412, 1366, 1339, 1247, 1166, 1129,

1017, 868, 76, 733, 681.

HRMS (ESI*) calculated for C23H24F3N502 = 460.1955, mass found = 460.1951.

Melting point 143-145 °C.
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6-Isopropylpyrimidin-4-ol, 79

7
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HO, q
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Following a literature procedure.l?*®! Anhydrous methanol (40 mL) was added to an oven-dried
round bottom flask and stirred at room temperature. Sodium metal (1.5 g, 65 mmol, 2.5 eq.) was
added portionwise and stirred until fully dissolved (ca. an hour). The solution was cooled to 0 °C,
formamidine acetate (4.1 g, 39.0 mmol, 1.5 eq.) was added, and the reaction mixture was stirred
0 °C for 15 minutes. Ethyl isobutyrylacetate 78 (4.2 mL, 26.0 mmol, 1.0 eq.) was added at 0 °C. The
reaction mixture was allowed to slowly warm up to room temperature (melting ice bath), and
stirred for 16 h. The reaction was quenched with water (20 mL), and the pH was adjusted to 4
using glacial acetic acid (ca. 100 mL). The mixture was concentrated under reduced pressure, and
the resulting crude mixture was taken up in water (40 mL) and extracted with 10% methanol in
dichloromethane (3 x 50 mL). The combined organic layers were dried over anhydrous magnesium
sulfate, filtered, and concentrated in vacuo. The resulting orange crude mixture was purified by
column chromatography (185 g silica, 5:95 methanol/dichloromethane) to yield the desired

pyrimidine 79 as a light yellow solid (1.96 g, 54%).

1H NMR (400 MHz, Chloroform-d) 64 = 8.14 (d, J = 1.0 Hz, 1H, H1), 6.31 (s, 1H, Ha), 2.79 (hept,

J=6.9 Hz, 1H, He), 1.23 (d, J = 6.9 Hz, 6H, H).

13C NMR (101 MHz, Chloroform-d) ¢ = 175.5 (Quat., Cs), 165.1 (Quat., Cs), 148.1 (CH, Cy), 110.7

(CH, C4), 35.8 (CH, Cs), 21.1 (CHs, C7).
FTIR (neat) v/em™ = 2958 (br), 1644, 1593, 1541, 1469, 1416, 1177, 1123, 1072, 977, 861.

HRMS (ESI*) calculated for C;H10N20 = 139.0866, mass found = 139.0865.
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Melting point 108-111 °C.
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5-Bromo-6-isopropylpyrimidin-4-ol, 80

7
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Following a literature procedure.!?*¢! Bromine (0.73 mL, 14.3 mmol, 1.0 eq.) was slowly added to a
stirred solution of pyrimidine 79 (1.98 g, 14.3 mmol, 1.0 eq.) in ethanol (40 mL) at 0 °C. The orange
reaction mixture was allowed to slowly warm up to room temperature (melting ice bath) and
stirred for 16 h. The reaction mixture was concentrated under reduced pressure and the resulting
solid was quenched with aqueous saturated sodium sulfite (50 mL). The resulting off-white
precipitate was filtered, washed abundantly with aqueous saturated sodium sulfite and dried
under vacuum to yield the desired bromopyrimidine 80 as an off-white solid (2.19 g, 70%) which

was used in the next step without further purification.

1H NMR (400 MHz, Chloroform-d) 6 = 13.35 (s, 1H, OH), 8.17 (s, 1H, H1), 3.49 (hept, J = 6.8 Hz, 1H,

He), 1.22 (d, J = 6.8 Hz, 6H, H3).

13C NMR (101 MHz, Chloroform-d) 8¢ = 172.5 (Quat., Cs), 161.3 (Quat., Cs), 146.4 (CH, C1), 111.5

(Quat., C4), 34.6 (CH, Cs), 20.2 (CH3, C7).

FTIR (neat) v/em™ = 2966, 1649, 1606, 1465, 1405, 1373, 1211, 1062, 1006, 978, 931, 877, 795,

782.
HRMS (ESI*) calculated for C;H9BrN2O = 217.9878, mass found = 238.9793.

Melting point 160-163 °C.
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5-Bromo-4-chloro-6-isopropylpyrimidine, 81

Following a literature procedure.l?*! Phosphorus(V) oxychloride (5 mL) was added to a stirred
solution of bromopyrimidine 81 (2.2 g, 10.0 mmol, 1.0 eq.) in 1,2-dichloroethane (30 mL) and the
reaction mixture was heated to 100 °C and stirred for 3 h. The reaction mixture was allowed to
cool down to room temperature and concentrated under reduced pressure. The resulting solid
was taken up in water (20 mL), and the pH was adjusted to 8 using saturated aqueous sodium
bicarbonate (ca. 12 mL). The aqueous solution was extracted with ethyl acetate (3 x 30 mL) and
the combined organic layers were dried over anhydrous magnesium sulfate, filtered and
concentrated in vacuo to yield the desired chloropyrimidine 81 as an amber liquid (1.99 g, 84%),

which was used in the next step without further purification.

14 NMR (400 MHz, Chloroform-d) &4 = 8.79 (s, 1H, H1), 3.58 (hept, J = 6.8 Hz, 1H, Hs), 1.28 (d,

J=6.8 Hz, 6H, H7).

13C NMR (101 MHz, Chloroform-d) ¢ = 176.0 (Quat., Cs), 160.9 (Quat., C3), 156.1 (CH, C1), 120.3

(Quat., C4), 35.3 (CH, Cs), 20.8 (CH3, C7).

FTIR (neat) v/em™ = 2970, 1537, 1503, 1416, 1353, 1271, 1196, 1025, 906, 808, 780.

HRMS (ESI*) calculated for C;HsBrCIN; = 235.9539, mass not found. The rest of the data matches

literature data.[246]
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5-Bromo-4-isopropyl-6-methoxypyrimidine, 82

7

Br
AN
NN
1
Following a literature procedure.?*?! Sodium methoxide (1.83 g, 33.8 mmol, 4.0 eq) was added to
a stirred solution of chloropyrimidine 81 (1.99 g, 8.5 mmol, 1.0 eq.) in methanol (50 mL) at 0 °C.
The reaction mixture was allowed to slowly warm up to room temperature (melting ice bath) and
stirred for 18 h. The reaction mixture was concentrated under reduced pressure. The resulting
solid was taken up in water (20 mL) extracted with ethyl acetate (3 x 30 mL). The combined
organic layers were washed with brine (50 mL), dried over anhydrous magnesium sulfate, filtered
and concentrated in vacuo to yield the desired methoxypyrimidine 82 as an amber liquid (1.82 g,

93%), which was used in the next step without further purification.

1H NMR (400 MHz, Chloroform-d) 6y = 8.58 (s, 1H, H1), 4.03 (s, 3H, Hs), 3.52 (hept, J = 6.8 Hz, 1H,

He), 1.23 (d, J = 6.8 Hz, 6H, H3).

13C NMR (101 MHz, Chloroform-d) &¢ = 173.3 (Quat., Cs), 165.7 (Quat., C3), 155.8 (CH, C1), 105.9

(Quat., Cs), 55.1 (CH3, Cs), 33.6 (CH, Ce), 20.8 (CH3, C7).
FTIR (neat) v/em™ = 2967, 1566, 1521, 1465, 1376, 1323, 1276, 1046, 1016, 859, 791, 656.

HRMS (ESI*) calculated for CsH11BrN>O = 231.0128, mass found = 231.0127.
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(4-1sopropyl-6-methoxypyrimidin-5-yl)boronic acid, 83

~~
1

Following a literature procedure.!?*®! Triisopropyl borate (4.5 mL, 19.5 mmol, 3.0 eq) was added to
a stirred solution of bromopyrimidine 82 (1.5 g, 6.5 mmol, 1.0 eq.) in 5:1 toluene/tetrahydrofuran
(48 mL) under argon atmosphere and the reaction mixture was cooled to —78 °C. n-Butyllithium
(2.5 M in hexanes, 3.9 mL, 9.7 mmol, 1.5 eq.) was added dropwise over 45 min and the resulting
reaction mixture was stirred for an additional 30 min at —78 °C. The reaction mixture was allowed
to warm up to room temperature and stirred for an additional 2.5 hours. The reaction was then
guenched with 2 N aqueous hydrochloric acid (20 mL) and was stirred at room temperature for 16
h. The pH of the reaction mixture was adjusted to 8 using solid potassium carbonate and the
resulting biphasic mixture was extracted with ethyl acetate (3 x 80 mL). The combined organic
layers were washed with brine (2 x 80 mL), dried over anhydrous magnesium sulfate, filtered and
concentrated in vacuo. The crude amber oil was triturated in 2:3 diethyl ether/n-pentane (15 mL),
the resulting solid was filtered and dried under vacuum to yield boronic acid 83 as an off-white

solid (490 mg, 39%).

1H NMR (600 MHz, Dimethylsulfoxide-ds) 61 = 8.66 (s, 1H, H1), 8.36 (s, 2H, Hs), 3.86 (s, 3H, Hs),

2.86 (p, J = 6.8 Hz, 1H, He), 1.18 (d, J = 6.8 Hz, 6H, H3).

13C NMR (151 MHz, Dimethylsulfoxide-ds) 61 = 175.6 (Quat., Cs), 170.5 (Quat., Cs), 157.2 (CH, C1),

104.0 (Quat., Cs), 53.2 (CHs, Cs), 35.6 (CH, Cs), 21.7 (CHs, C;).

FTIR (neat) v/em™ = 3222 (br), 2959, 1568, 1552, 1462, 1372, 1256, 1050, 821, 696.
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HRMS (ESI*) calculated for CsH13BN203 = 197.1092, mass found = 197.1095.

Melting point 95-80 °C.
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8-(4-Isopropyl-6-methoxypyrimidin-5-yl)-4-methyldihydro-414,814-[1,3,2]oxazaborolo[2,3-

b][1,3,2]oxazaborole-2,6(3H,5H)-dione, 84[247]

2 rotamers
3:1 mixture

A mixture of boronic acid 83 (250 mg, 1.27 mmol, 1.0 eq.) and N-methyliminodiacetid acid (197
mg, 1.34 mmol, 1.05 eq.) in N,N-dimethylformamide (15 mL) was heated to 90 °C and stirred for
20 h under air. The reaction was cooled to room temperature and toluene (45 mL) was added. The
resulting solution was concentrated in vacuo and the resulting orange slurry was taken up in ethyl
acetate (40 mL) and stored in the fridge for 30 minutes. The resulting precipitate was filtered off
and the filtrate was concentrated in vacuo to yield a light-yellow solid that was adsorbed onto
Celite in vacuo from an acetone suspension. The resulting solid was purified by column
chromatography (12 g silica, diethyl/ether acetone, 1:0 to 1:1) to yield the desired MIDA-boronate

84 as an off-white solid (274 mg, 70%).

1H NMR (400 MHz, Acetonitrile-ds) 6y = 8.65 (s, 1H, H1), 4.09 (d, J = 17.2 Hz, 2H, He/H10 major
rotamer), 3.99 (d, J = 17.2 Hz, 2H, He/H10 major rotamer), 3.92 (d, J = 16.9 Hz, (2H)/3, He/H10 minor
rotamer), 3.87 (s, 3H, Hsg), 3.76 (d, J = 16.9 Hz, (2H)/3, He/H10 minor rotamer), 3.64 (hept, J = 6.7 Hz,
1H, He), 2.84 (s, (3H)/3, H13 minor rotamer), 2.70 (s, 3H, Hi3 major rotamer), 1.20 (d, J = 6.7 Hz, 6H,

H7).

13C NMR (101 MHz Acetonitrile-ds) 6¢ = 181.8 (Quat., Cs), 173.4 (Quat. Cs), 169.5 (Quat., C11& Ci2),

169.2 (Quat., C4), 158.7 (CH, Ci), 65.0 (CH;, Co/Ci0 major rotamer), 62.7 (CHs, Co/Ci0 minor
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rotamer), 54.1 (CH3, Cs), 48.8 (CH3s, C13 minor rotamer), 46.5 (CHs, C13 major rotamer), 33.6 (CH, Cg),

22.8 (CHs, C7).

FTIR (neat) v/em™ = 2957, 1782, 1737, 1564, 1532, 1454, 1412, 1367, 1339, 1284, 1251, 1147,

1093, 1036, 982, 889, 870, 780, 653.

HRMS (ESI*) calculated for C13HgBN30s = 308.1412, mass found = 308.1410.

Melting point 186—-190 °C.
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Lithium 4-isopropyl-6-methoxypyrimidine-5-sulfinate, 85/239:240!

SOo,Li/’
034 8
8/ M

NN
1

A flame-dried round-bottom flask was loaded with bromopyrimidine 82 (250 mg, 1.1 mmol, 1.0
eq.) and anhydrous tetrahydrofuran (5.5 mL). The resulting solution was cooled to —78 °C and
n-butyllithium (1.6 M in hexanes, 610 uL, 1.0 mmol, 0.9 eq.) was slowly added under inert
atmosphere. The resulting dark-orange solution was allowed to stir at —78 °C for 1 h.
N-methylpyrrolidine SO, adduct TIMSO (139 pL, 1.1 mmol, 1.0 eq.) was added dropwise and the
resulting light-yellow mixture was allowed to warm up to room temperature and stirred overnight.
The resulting precipitate was filtered, washed with acetone (2 x 20 mL) and diethyl ether (2 x 20
mL) and dried under vacuum to be collected as a fine white powder, identified as lithium

pyrimidinylsulfinate 85 (135 mg, 56%).

1H NMR (500 MHz, Deuterium oxide) 6, = 8.57 (s, 1H, H1), 4.03 (s, 3H, Hg), 3.87 (hept, J = 6.9 Hz,

1H, He), 1.25 (d, J = 6.9 Hz, 6H, H3).

13C NMR (126 MHz, Deuterium oxide) 6c = 172.6 (Quat., Cs), 165.9 (Quat., Cs3), 157.5 (CH, Ci1),

129.2 (Quat., Cs), 54.2 (CHs, Cs), 29.9 (CH, Cs), 20.7 (CHs, C;).

FTIR (neat) v/cm™ = 2980, 1562, 1531, 1468, 1426, 1375, 1320, 1084, 1049, 1030, 984, 943, 896,

810.

HRMS (ESI*) calculated for CsH11LiN2O3SNa = 245.0543, mass found = 245.0544 [M+Na]*.

Melting point > 300 °C.
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4-lsopropyl-6-methoxy-5-(tributylstannyl)pyrimidine, 86248

A flame-dried round-bottom flask was loaded with bromopyrimidine 82 (500 mg, 1.1 mmol, 1.0
eq.) and anhydrous tetrahydrofuran (20 mL) under argon atmosphere. The resulting solution was
cooled to =78 °C and n-butyllithium (2.5 M in hexanes, 0.96 mL, 2.4 mmol, 1.1 eq.) was slowly
added under argon. The resulting dark-orange solution was allowed to stir at =78 °C for 1 h.
Tributyltin chloride (0.64 mL, 2.4 mmol, 1.1 eq.) was added dropwise and the resulting mixture
was stirred at —78 °C for an hour and allowed to warm up to room temperature and stirred for an
extra 16 h. The reaction mixture was quenched with saturated aqueous ammonium chloride (20
mL) and extracted with dichloromethane (2 x 30 mL). The combined organic layers were washed
with 1 M aqueous potassium fluoride (3 x 30 mL, at least 1 min per wash), brine (50 mL), dried
over anhydrous magnesium sulfate and concentrated in vacuo. The resulting crude mixture was
dried under high vacuum to yield the desired tributylstannylpyrimidine 86 as an amber oil (1.09 g,

guant.), which was used in the subsequent Stille coupling reactions without further purification.

14 NMR (400 MHz, Chloroform-d) &4 = 8.70 (s, 1H, H1), 3.90 (s, 3H, Hs), 2.77 (p, J = 6.7 Hz, 1H, He),

1.48 (m, 6H, H11), 1.31 (m, 6H, H1o), 1.23 (d, J = 6.9 Hz, 6H, H7), 1.07 (m, 6H, Hs), 0.89 (m, 9H, H12).

13C NMR (101 MHz, Chloroform-d) 6¢ = 181.9 (Quat., Cs), 174.2 (Quat., C3), 158.4 (CH, C1), 117.0
(Quat., Cs), 53.6 (CHs, Cs), 37.8 (CH, Cs), 29.2 (CHa, C11), 27.4 (CHz, Ci0), 22.5 (CHs, C7), 13.8 (CHs,

Ci2), 11.7 (CH,, Cq).

275



FTIR (Chloroform-d) v/em™ = 2956, 2923, 1558, 1522, 1454, 1411, 1362, 1288, 1052, 855, 807,

670.

HRMS (ESI*) calculated for C20H3sN,0Sn = 443.2081, mass found = 443.2077.
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1-Chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(trifluoromethyl)isoquinoline, 106/2>4

lodoisoquinoline 71a (100 mg, 0.28 mmol, 1.0 eq.), bis(pinacolato)diboron (138 mg, 0.56 mmol,
2.0 eq.), potassium acetate (82 mg, 0.84 mmol, 3.0 eq.) and
[1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(ll), complex with dichloromethane (11.4
mg, 0.014 mmol, 5 mol%) were weighed into a flame-dried two-necked round bottom flask,
equipped with a condenser. The reaction vessel was purged with argon three times, and
argon-sparged anhydrous 1,4-dioxane (2.5 mL) was added. The resulting slurry was heated to
100 °C and stirred for 10 days. The black reaction mixture was filtered over Celite® and the solid
was washed with ethyl acetate (25 mL). The resulting organic solution was washed with water (3 x
25 mL) and brine (25 mL), dried over anhydrous magnesium sulfate and concentrated in vacuo.
The resulting brown solid was purified by column chromatography (15 g silica, ethyl

acetate/pentane, 5:95 to 2:8) to yield boronic ester 106 as a white solid (61 mg, 61%).

1H NMR (500 MHz, Chloroform-d) 61 = 8.44 (d, J = 8.0 Hz, 1H, Hs), 8.06 (d, J = 7.5 Hz, 1H, Hs), 7.85

(ddd, J = 8.3, 7.0, 1.6 Hz, 1H, Hs), 7.81 (ddd, J = 8.3, 7.0, 1.4 Hz, 1H, H7), 1.49 (s, 12H, H13).

13C NMR (126 MHz, Chloroform-d) 6¢c = 153.4 (Quat., C1), 143.1 (q, J = 34.3 Hz, Quat., C3), 140.1
(Quat., Cs), 132.3 (CH, Cs), 130.4 (CH, C;), 128.3 (CH, Cs), 127.1 (CH, Cs), 127.0 (Quat., C10), 122.1 (q,

J=274.1 Hz, Quat., C11), 85.7 (Quat., C12), 25.3 (CH3, Ci3).

19F NMR (377 MHz, Chloroform-d) &- = -63.7.
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FTIR (Chloroform-d) v/em™ = 2990, 1502, 1379, 1351, 1333, 1292, 1241, 1134, 1121, 1013, 848,

759.

HRSM (ESI*) calculated for C16H16BCIF3NO, = 358.0988, mass found = 358.0989.

Melting point 153-156 °C.
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4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1-(4-tosylpiperazin-1-yl)-3-(trifluoromethyl)

isoguinoline, 107a

Using 76¢c as starting material:>>¥ lodoisoquinoline 76¢ (100 mg, 0.18 mmol, 1.0 eq.),

bis(pinacolato)diboron (69 mg, 0.27 mmol, 1.5 eq.), potassium acetate (52 mg, 0.53 mmol, 3.0 eq.)
and [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(ll) complex with dichloromethane
(7.3 mg, 0.009 mmol, 5 mol%) were weighed into a flame-dried two-necked round bottom flask,
equipped with a condenser. The reaction vessel was purged with argon three times, and
argon-sparged anhydrous 1,4-dioxane (1.5 mL) was added. The resulting orange slurry was heated
to 100 °C and stirred for 16 h. The black reaction mixture was filtered over Celite® and the solid
was washed with ethyl acetate (25 mL). The resulting organic solution was washed with water (2 x
20 mL) and brine (20 mL), dried over anhydrous magnesium sulfate and concentrated in vacuo.
The resulting oil was triturated in hexane and the solid was filtered away. Quantitative NMR
analysis of the precipitate showed the presence of two species (1:2). Preparative TLC of the
mixture gave two species, identified as boronic ester 107a (16 mg, 16%) and

dehalogenation/proto-deborylation product 105 (3 mg, 4%) (see Section 111.2.2.3).

Using 106 as starting material: Following general procedure L, using chloroisoquinoline 106 (50

mg, 0.14 mmol, 1.0 eq.) and 1-tosylpiperazine hydrochloride (58 mg, 0.21 mmol, 1.5 eq.). The
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reaction mixture was stirred at 80 °C for 16 h. When isolated by precipitation,
piperazinylisoquinoline 107a was isolated as an orange solid (18 mg, 46%). When purified by
column chromatography (15 g Silica, 8:2 pentane/ethyl acetate), piperazinylisoquinoline 107a was

isolated as yellow solid (56 mg, 71%).

1H NMR (400 MHz, Chloroform-d) 6y = 7.94 (m, 2H, Ho & Hs), 7.68 (d, J = 8.3 Hz, 1H, His), 7.65 (m,
1H, Hy), 7.54 (m, 1H, Hsg), 7.35 (d, J = 7.9 Hz, 1H, Hi¢), 3.62 (t, ] = 4.9 Hz, 4H, H12), 3.22 (t, ] = 4.9 Hz,

4H, Hys), 2.45 (s, 3H, His), 1.46 (s, 12H, Hag).

13C NMR (126 MHz, Chloroform-d) ¢ = 160.7 (Quat., C1), 144.0 (Quat., C14), 142.6 (g, J = 32.9 Hz,
Quat., C3), 140.8 (Quat., Cs), 132.6 (Quat., C17), 130.7 (CH, C;), 129.9 (CH, Ci6), 128.5 (CH, Co), 128.4
(CH, C1s), 128.0 (CH, Cs), 127.9 (Quat., Cs), 125.5 (CH, Cs) 122.6 (g, J = 274.1 Hz, Quat., C11), 120.8

(Quat., Ci0), 85.1 (Quat., Ci13), 50.3 (CH>, C12), 45.7 (CH3, C13), 25.2 (CH3, Cx0), 21.7 (CH3, Cis).

19F NMR (377 MHz, Chloroform-d) 6= -64.3.

FTIR (Chloroform-d) v/cm™ = 2918, 1505, 1393, 1354, 1326, 1260, 1240, 1165, 1132, 1101, 1020,

943, 911, 850, 816, 729, 650.

HRMS (ESI*) calculated for C27H31BF3N304S = 562.2157, mass found = 562.2157.

Melting point 49-52 °C.
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tert-Butyl-4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(trifluoromethyl)isoquinolin-1-

yl)piperazine-1-carboxylate, 107b

Following general procedure L, using 106 (50 mg, 0.14 mmol, 1.0 eq.) and 1-Boc-piperazine (39 mg,
0.21 mmol, 1.5 eq.). The reaction mixture was stirred at 80 °C for 16 h. The crude mixture was
purified by column chromatography (15 g Silica, 9:1 pentane/ethyl acetate) to vyield
piperazinylisoquinoline 107b as a white solid (40 mg, 56%). The proto-deborylation product 88

was also isolated (11 mg, 21%) (see Section 111.2.2.3).

1H NMR (500 MHz, Chloroform-d) &, = 8.08 (dd, J = 8.5, 1.3 Hz, 1H, Hs), 7.98 (d, J = 8.2 Hz, 1H, Hs),
7.68 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H, Hs), 7.60 (ddd, J = 8.3, 6.8, 1.2 Hz, 1H, H7), 3.66 (m, 4H, H12), 3.46

(m, 4H, H13), 1.49 (S, 9H, H15), 1.47 (S, 12H, H1g).

13C NMR (126 MHz, Chloroform-d) &c = 161.4 (Quat., C1), 154.8 (Quat., C14), 142.7 (q, J = 32.7 Hz,
Quat., C3), 140.6 (Quat., Cs), 130.5 (CH, Cs), 128.3 (CH, Co), 127.6 (CH, C7), 125.6 (CH, Cg), 125.3
(Quat., C4), 122.6 (q, J = 273.9 Hz, Quat., C11), 121.0 (Quat., Cio), 84.9 (Quat., C17), 79.9 (Quat., Cis),

50.9 (d, J =96.9 Hz, CH;, C13), 43.5 (d, J = 107.7 Hz, CH;, C13), 28.5 (CH3, Ci6), 25.1 (CH3, Cis).

19F NMR (377 MHz, Chloroform-d) 6-=-64.2.

FTIR (Chloroform-d) v/cm™ = 2979, 1697, 1582, 1505, 1392, 1366, 1324, 1247, 1165, 1130, 1021,

851, 731.
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HRMS (ESI*) calculated for CasH33BF3N304 = 508.2591, mass found = 508.2591.

Melting point 128-131 °C.
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5-Bromo-4-isopropylpyrimidine, 109

A A
1

Following a literature procedure.l?®3 5-pyrimidine 108 (1.0 g, 6.3 mmol, 1.3 eq.), isobutyric acid
(0.47 mL, 5.0 mmol, 1.0 eq.), silver nitrate (0.21 g, 1.3 mmol, 20 mol %), and potassium persulfate
(1.7 g, 6.3 mmol, 1.3 eq.) were loaded in a round bottom flask equipped with a stirrer bar.
Dichloromethane (35 mL) and water (35 mL) were added and the resulting mixture was stirred
vigorously at room temperature under atmospheric pressure for 76 h, when TLC monitoring
indicated complete consumption of the starting material. The solvent was evaporated under
reduced pressure and the resulting suspension was extracted with ethyl acetate (100 mL). The
organic layer was washed with water (100 mL) and brine (100 mL), dried over anhydrous
magnesium sulfate, filtered, and concentrated in vacuo. The resulting orange oil was purified by
column chromatography (90 g silica, ethyl acetate/pentane 5:95) to vyield the desired

isopropylpyrimidine 109 as a light-yellow oil (565 mg, 45%).

1H NMR (400 MHz, Chloroform-d) 6y = 9.01 (s, 1H, Hs), 8.69 (s, 1H, H1), 3.46 (hept, J = 6.8 Hz, 1H,

He), 1.27 (d, J = 6.8 Hz, 6H, H3).

13C NMR (101 MHz, Chloroform-d) &¢ = 173.1 (Quat., Cs), 158.5 (CH, C1), 157.0 (CH, Cs), 120.9

(Quat., Cs), 33.9 (CHa, Cs), 20.7 (CH3, C).

FTIR (Chloroform-d) v/cm™ = 2969, 1559, 1518, 1469, 1436, 1390, 1271, 1159, 1066, 1018, 780,

688.

HRSM (ESI*) calculated for C;H9BrN2 = 201.0023, mass found = 201.0022.
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Lithium 4-isopropylpyrimidine-5-sulfinate, 112[239.240]

SO,Lij’
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|
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A flame-dried round-bottom flask was loaded with bromopyrimidine 109 (220 mg, 1.1 mmol, 1.0
eq.) and anhydrous tetrahydrofuran (5.5 mL). The resulting solution was cooled to —78 °C and
n-butyllithium (2.5 M in hexanes, 400 uL, 1.0 mmol, 0.9 eq.) was slowly added under inert
atmosphere. The resulting dark-orange solution was allowed to stir at =78 °C for 1 h. N-
methylpyrrolidine SO, adduct TIMSO (145 uL, 1.1 mmol, 1.0 eq.) was added dropwise and the
resulting light-yellow mixture was allowed to warm up to room temperature and stirred for an
additional 16 h. The solvent was evaporated and the resulting amber oil was taken up in 2:3
acetone/diethyl ether and stored in the fridge for 30 min. The resulting light-yellow precipitate

was filtered, dried under vacuum and identified as lithium pyrimidinylsulfinate 112 (103 mg, 49%)

1H NMR (500 MHz, Deuterium oxide) &4 = 9.05 (s, 1H, Hs), 8.92 (s, 1H, Hi1), 3.72 (hept, J = 6.8 Hz,

1H, He), 1.30 (d, J = 6.8 Hz, 6H, H3).

13C NMR (126 MHz, Deuterium oxide) &¢ = 173.5 (Quat., Cs), 158.1 (CH, Cy), 151.8 (CH, C3), 143.9

(Quat., C4), 30.9 (CH, Cs), 20.6 (CH3, C7).

FTIR (neat) v/em™ = 2965, 1638, 1570, 1466, 1199, 1109, 940, 894, 631.

HRMS (ESI) calculated for c;HoaN>0,S = 185.0390, mass found = 185.0382 [M-Li]".

Melting point > 300 °C.
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4-lsopropyl-5-(tributylstannyl)pyrimidine, 113248

A flame-dried Schlenk tube was loaded with bromopyrimidine 109 (250 mg, 1.2 mmol, 1.0 eq.) and
anhydrous tetrahydrofuran (12 mL) under argon atmosphere. The resulting solution was cooled to
—78 °C and n-butyllithium (1.6 M in hexanes, 0.88 mL, 1.4 mmol, 1.1 eq.) was slowly added under
argon. The resulting dark-orange solution was allowed to stir at =78 °C for 1 h. Tributyltin chloride
(0.37 mL, 1.4 mmol, 1.1 eq.) was added dropwise and the resulting mixture was stirred at =78 °C
for an hour, and allowed to warm up to room temperature and stirred for an extra 16 h. The
reaction mixture was quenched with saturated aqueous ammonium chloride (10 mL) and
extracted with dichloromethane (2 x 20 mL). The combined organic layers were washed 1 M
aqueous potassium fluoride (3 x 20 mL, at least 1 min per wash) and brine (50 mL), dried over
anhydrous magnesium sulfate, and concentrated in vacuo. The resulting crude mixture was dried
under high vacuum to yield stannylpyrimidine 113 as an amber oil that was taken to the next step

without further purification (421 mg, 41% yield, 50% NMR purity).

1H NMR (400 MHz, Chloroform-d) &4 = 9.07 (s, 1H, H1), 8.53 (s, 1H Hs), 2.74 (pd, J = 7.2, 3.8 Hz, 1H,

Hs), 1.63 (m, Hg), 1.32 (m, Hs & H10), 1.25 (S, H7), 0.92 (m, H11).

13C NMR (101 MHz, Chloroform-d) 6¢ = 181.0 (Quat., C3), 163.6 (CH, Cs), 158.7 (CH, C1), 132.4
(Quat., C4), 39.2 (CH, Hs), 28.0 (CH>, Cg), 27.0 (CH3, Cs/C11), 22.6 (CH,, Cs/Ci11), 17.7 (CHs, C7), 13.7

(CH3, Cip).

FTIR (neat) v/ecm™ = 2956, 2922, 2871, 2583, 1627, 1463, 1419, 1377, 1179, 1075, 1020, 876, 672.
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HRMS (ESI*) calculated for C19H36N25n = 413.1975, mass found = 413.1973.
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4-lodoisoquinolin-1(2H)-one, 115a

Following general procedure H, using isocarbostyril 114 (2.0 g, 13.7 mmol, 1.0 eq.). The desired

4-iodoisoquinolinone 115a was obtained as a white solid (3.5 g, 82%).

1H NMR (400 MHz, Dimethylsulfoxide-ds) 6, = 11.46 (s, 1H, Hz), 8.14 (ddd, J = 7.9, 1.4, 0.6 Hz, 1H,
He), 7.77 (ddd, J = 8.3, 7.1, 1.4 Hz, 1H, Hy), 7.59 (m, 1H, He), 7.56 (s, 1H, Hs), 7.51 (ddd, J = 8.1, 7.1,

1.1 Hz, 1H, Hs).

13C NMR (101 MHz, Dimethylsulfoxide-ds) 6c = 161.2 (Quat., C1), 137.5 (Quat., Cs), 135.6 (CH, C3),

133.6 (CH, C7), 129.9 (CH, Cs), 127.5 (CH, Cs), 127.3 (CH, Cs), 126.7 (Quat., C10), 70.4 (Quat., Cs).

FTIR (neat) v/em™ = 2981, 1670, 1615, 1497, 1381, 1260, 867, 789, 682, 632.

HRMS (ESI*) calculated for CoHgINO = 271.9570, mass found = 271.9565.

Melting point 248-250 °C.
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4-Bromoisoquinolin-1(2H)-one, 115b

8 1TSNH

Br

Following general procedure I, using isocarbostyril 114 (2.0 g, 13.7 mmol, 1.0 eq.). The desired

4-bromoisoquinolinone 115b was obtained as an off-white solid (2.6 g, 85%).

1H NMR (400 MHz, Dimethylsulfoxide-ds) &4 = 11.58 (s, 1H, Hz), 8.23 (dd, J = 8.0, 1.4 Hz, 1H, Hs),
7.84 (ddd, J = 8.4, 7.1, 1.4 Hz, 1H, Hy), 7.75 (dd, J = 8.2, 1.2 Hz, 1H, He), 7.59 (ddd, J = 8.2, 7.1, 1.2

Hz, 1H, Hs), 7.55 (s, 1H, Hs).

13C NMR (101 MHz, Dimethylsulfoxide-ds) 6c = 160.9 (Quat., C1), 135.7 (Quat., Cs), 133.4 (CH, C),

130.2 (CH, C3), 127.5 (CH, Cs), 127.4 (CH, Cs), 126.5 (Quat., C10), 125.3 (CH, Cs), 97.5 (Quat., Ca).

FTIR (neat) v/em™ = 3001, 2857, 1658, 1624, 1602, 1550, 1470, 1369, 863, 789, 767, 731, 640.

HRMS (ESI*) calculated for CoHsBrNO = 223.9706, mass found = 223.9706.

Melting point 238-240 °C.
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1-Chloro-4-iodoisoquinoline, 116a

Following general procedure J, using 4-iodoisoquinolinone 115a (1.00 g, 3.7 mmol, 1.0 eq.). The
reaction mixture was stirred at 90 °C for 48 h. The desired chloroisoquinoline 116a was obtained

as a light-brown solid (1.07 g, quant.).

1H NMR (400 MHz, Chloroform-d) 6y = 8.67 (s, 1H, Hs), 8.27 (ddd, J = 8.4, 1.2, 0.6 Hz, 1H, Hs), 8.02
(ddd, J = 8.4, 1.1, 0.6 Hz, 1H, He), 7.82 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H, H7), 7.73 (ddd, J = 8.3, 6.9, 1.2

Hz, 1H, Hs).

13C NMR (101 MHz, Chloroform-d) &¢ = 152.6 (Quat., C:1), 149.1 (CH, Cs), 138.6 (Quat., Cs), 132.9

(CH, C7), 131.5 (CH, Cs), 129.8 (CH, Cs), 128.0 (Quat., C1q), 127.2 (CH, Cs), 95.8 (Quat., Ca).

FTIR (Chloroform-d) v/ecm™ = 1556, 1482, 1360, 1254, 1213, 1146, 978, 906, 760, 730, 677, 641.

HRMS (ESI*) calculated for CoHsCIIN = 289.9228, mass found = 289.9228.

Melting point 56-58 °C.
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4-Bromo-1-chloroisoquinoline, 116b
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Following general procedure J, using 4-bromoisoquinolinone 115b (1.00 g, 4.5 mmol, 1.0 eq.). The
reaction mixture was stirred at 90 °C for 48 h. The desired bromoisoquinoline 116b was obtained

as a light-brown solid (981 mg, 91%).

'H NMR (400 MHz, Chloroform-d) 64 = 8.46 (s, 1H, Hs), 8.32 (dd, J = 8.4, 0.6 Hz, 1H, Ho), 8.17 (d, J =

8.1 Hz, 1H, He), 7.86 (ddd, J = 8.4, 7.0, 1.2 Hz, 1H, H7), 7.74 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H, Hs).

13C NMR (101 MHz, Chloroform-d) 6¢ = 151.1 (Quat., C1), 143.0 (CH, Cs), 136.4 (Quat., Cs), 132.5

(CH, C7), 129.6 (CH, Cs), 128.0 (Quat., C1), 127.1 (CH, Cs), 126.8 (CH, Cs), 119.2 (Quat., Ca).

FTIR (Chloroform-d) v/ecm™ = 1615, 1561, 1484, 1329, 1319, 1295, 1271, 1218, 1210, 1150, 981,

758, 678, 640.

HRMS (ESI*) calculated for CoHsBrCIN = 243.9344, mass found = 243.9345.

Melting point 84-86 °C.
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tert-Butyl 4-(4-iodoisoquinolin-1-yl)piperazine-1-carboxylate, 117a
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Following general procedure K, using chloroisoquinoline 116a (580 mg, 2.0 mmol, 1.0 eq.) and
1-Boc-piperazine (560 mg, 3.0 mmol, 1.5 eq.). The reaction mixture was stirred at 100 °C for 48 h.
Purification of the crude mixture by column chromatography (30 g silica, 85:15 pentane/ethyl

acetate) yielded the desired piperazinylisoquinoline 117a as a light-yellow solid (626 mg, 71%).

1H NMR (500 MHz, Chloroform-d) 6y = 8.52 (s, 1H, Hs), 8.02 (d, J = 8.3 Hz, 1H, Hs), 7.97 (d, J = 7.2
Hz, 1H, He), 7.71 (ddd, J = 8.4, 6.9, 1.2 Hz, 1H, H;), 7.58 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, Hs), 3.68 (m,

4H, H1z), 3.36 (t, J = 5.0 Hz, 4H, H1s), 1.50 (s, 9H, His).

13C NMR (126 MHz, Chloroform-d) 6c = 161.6 (Quat., Ci), 155.0 (Quat., Ci), 148.4 (CH, C3), 138.7
(Quat., Cs), 131.6 (CH, Cs & C;), 127.5 (CH, Cs), 126.0 (CH, Co), 123.2 (Quat., Ci0), 89.2 (Quat., Cy),

80.1 (Quat., C1s5), 51.4 (CH,, C13), 44.2 (CH;, Ci12), 28.6 (CH3, Ci6).

FTIR (Chloroform-d) v/cm™ = 2975, 2924, 2854, 1693, 1550, 1493, 1403, 1365, 1239, 1166, 1122,

1016, 870, 764, 732, 681.

HRMS (ESI*) calculated for C1sH22IN30> = 440.0826, mass found = 440.08289.

Melting point 111-113 °C.
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Benzyl 4-(4-iodoisoquinolin-1-yl)piperazine-1-carboxylate, 117b
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Following general procedure K, using chloroisoquinoline 116a (255 mg, 0.88 mmol, 1.0 eq.) and
1-Cbz-piperazine (252 pL, 1.32 mmol, 1.5 eq.). The reaction mixture was stirred at 100 °C for 48 h.
When poured onto ice water and filtrated, the desired piperazinylisoquinoline 117¢ was obtained

as a melty light-brown solid (323 mg, 77%).

1H NMR (400 MHz, Chloroform-d) &, = 8.52 (s, 1H, Hs), 8.01 (dd, J = 8.4, 1.3 Hz, 1H, Hs), 7.96 (dd, J
=84, 1.2 Hz, 1H, He), 7.70 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H, H;), 7.57 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, Hs),

7.36 (m, 5H, H17, His & H19), 5.19 (S, ZH, H15), 3.77 (m, 4H, H12), 3.37 (m, 4H, H13).

13C NMR (101 MHz, Chloroform-d) &c = 161.5 (Quat., C1), 155.5 (Quat., C14), 148.5 (CH, Cs3), 138.6
(Quat., Cs), 136.7 (Quat., Cis), 131.5 (CH, C), 131.4 (CH, C;), 128.6 (CH, Cis), 128.2 (CH, Cis), 128.0
(CH, Ci7), 127.5 (CH, Cs), 125.8 (CH, Cs), 123.1 (Quat., Cio), 89.4 (Quat., Ca), 67.4 (CHs, Cis), 51.3

(CH3, Ci3), 44.0 (CH3, C12).

FTIR (Chloroform-d) v/ecm™ = 2850, 1699, 1549, 1493, 1406, 1371, 1236, 1122, 1015, 909, 764,

731, 698.

HRMS (ESI*) calculated for C21H20IN30; = 474.0673, mass found = 474.0671.

Melting point melts at room temperature (20-25 °C).
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4-lodo-1-(4-tosylpiperazin-1-yl)isoquinoline, 117c

Following general procedure K, using chloroisoquinoline 116a (255 mg, 0.88 mmol, 1.0 eq.) and
1-tosyl-piperazine hydrochloride (365 mg, 1.32 mmol, 1.5 eq.). The reaction mixture was stirred at
100 °C for 48 h. When poured onto ice water and filtrated, piperazinylisoquinoline 117b was

obtained as an off-white solid (373 mg, 86%).

1H NMR (400 MHz, Chloroform-d) &1 = 8.48 (s, 1H, Hs), 7.84 (dt, J = 8.4, 0.9 Hz, 1H, Hs), 7.84 (dt, J =
8.4, 1.0 Hz, 1H, Hg), 7.71 (d, J = 8.3 Hz, 2H, His), 7.67 (m, 1H, Hy), 7.52 (m, 1H, Hs), 7.37 (d, J = 8.1

Hz, 2H, Hi), 3.48 (t, 4H, H12), 3.26 (t, J = 4.8 Hz, 4H, H13), 2.46 (s, 3H, H1s).

13C NMR (101 MHz, Chloroform-d) 8¢ = 161.0 (Quat., C1), 148.5 (CH, C3), 144.0 (Quat., C17), 138.7
(Quat., Cs), 132.8 (Quat., C14), 131.6 (CH, Cs), 131.5 (CH, C;), 130.0 (CH, Ci6), 128.0 (CH, C1s), 127.5
(CH, Cs), 125.6 (CH, Ce), 122.9 (Quat., Cio), 89.5 (Quat., C4), 50.8 (CHz, Ci2), 46.1 (CHs, Ci3), 21.7

(CH3, Cis).

FTIR (Chloroform-d) v/cm™ = 2957, 2921, 2852, 1723, 1550, 1493, 1404, 1348, 1262, 1165, 1097,

1018, 947, 929, 800, 765, 728, 681, 648.

HRMS (ESI*) calculated for C20H20IN302S = 494.0394, mass found = 494.0390.

Melting point 184-186 °C.
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tert-Butyl 4-(4-bromoisoquinolin-1-yl)piperazine-1-carboxylate, 117d
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Following general procedure K, using isoquinoline 116b (243 mg, 1.0 mmol, 1.0 eq.) and
1-Boc-piperazine (279 mg, 1.5 mmol, 1.5 eq.). The reaction mixture was stirred at 80 °C for 24 h.
The crude mixture was purified by column chromatography (15 g silica, 85:15 pentane/ethyl

acetate) to yield the desired piperazylisoquinoline 117d as a beige solid (199 mg, 51%).

1H NMR (500 MHz, Chloroform-d) 8y = 8.31 (s, 1H, Hs), 8.11 (d, J = 8.4 Hz, 1H, Hs), 8.09 (d, J = 8.4
Hz, 1H, Hg), 7.75 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H, H7), 7.59 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, Hs), 3.69 (dd,

1=6.2,4.0 Hz, 4H, H12), 3.35 (t, J = 5.1 Hz, 4H, H13), 1.50 (s, 9H, H1e).

13C NMR (126 MHz, Chloroform-d) &¢ = 160.8 (Quat., C1), 155.0 (Quat., Ci4), 142.1 (CH, Cs3), 136.6
(Quat., Cs), 131.2 (CH, C;), 127.4 (CH, Cq), 126.9 (CH, Cs), 125.8 (CH, Cg), 123.0 (Quat., Cig), 113.5

(Quat., C4), 80.1 (Quat., C1s), 51.5 (CHa, C13), 44.2 (CHa, C12), 28.6 (CH3, Cie).

FTIR (Chloroform-d) v/cm™ = 2975, 2925, 2854, 1693, 1553, 1495, 1403, 1365, 1280, 1236, 1166,

1077, 1017, 874, 765, 732, 681.

HRMS (ESI*) calculated for Ci1gH22BrN30, = 392.0968, mass found = 392.0964.

Melting point 118-120 °C.
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4-Bromo-1-(4-tosylpiperazin-1-yl)isoquinoline, 117e
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Following general procedure K, using chloroisoquinoline 116b (121 mg, 0.5 mmol, 1.0 eq.) and
1-tosyl-piperazine hydrochloride (208 mg, 0.75 mmol, 1.5 eq.). The reaction mixture was stirred at
100 °C for 48 h. When poured onto ice water and filtrated, the desired piperazinylisoquinoline

117e was obtained as a light-orange solid (224 mg, quant.).

'H NMR (400 MHz, Chloroform-d) 6= 8.27 (s, 1H, Hs), 8.08 (dt, J = 8.3, 0.9 Hz, 1H, Hg), 7.90 (dt, J =
8.4,1.0Hz, 1H, Hs), 7.71 (m, 3H, His & H7), 7.52 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H, Hs), 7.37 (d, J = 8.0 Hz,

ZH, H15), 3.47 (m, 4H, H12), 3.27 (m, 4H, H13), 2.46 (S, 3H, ng).

13C NMR (101 MHz, Chloroform-d) &¢ = 159.9 (Quat., C1), 143.7 (Quat., Ci17), 141.9 (CH, Cs3), 136.2
(Quat., Cs), 132.5 (Quat., Cia), 130.8 (CH, Cs), 129.6 (CH, Cis), 127.7 (CH, Cis), 127.0 (CH, Cs), 126.6
(CH, Cs), 125.2 (CH, Cs), 122.4 (Quat., Cio), 113.4 (Quat., Cs), 50.5 (CHz, C12), 45.8 (CHz, Ci3), 21.4

(CH3, Cis).

FTIR (Chloroform-d) v/cm™ = 2921, 2851, 1495, 1443, 1404, 1348, 1263, 1238, 1165, 1097, 1018,

952, 766, 728, 650.

HRMS (ESI*) calculated for Ca0H20BrN303S = 446.0532, mass found = 446.0531.
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Melting point 144-146 °C.

296



tert-Butyl 4-(4-(4-isopropyl-6-methoxypyrimidin-5-yl)isoquinolin-1-yl)piperazine-1-carboxylate,

119

Following general procedure M, using iodoisoquinoline 117a (100 mg, 0.23 mmol, 1.0 eq.) and
stannylpyrimidine 86 (201 mg, 0.2 mmol, 2.0 eq). The crude mixture was purified by column
chromatography twice (20 g silica, ethyl acetate/pentane, 2:8 to 3:7. Then 10 g silica, 7:3

toluene/diethyl ether) to yield biarylpyrimidine 119 as a yellow oil (103 mg, 98%).

14 NMR (500 MHz, Chloroform-d) 6y = 8.90 (s, 1H, H13), 8.20 (d, J = 8.1 Hz, 1H, Hs), 7.98 (s, 1H, Hs),
7.59 (m, 3H, H7, Hg& Hg), 3.86 (S, 3H, H17), 3.77 (S, 4H, ng), 3.49 (S, 4H, H19), 2.74 (m, 1H, H15), 1.54

(s, 9H, H22), 1.20 (d, J = 6.7 Hz, 3H, H1s), 1.09 (d, J = 6.7 Hz, 3H, Has).

13C NMR (101 MHz, Chloroform-d) &c = 174.6 (Quat., C14), 168.1 (Quat., C12), 161.4 (Quat., Ci),
157.8 (CH, Ci3), 155.0 (Quat., Cz0), 141.1 (CH, C3), 137.1 (Quat., Cs), 130.2 (CH, C;/Cs), 126.5 (CH,
C7/Cs), 125.8 (CH, Cs), 124.8 (CH, Co), 121.4 (Quat., Cig), 120.1 (Quat., C11), 114.8 (Quat., C4), 79.9
(Quat., Cz1), 54.1 (CHs, C17), 51.3 (CH3, C19), 43.5 (CH3, C1s), 31.8 (CH, Cis5), 28.5 (CH3, C22), 22.2 (CH3,

Cis), 21.5 (CH3, Cis).

FTIR (Chloroform-d) v/em™ = 2971, 1696, 1556, 1503, 1464, 1403, 1246, 1167, 1049, 1017, 884,

771.
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HRMS (ESI*) calculated for CasH33Ns03 = 464.2656, mass found = 464.2652.

Chiral HPLC (Chiralpak IC, 4 % IPA, 96 % hexane, 1.0 mL/min, A = 254 nm, 10 uL injection)

w'= 20.4 min, =’ = 22.4 min (racemate).
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1-(4-(4-(4-1sopropyl-6-methoxypyrimidin-5-yl)isoquinolin-1-yl)piperazin-1-yl)prop-2-en-1-one,

ﬁ[243]

Deprotection: A solution of Boc-piperazinylisoquinoline 119 (20 mg, 0.04 mmol, 1.0 eq.) in
hydrogen chloride — 1.25 M in methanol (2.0 mL) was stirred in a vial at room temperature for
1.5 h. The reaction mixture was concentrated in vacuo and the resulting crude brown solid was

taken to the next step without any purification.

Acylation: The crude deprotected amine was dissolved in triethylamine (67 uL, 0.48 mmol, 11.1
eg.) and dichloromethane (3 mL). The resulting solution was cooled to 0 °C and a solution of
acryloyl chloride in dichloromethane (0.013 M, 3.7 mL) was carefully added to the mixture. The ice
bath was removed and the mixture was stirred at room temperature for 1.5 h. The reaction was
guenched with saturated sodium bicarbonate (5 mL) and extracted with dichloromethane (3 x 5
mL). The combined organic layers were washed with saturated sodium bicarbonate (2 x 10 mL)
and brine (10 mL), dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo.
The resulting yellow crude solid was purified by column chromatography (5 g silica,

dichloromethane/methanol 97:3) to yield probe 120 as a sticky yellow solid (11 mg, 61%).

1H NMR (500 MHz, Chloroform-d) & = 8.90 (s, 1H, His), 8.21 (m, 1H, Hs), 7.98 (s, 1H, Hs), 7.62 (m,

2H, H; & Hs), 7.31 (m, 1H, Hs), 6.69 (dd, J = 16.8, 10.5 Hz, 1H, H21), 6.38 (dd, J = 16.8, 1.9 Hz, 1H,
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Ha2b), 5.79 (dd, J = 10.5, 1.9 Hz, 1H, H324), 3.98 (m, 4H, H1s), 3.85 (s, 3H, Hi7), 3.57 (m, 4H, His), 2.74

(hept, J = 6.7 Hz, 1H, His), 1.20 (d, J = 6.8 Hz, 3H, Hie), 1.09 (d, J = 6.7 Hz, 3H, Has).

13C NMR (126 MHz, Chloroform-d) 6c = 174.6 (Quat., Ci4), 168.1 (Quat., Cz0), 165.9 (Quat., C12),
161.0 (Quat., C1), 158.0 (CH, C13), 140.8 (CH, C3), 137.3 (CH, Cs), 130.6 (CH, C7/Cs), 128.4 (CH3, C22),
127.6 (CH, C21), 126.9 (CH, C;/Cs), 125.9 (CH, Cs), 125.1 (CH, Co & Quat., C4), 121.3 (Quat., Cio),
120.6 (Quat., C11), 54.3 (CHs, C17), 51.1 (CHa, C1s), 46.0 (CH3, Cio), 42.3 (CH, C1s), 31.9 (CH, C1s), 22.3

(CHs, C15), 21.5 (CHs, Cig).

FTIR (Chloroform-d) v/em™ = 2982, 1647, 1614, 1567, 1503, 1463, 1376, 1236, 1049, 1014, 957,

773, 730.

HRMS (ESI*) calculated for C24H25N50, = 418.2238, mass found = 418.2236.

Chiral HPLC (Chiralpak IC, 20 % IPA, 80 % hexane, 1.0 mL/min, A = 254 nm, 10 uL injection)

= 44.5 min, %% = 47.8 min (racemate).
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Diethyl 2-(4-iodo-3-(trifluoromethyl)isoquinolin-1-yl)malonate, 121a

Following general procedure N, using iodoisoquinoline 71a (250 mg, 0.7 mmol, 1.0 eq) and diethyl
malonate 16a (213 ulL, 1.4 mmol, 2.0 eq.). The crude white solid was purified by column
chromatography (18 g silica, pentane/ethyl acetate, 95:5 to 8:2) to yield arylated malonate 121a

as an off-white solid (251 mg, 75%).

1H NMR (500 MHz, Chloroform-d) &1 = 8.45 (d, J = 8.8 Hz, 1H, Hs), 7.91 (d, J = 8.5 Hz, 1H, Hs), 7.87
(ddd, J = 8.5, 6.9, 1.2 Hz, 1H, H), 7.79 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H, Hs), 5.52 (s, 1H, H12), 4.30 (qd, J

= 7.1, 2.1 Hz, 4H, Hia), 1.27 (t, J = 7.1 Hz, 6H, His).

13C NMR (126 MHz, Chloroform-d) ¢ = 166.9 (Quat., C13), 153.2 (Quat., C1), 143.5 (g, J = 33.3 Hz,
Quat., C3), 139.1 (Quat., Cs), 134.2 (CH, Cs), 132.7 (CH, C), 130.8 (CH, Cs), 128.6 (Quat., Cig), 125.1
(CH, Cs), 122.0 (q, J = 275.5 Hz, Quat., C11), 96.4 (CH, C4), 62.5 (CHs, Ci4), 58.7 (CH, C12), 14.1 (CHs,

Cis).

19F NMR (377 MHz, Chloroform-d) & = -63.3.

FTIR (Chloroform-d) v/cm™ = 2983, 1736, 1446, 1395, 1369, 1305, 1236, 1172, 1134, 1035, 952,

865, 764.

HRMS (ESI*) calculated for C17H15F3INO4 = 482.0071, mass found = 482.0067.

Melting point 94-96 °C.
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Diisopropyl 2-(4-iodo-3-(trifluoromethyl)isoquinolin-1-yl)malonate, 121b

Following general procedure N, using iodoisoquinoline 71a (250 mg, 0.7 mmol, 1.0 eq), and
diisopropyl malonate 16b (266 pL, 1.4 mmol, 2.0 eq.). The crude solid was purified by column
chromatography (20 g silica, 9:1 pentane/ethyl acetate) to yield arylated malonate 121b as a

yellow solid (311 mg, quant.).

1H NMR (400 MHz, Chloroform-d) &y = 8.43 (d, J = 8.6 Hz, 1H, Hs), 7.89 (d, J = 8.4 Hz, 1H, He), 7.85
(m, 1H, Hy), 7.77 (m, 1H, Hs), 5.47 (s, 1H, H12), 5.17 (p, J = 6.3 Hz, 2H, H14), 1.28 (d, J = 4.6 Hz, 6H,

His), 1.26 (d, J = 4.6 Hz, 6H, His).

13C NMR (101 MHz, Chloroform-d) ¢ = 166.4 (Quat., C13), 153.6 (Quat., C1), 143.5 (g, J = 33.6 Hz,
Quat., C3), 139.0 (Quat., Cs), 134.2 (CH, Cs), 132.6 (CH, C7), 130.7 (CH, Cs), 128.6 (Quat., C10), 125.0
(CH, Cs), 122.1 (q, J = 275.4 Hz, Quat., C11), 96.2 (Quat., C4), 70.3 (CH, C1a), 58.9 (CH, C12), 21.6 (CHs,

C15).

19F NMR (377 MHz, Chloroform-d) & = -63.1.

FTIR (Chloroform-d) v/em™ = 2983, 1727, 1446, 1330, 1302, 1259, 1170, 1131, 1099, 941, 808,

746, 631.

HRMS (ESI*) calculated for C19H19F3INO4 = 510.0384, mass found = 510.0382.

Melting point 70-72 °C.

302



Ethyl 2-(4-iodo-3-(trifluoromethyl)isoquinolin-1-yl)-3-oxo-3-(4-tosylpiperazin-1-yl)propanoate,

1223!%¢!

A mixture of arylated malonate 121a (50 mg, 0.10 mmol, 1.0 eq.), 1-tosylpiperazine hydrochloride
(42 mg, 0.15 mmol, 1.5 eq.) and 4-(dimethylamino)pyridine (37 mg, 0.30 mmol, 3.0 eq.) in
dimethylsulfoxide (2.0 mL) was allowed to stir at 100 °C for 22 h. The reaction mixture was allowed
to cool down to room temperature, diluted with ethyl acetate (5 mL), washed with water (3 x 5
mL), and brine (3 x 5 mL). The organic layer was dried over anhydrous magnesium sulfate, filtered
and concentrated in vacuo. The resulting amber oil was purified by column chromatography (12 g

silica, 6:4 pentane/ethyl acetate) to yield amide 122a as an amber oil (39 mg, 56%).

1H NMR (400 MHz, Chloroform-d) &y = 8.40 (d, J = 8.1 Hz, 1H, Ho), 8.00 (d, J = 9.1 Hz, 1H, He), 7.85
(ddd, J = 8.4, 6.9, 1.2 Hz, 1H, Hy), 7.75 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, Hg), 7.54 (d, J = 8.3 Hz, 2H, H21),
7.32 (d, J = 7.9 Hz, 2H, Hao), 5.61 (s, 1H, H12), 4.22 (qd, J = 7.1, 5.7 Hz, 2H, Haa), 3.90 (m, 1H, H17),
3.64 (m, 1H, Hi7), 3.47 (m, 2H, H17), 3.08 (m, 1H, His), 2.89 (m, 2H, Has), 2.62 (m, 1H, His), 2.46 (s,

3H, H23), 1.18 (t, J = 7.1 Hz, 3H, His).

19F NMR (377 MHz, Chloroform-d) &¢ = -63.2.

13C NMR (101 MHz, Chloroform-d) 8¢ = 167.5 (Quat., C13), 164.7 (Quat., Cie), 153.3 (Quat., Ca),

144.2 (Quat., C22), 143.1 (q, J = 33.1 Hz, Quat., Cs), 139.1 (Quat., Cs), 134.1 (CH, Cs), 132.9 (CH, C7),
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132.3 (Quat., C1s), 130.9 (CH, Cs), 130.0 (CH, Ca0), 128.6 (Quat., C10), 127.7 (CH, Ca1), 125.6 (CH, Cq),
121.8 (g, J = 275.5 Hz, Quat., C11), 96.6 (Quat., Ca), 62.5 (CHz, Cia), 58.3 (CH, C12), 45.8 (m, CHy,

C17/Cag), 41.9 (CHy, C17/C1g), 21.7 (CH3, C23), 14.0 (CH3, Cis).

FTIR (CDCl3) v/ecm™ = 2919, 1740, 1655, 1444, 1349, 1237, 1166, 1135, 947, 947, 727, 650.

HRMS (ESI*) calculated for Ca6H25F3IN305S = 676.0584, mass found = 678.4782.
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Diethyl 2-(1-chloroisoquinolin-4-yl)malonate, 124(8¢!

Following general procedure N, using iodoisoquinoline 116a (250 mg, 0.86 mmol, 1.0 eq.) and
diethyl malonate 16a (263 uL, 1.72 mmol, 2.0 eq.). The crude solid was purified by column
chromatography (25 g silica, pentane/ethyl acetate, 9:1 to 8:2) to yield arylated malonate 124 as a

yellow oil (274 mg, 99%).

H NMR (400 MHz, Chloroform-d) 6y = 8.40 (d, J = 8.5 Hz, 1H, Hs), 8.31 (s, 1H, Hs), 7.98 (d, J = 8.5
Hz, 1H, Ha), 7.80 (ddt, J = 8.4, 6.7, 1.4 Hz, 1H, Hs), 7.71 (m, 1H, Hy), 5.19 (m, 1H, H11), 4.25 (m, 4H,

His), 1.25 (td, J = 7.1, 1.3 Hz, 6H, Hu4).

13C NMR (101 MHz, Chloroform-d) &¢ = 167.6 (Quat., C12), 152.5 (Quat., C1), 142.6 (CH, C3), 136.4
(Quat., Cs), 131.8 (CH, Cg), 128.6 (CH, C;7), 127.4 (CH, Cs), 126.9 (Quat., Ci0), 123.8 (Quat., C4), 123.5

(CH, Co), 62.5 (CH3, C13), 53.2 (CH, C11), 14.1 (CH3, Ci4).

FTIR (Chloroform-d) v/ecm™ = 2982, 1732, 1558, 1504, 1368, 1322, 1175, 1029, 928, 767, 686, 646.

HRMS (ESI*) calculated for C16H16CINO4 = 322.0841, mass found = 322.0838.
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Ethyl 2-(1-chloroisoquinolin-4-yl)-3-oxo-3-(4-tosylpiperazin-1-yl)propanoate, 125

Following general procedure K, using chloroisoquinoline 124 (50 mg, 0.26 mmol, 1.0 eq.) and
1-tosylpiperazine hydrochloride (65 mg, 0.23 mmol, 1.5 eq.). The reaction mixture was stirred at
80 °C for 18 h. The crude amber oil was purified by column chromatography (12 g silica,

pentane/ethyl acetate, 3:7 to 1:1) to yield amide 125 as an orange oil (16 mg, 20%).

1H NMR (600 MHz, Chloroform-d) &y = 8.41 (d, J = 8.4 Hz, 1H, He), 8.11 (s, 1H, Hs), 7.87 (d, J = 8.4
Hz, 1H, He), 7.79 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H, Hy), 7.72 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H, Hg), 7.53 (d, J =
8.2 Hz, 2H, Hao), 7.33 (d, J = 7.9 Hz, 2H, Ha1), 5.23 (s, 1H, H1y), 4.19 (m, 2H, Haa), 3.85 (m, 1H, H17),
3.70 (m, 1H, H17), 3.32 (m, 2H, H17), 3.11 (m, 1H, His), 2.89 (m, 2H, His), 2.47 (s, 4H, H1s & Hz3), 1.18

(t,J=7.1Hz, 3H, His).

13C NMR (151 MHz, Chloroform-d) &c = 167.8 (Quat., Ci3), 166.0 (Quat., C12), 152.7 (Quat., C1),
144.5 (Quat., Cz2), 142.2 (CH, Cs), 136.0 (Quat., Cs), 132.3 (Quat., Cis), 132.2 (CH, C7), 130.1 (CH,
C21), 128.9 (CH, Cg), 127.7 (CH, Ca0), 127.7 (CH, Cs), 126.9 (Quat., C10), 123.7 (Quat., Cs), 122.8 (CH,
Cq), 62.6 (CH2, Ci4), 51.9 (CH, C12), 45.8 (CH3, C17/Cis), 45.7 (CH3, C17/Cis), 45.6 (CH2, C17/Cis), 41.9

(CHg, C17), 21.8 (CH3, C33), 14.1 (CH3, Cis).

FTIR (Chloroform-d) v/cm™ = 2919, 2851, 1733, 1654, 1504, 1444, 1166, 1019, 908, 726, 648.

HRMS (ESI*) calculated for C25H26CIN30O5S = 516.1355, mass found = 516.1353.
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Diethyl 2-(1-(4-(tert-butoxycarbonyl)piperazin-1-yl)isoquinolin-4-yl)malonate, 126a

Following general procedure N, using iodoisoquinoline 117a (50 mg, 0.11 mmol, 1.0 eq.) and
diethyl malonate 16a (35 pL, 0.23 mmol, 2.0 eq.). The crude solid was purified by column
chromatography (8 g silica, pentane/ethyl acetate, 9:1 to 8:2) to yield arylated malonate 126a as a

yellow oil (30 mg, 56%). Unreacted isoquinoline 117a was also recovered (18 mg, 36%, 92% brsm).

1H NMR (600 MHz, Chloroform-d) &4 = 8.14 (s, 1H, Hs), 8.13 (d, J = 9.3 Hz, 1H, Hs), 7.87 (d, J = 8.6
Hz, 1H, He), 7.67 (m, 1H, Hy), 7.54 (m, 1H, Hs), 5.11 (s, 1H, Hi1), 4.24 (p, J = 6.9 Hz, 4H, H13), 3.69 (¢,

J=5.2 Hz, 4H, His), 3.38 (t, J = 5.1 Hz, 4H, His), 1.49 (s, 9H, H19), 1.25 (t, J = 7.2 Hz, 6H, H14).

13C NMR (151 MHz, Chloroform-d) &¢ = 168.3 (Quat., C12), 161.6 (Quat., C1), 155.1 (Quat., Ci7),
141.8 (CH, C3), 136.6 (Quat., Cs), 130.5 (CH, C;), 126.4 (CH, Co), 126.2 (CH, Cs), 123.6 (CH, Cs), 121.7
(Quat., Ci0), 118.6 (Quat., C4), 80.1 (Quat., C1s), 62.2 (CHz, C13), 53.4 (CH, Ci11), 51.4 (CH,, Ci6), 43.9

(d, J = 133.6 Hz, CH;, Ci5), 28.6 (CH3, C19), 14.2 (CH3, Cu4).

FTIR (Chloroform-d) v/cm™ = 2977, 2929, 1733, 1695, 1508, 1453, 1406, 1366, 1246, 1167, 1020,

772, 684.

HRMS (ESI*) calculated for C25H33N30¢6 = 472.2442, mass found = 472.2438.
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Diethyl 2-(1-(4-((benzyloxy)carbonyl)piperazin-1-yl)isoquinolin-4-yl)malonate, 126b

Following general procedure N, using iodoisoquinoline 117b (52 mg, 0.11 mmol, 1.0 eq.) and
diethyl malonate 16a (35 pL, 0.23 mmol, 2.0 eq.). The crude solid was purified by column
chromatography (8 g silica, pentane/ethyl acetate, 8:2 to 6:4) to yield arylated malonate 126b as a

yellow oil (27 mg, 51%). Unreacted isoquinoline 117a was also recovered (18 mg, 35%, 86% brsm).

When using 30mol% of catalyst, iodoisoquinoline 117b (250 mg, 0.53 mmol, 1.0 eq.) diethyl
malonate 16a (322 uL, 1.05 mmol, 2.0 eq.), arylated malonate 126b was obtained as a yellow oil

(200 mg, 75%).

1H NMR (600 MHz, Chloroform-d) &4 = 8.14 (s, 1H, Hs), 8.12 (d, J = 8.2 Hz, 1H, He), 7.88 (d, J = 8.5
Hz, 1H, Ho), 7.67 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H, Hy), 7.54 (ddd, J = 8.2, 6.9, 1.1 Hz, 1H, Hg), 7.36 (m,
5H, Hzo, H1 & sz), 5.19 (S, ZH, H1g), 5.11 (S, 1H, H11), 424 (m, 4H, H13), 3.78 (m, 4H, H15), 3.40 (m,

4H, Hig), 1.26 (M, 6H, Hua).

13C NMR (151 MHz, Chloroform-d) &c = 168.3 (Quat., C12), 166.2 (Quat., C;), 161.6 (Quat., Cs),
155.6 (Quat., Cy7), 141.8 (CH, C3), 138.9 (Quat. Cs), 136.8 (Quat., Ci9), 130.5 (CH, C;), 128.7 (CH,
C20/C21/C22), 128.2 (CH, C20/C21/C22), 128.1 (CH, C20/C21/C22), 126.4 (CH, Cg), 126.1 (CH, C¢), 123.6
(CH, Co), 121.6 (Quat., Ci0), 118.8 (Quat., Cs), 67.4 (CH2, Cig), 62.2 (CH2, C13), 53.3 (CH, C11), 51.3

(CHg, C1¢), 44.1 (CH3, C1s), 14.2 (CH3, Ci4).
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FTIR (Chloroform-d) v/cm™ = 2982, 1732, 1698, 1557, 1508, 1410, 1370, 1240, 1147, 1022, 909.

HRMS (ESI*) calculated for C2sH31N306 = 506.2284, mass found = 506.2272.
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TMPZnOPiv-Mg(OPiv)CI-LiCl, 137

ZnEt,
PivOH (1.9 eq.)
o
o4y 3
iPrMgCI-LiCl (1.3 M) Pivo"" 071
(0.95 eq.) (1.5 eq.)
_— —_—
N THF N THF N
H rt,48h Mgcl-Licl 0°Ctort, 1.5h ZnOPiv-Mg(OPiv)CI-LiCl
135 136 137
1.0 M in THF 0.65 M in THF

Preparation of zinc pivalate, Zn(OPiv),: Following literature procedures.3%3304 A flame-dried

three-necked round bottom flask, equipped with a glass stopper, a rubber septum and, an outlet
to a Schlenk line, was loaded with pivalic acid (2.04 g, 20 mmol, 1.9 eq.), and purged with argon
three times. Anhydrous tetrahydrofuran (120 mL) was added, and the resulting solution was
cooled to 0 °C. A solution of diethyl zinc (1.0 M in hexane, 10.5 mL, 10.5 mmol, 1.0 eq.) in
anhydrous tetrahydrofuran (120 mL) was added dropwise via cannula over the course of ca. 30
min, with vigorous stirring under argon atmosphere. The ice bath was removed and the solution
was stirred for an extra hour at room temperature to give a thick white slurry. The solvent was
removed under reduced pressure and the resulting solid was dried at 200 °C under vacuum

overnight to give the desired product as a white fluffy solid (2.8 g, 99%).

1H NMR (400 MHz, Dimethylsulfoxide-ds) 61 = 1.08 (s, 18H, H3).

13C NMR (101 MHz, Dimethylsulfoxide-ds) 5¢ = 184.2 (Quat., C1), 38.0 (Quat., Cz), 28.5 (CHs, C3).

FTIR (neat) v/em™ = 2962, 2929, 1608, 1587, 1534, 1483, 1458, 1427, 1379, 1362, 1229, 1032,

938, 898, 792, 610.

The spectral data matches that reported in the literature.3%4
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Preparation of TMPMgCI-LiCl, 136: Following a literature procedure.l?®®) A flame-dried,

argon-purged Schlenk tube was loaded with iPrMgCI-LiCl (25 mL, 1.3 M in THF, 32.5 mmol, 0.95
eq). The solution was vigorously stirred and 2,2,6,6-tetramethylpiperidine 135 (5.8 mL, 34.2 mmol,
1.0 eq.) was slowly added dropwise. The resulting mixture was stirred at room temperature until
no more gas evolution was observed (66 h).

The resulting solution was titrated via colorimetric titration by loading benzoic acid (122 mg, 1.0
mmol) and 4-(phenylazo)diphenyl amine (3.0 mg) into a flame-dried Schlenk tube. The vessel was
purged with argon three times and anhydrous tetrahydrofuran (1.0 mL) was added. The prepared
TMPMgCI-LiCl 136 solution was added dropwise until the mixture went from orange to dark violet

(added volume: 0.98 mLi.e. a 1.0 M solution).

Preparation of TMPZnOPiv-Mg(OPiv)CI-LiCl, 137: Following a literature procedure.[?%7]

TMPMgCI-LiCl 136 (7.1 mL, 0.63 M, 7.1 mmol, 1.0 eq.) was transferred via cannula into a flame-
dried, argon-purged round bottom flask. The solution was cooled to 0 °C, and Zn(OPiv). (2.0 g, 7.5
mmol, 1.05 eq.) was added in one portion under an argon flow. The resulting solution was stirred
and allowed to slowly warm up to room temperature over 1.5 h (melting ice bath). Anhydrous

tetrahydrofuran was added (1.5 mL).

The resulting solution was titrated via colorimetric titration by loading benzoic acid (122 mg, 1.0
mmol) and 4-(phenylazo)diphenyl amine (3.0 mg) into a flame-dried schlenk tube. The vessel was
purged with argon three times and anhydrous tetrahydrofuran (1.0 mL) was added. The prepared
TMPZnOPiv -Mg(OPiv)CI-LiCl 137 solution was added dropwise until the mixture went from orange

to dark violet (added volume: 1.59 mL i.e. a 0.63 M solution).
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(4,6-Dichloropyrimidin-5-yl) (oxo) (pivaloyl)zinc, 134

ZnOPiv
Cl Cl

NN

A flame-dried Schlenk tube was loaded with 4,6-dichloropyrimidine 133 (149 mg, 1.0 mmol, 1.0
eq.). The reaction vessel was purged with argon three times and anhydrous tetrahydrofuran (2 mL)
was added. TMPZnOPiv-Mg(OPiv)-LiCl 137 (1.75 mL, 0.63 M in THF, 1.1 mmol, 1.1 eq.) was added
dropwise under argon and the resulting solution was stirred at room temperature for 30 minutes.

The solvent was removed in vacuo and an orange solid was collected (916 mg).

The orange solid was titrated using a 1 M solution of iodine in tetrahydrofuran: a flame-dried
Schlenk tube was loaded with a portion of the orange solid (250 mg). The vessel was purged with
argon three times and anhydrous tetrahydrofuran (1.5 mL) was added. A 1 M iodine solution in
anhydrous tetrahydrofuran was added dropwise until the iodine colour persisted (added volume:

0.13 mLj.e. a concentration in active zinc species of 0.52 mmol/g and a 48% yield in 134).

Compound 134 could not be characterised, but its synthesis was confirmed by reacting it with

4-jodothioanisole 138.
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4,6-Dichloro-5-(4-(methylthio)phenyl)pyrimidine, 139

Following a literature procedure.?®” A flame-dried schlenk tube was loaded with 5-(4,6-
dichloropyrimidinyl)zinc pivalate 134 (250 mg, c.a. 0.13 mmol, 1.25 eq.), 4-iodothioanisole 138 (26
mg, 0.1 mmol, 1.0 eq.), bis(tribenzylideneacetone)Pd(0) (3 mg, 4 mol %) and tris(2-furyl)phosphine
(2 mg, 8 mol %). The vessel was purged with argon three times, and argon-sparged anhydrous
tetrahydrofuran (0.5 mL) was added. The resulting suspension was stirred at room temperature
for 2 h. The reaction was quenched with saturated aqueous ammonium chloride (2 mL) and
extracted with diethyl ether (3 x 2 mL). The combined organic layers were dried over anhydrous
magnesium sulfate, filtered, and concentrated in vacuo to yield the crude product as an orange
sticky oil. The mixture was dissolved in deuterated chloroform and dibromomethane (10 uL, 0.14
mmol) was added. A quantitative *H NMR allowed to estimate an NMR yield of 15% and a starting

material recovery of 30%.

1H NMR (400 MHz, Chloroform-d) 8 = 8.77 (s, 1H, H1), 7.36 (d, J = 8.2 Hz, 2H, H), 7.22 (d, J = 8.2

Hz, 2H, Hy), 2.54 (s, 3H, Hs).

LRMS (ESI*) calculated for C11HsCI;N,S = 270.9858, mass found = 271.0.

The spectral data matches that reported in the literature.267]
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tert-Butyl 4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isoquinolin-1-yl)piperazine-1-carbo-

xylate, 141

O
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Boronic acid-pinacol ester formation:?>* Bromoisoquinoline 116b (250 mg, 1.0 mmol, 1.0 eq.),

bis(pinacolato)diboron (524 mg, 2.06 mmol, 2.0 eq.), potassium acetate (304 mg, 3.1 mmol, 3.0
eq.) and [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(ll), in complex with
dichloromethane (42 mg, 0.05 mmol, 5 mol%) were weighed into a flame-dried two-necked round
bottom flask equipped with a condenser. The reaction vessel was purged with argon three times,
and argon-sparged anhydrous 1,4-dioxane (10 mL) was added. The resulting slurry was heated to
100 °C and stirred for 20 h. The red reaction mixture was filtered over Celite® and the solid was
washed with ethyl acetate (100 mL). The resulting organic solution was washed with water (3 x 75
mL) and brine (75 mL), dried over anhydrous magnesium sulfate and concentrated in vacuo. The
resulting brown solid was purified by column chromatography (40g silica in ethyl
acetate/pentane, 5:95 to 1:9) to yield an amber sticky solid (330 mg). Boronic acid pinacol ester
140 was identified in the mixture (HRMS (ESI*) calculated for CisH17BCINO; = 290.1114, mass

found =290.1115).

SNAr reaction: Following general procedure L, using pinacol ester 140 (330 mg), 1-Boc-piperazine

(193 mg, 1.03 mmol). The reaction mixture was stirred at 80 °C for 18 h. The crude amber oil was
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purified by column chromatography (20 g silica, pentane/ethyl acetate, 9:1 to 8:2) to yield the

piperazinyl isoquinoline 141 as an amber oil (98 mg, 22% over 2 steps).

1H NMR (400 MHz, Chloroform-d) 61 = 8.64 (d, J = 8.5 Hz, 1H, Hs), 8.62 (s, 1H, Hs), 8.04 (ddd, J =
8.4, 1.4, 0.7 Hz, 1H, Hs), 7.65 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H, Hs), 7.48 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H,

H7), 3.68 (m, 4H, Hi1), 3.44 (m, 4H, H12), 1.49 (s, 9H, His), 1.39 (s, 12H, H17).

13C NMR (101 MHz, Chloroform-d) 6c = 163.2 (Quat., C1), 154.9 (Quat., C13), 150.0 (CH, C3), 141.5
(Quat., Cs), 130.1 (CH, Cs), 128.2 (CH, Cs), 128.2 (Quat., C4), 125.7 (CH, Cs), 125.4 (CH, C;), 120.5
(Quat., Ci0), 83.6 (Quat., Cis), 79.9 (Quat., C14), 50.8 (CH>, C12), 43.2 (CH;, C11), 28.5 (CH3, Cis), 24.9

(CH3, C17).

FTIR (Chloroform-d) v/em™ = 2979, 1696, 1574, 1502, 1404, 1345, 1238, 1124, 1020, 957, 855,

772, 731.

HRMS (ESI*) calculated for C24H34B23N304 = 440.2717, mass found = 440.2710.
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1-(4-Tosylpiperazin-1-yl)-4-(tributylstannyl)isoquinoline, 144
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A flame-dried Schlenk tube was loaded with bromoisoquinoline 117e (180 mg, 0.40 mmol, 1.0 eq.)
and anhydrous tetrahydrofuran (4 mL) under argon atmosphere. The resulting solution was cooled
to =78 °C, and n-butyllithium (2.5 M in hexanes, 0.176 mL, 0.44 mmol, 1.1 eq.) was slowly added
under argon. The resulting dark-orange solution was allowed to stir at —78 °C for 1 h. Tributyltin
chloride (0.119 mL, 2.4 mmol, 1.1 eq.) was added dropwise and the resulting mixture was stirred
at =78 °C for an hour, allowed to warm up to room temperature, and stirred for an extra 18 h. The
reaction mixture was quenched with saturated aqueous ammonium chloride (5 mL) and extracted
with dichloromethane (2 x 10 mL). The combined organic layers were washed with 1 M aqueous
potassium fluoride (3 x 20 mL), brine (20 mL), dried over anhydrous magnesium sulfate, and
concentrated in vacuo. The resulting crude mixture was purified by column chromatography (30 g
silica, 8:2 pentane/ethyl acetate 8:2) to yield the desired product as an amber oil, in a mixture with
tributyltin impurities. The amber oil was stirred in 1 M aqueous sodium hydroxide for 10 min,
extracted with ethyl acetate, dried over anhydrous magnesium sulfate, filtered over silica and
concentrated in vacuo. The desired boronic acid pinacol ester 144 was obtained as an amber oil

(46 mg, 17%).
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'H NMR (400 MHz, Chloroform-d) &y = 8.13 (s, 1H, Hs), 7.93 (d, J = 8.3 Hz, 1H, He), 7.73 (d, J = 8.3
Hz, 2H, His), 7.65 (m, 1H, He), 7.60 (ddd, J = 8.2, 6.7, 1.3 Hz, 1H, Hs), 7.45 (ddd, J = 8.3, 6.7, 1.4 Hz,
1H, H5), 7.38 (d, J = 8.0 Hz, 2H, Has), 3.48 (m, 4H, His), 3.29 (m, 4H, Hae), 2.47 (s, 3H, Ha1), 1.53 (m,

6H, H12), 1.30 (m, 6H, Hi3), 1.17 (m, 6H, H11), 0.86 (t, J = 7.3 Hz, 9H, H1a).

13C NMR (101 MHz, Chloroform-d) 6¢c = 161.1 (Quat., C3), 147.6 (CH, Cs), 143.9 (Quat., Cx0), 143.7
(Quat., Cs), 142.1 (Quat., C17), 133.0 (Quat., Cs), 129.9 (CH, Cis), 129.8 (CH, Co), 129.7 (CH, Cs),
128.1 (CH, Cis), 126.0 (CH, C7), 125.8 (CH, Ce), 122.1 (Quat., C1o), 50.7 (CHa, Cis), 46.3 (CHa, Cig),

28.0 (CH2, C12), 17.7 (CHa, C13), 13.7 (CHa, C11), 10.4 (CHs, Cia).

FTIR (Chloroform-d) v/cm™ = 2956, 2920, 2850, 1552, 1493, 1457, 1399, 1379, 1354, 1261, 1166,

1018, 952, 766, 728, 683, 649.

HRMS (ESI*) calculated for Ca2Ha7N30,55n = 658.2482, mass found = 658.2488.
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tert-Butyl (pivaloyloxy)carbamate, 152

Following a literature procedure.?’3! Pivalic anhydride (20 mL, 99 mmol, 1.2 eq.) was added in one
portion to a solution of tert-butylhudroxycarbamate 151 (11.0 g, 83 mmol, 1.0 eq.) in chloroform
(225 mL). The resulting clear solution was heated to reflux and stirred for 16 h. The reaction
mixture was then allowed to cool down to room temperature, quenched with saturated aqueous
sodium bicarbonate (100 mL), and diluted with dichloromethane (100 mL). The organic layer was
collected, washed with saturated aqueous sodium bicarbonate (3 x 100 mL), dried over anhydrous
magnesium sulfate, filtered and concentrated in vacuo. The desired carbamate 152 was collected

as a white solid (18.0 g, quant.).

1H NMR (400 MHz, Chloroform-d) &x = 7.84 (s, 1H, H1), 1.47 (s, 9H, Hs), 1.28 (s, 9H, Hs).

13C NMR (101 MHz, Chloroform-d) 6c = 177.6 (Quat., Cg), 155.5 (Quat., C3), 82.9 (Quat., C4), 38.0

(Quat., C7), 27.8 (CHs, Cs), 26.8 (CHs, Ca).

FTIR (Chloroform-d) v/ecm™ = 3292, 2979, 1776, 1737, 1480, 1460, 1369, 1395, 1250, 1166, 1100,

1007, 854, 774.

HRMS (ESI*) calculated for C10H19NOsNa = 240.1206, mass found = 240.1208 [M+Na]*.

Melting point 54-56 °C.
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O-(Pivaloyl)hydroxylammonium chloride, 153

1 o
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Following a literature procedure.?’®! Ethereal hydrogen chloride (2 M, 200 mmol, 5.0 eq.) was
transferred via cannula into a solution of carbamate 152 (8.80 g, 42 mmol, 1.0 eq.) in anhydrous
diethyl ether (12 mL) at 0 °C, under argon. The reaction mixture was allowed to slowly warm up to
room temperature and stirred for 48 h. The resulting white suspension was cooled down to 0 °C,
the precipitate was filtered off, washed with ice-cold anhydrous diethyl ether (3 x 100 mL), and

dried in vacuo to yield the ammonium chloride salt 153 as a white solid (2.70 g, 43%).

1H NMR (400 MHz, Dimethylsulfoxide-ds) 61 = 9.39 (brs, 3H, H1), 1.19 (s, 9H, Ha).

13C NMR (101 MHz, Dimethylsulfoxide-ds) 6¢c = 179.3 (Quat., C2), 37.9 (Quat., C3), 27.1 (CHs, C4).
Melting point > 300 °C.

The spectral data matches that reported in the literature.?7®]
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4-lodo-N-(pivaloyloxy)benzamide, 155a

o 4
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Following a literature procedure.l?’?l A solution of O-(pivaloyl)hydroxylammonium chloride 153
(845 mg, 5.5 mmol, 1.45 eq.) in triethyl amine (1.4 mL, 10 mmol, 2.0 eq.) and tetrahydrofuran (25
mL) was cooled to 0 °C, and 4-iodobenzoyl chloride 154a (845 mg, 5.0 mmol, 1.0 eq.) was added in
one portion. The resulting mixture was stirred at 0 °C for 6 h, allowed to warm up to room
temperature and concentrated in vacuo. Saturated aqueous sodium bicarbonate (30 mL) and ethyl
acetate (30 mL) were added. The organic layer was collected, washed with brine (30 mL), dried
over anhydrous magnesium sulfate, filtrated, and concentrated in vacuo. The resulting orange
solid was recrystallized from ethyl acetate in hexane to yield the desired benzamide 155a as a

white solid (1.20 g, 69%).

14 NMR (600 MHz, Methanol-da) 6 = 7.88 (d, J = 8.5 Hz, 1H, Hs), 7.57 (d, J = 8.5 Hz, 1H, H7), 1.34

(S, 9H, H4).

13C NMR (151 MHz, Methanol-ds) 6¢ = 177.5 (Quat., C2), 167.2 (Quat., Cs), 139.2 (CH, Cs), 132.2

(Quat., Cg), 130.1 (CH, C), 100.1 (Quat., Cs), 39.4 (Quat., C3), 27.5 (CH3, Cy).

FTIR (neat) v/em™ = 3156, 2975, 1780, 1647, 1586, 1560, 1527, 1480, 1073, 1030, 1005, 872, 809,

743.
HRMS (ESI*) calculated for C12H14INO3 = 348.0087, mass found = 348.0092.
Melting point 122-124 °C (lit. 152-153 °C).

The spectral data matches that reported in the literature.272
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4-Bromo-N-(pivaloyloxy)benzamide, 155b
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Following a literature procedure.l?’?l A solution of O-(pivaloyl)hydroxylammonium chloride 153

(338 mg, 2.9 mmol, 1.45 eq.) in triethyl amine (1.1 mL, 7.6 mmol, 2.0 eq.) and tetrahydrofuran (10
mL) was cooled to 0 °C, and 4-bromobenzoyl chloride 154b (439 mg, 2.0 mmol, 1.0 eq.) was added
in one portion. The resulting mixture was stirred at 0 °C for 2 h, allowed to warm up to room
temperature and concentrated in vacuo. Saturated aqueous sodium bicarbonate (12 mL) and ethyl
acetate (12 mL) were added. The organic layer was collected, washed with brine (30 mL), dried
over anhydrous magnesium sulfate, filtrated, and concentrated in vacuo. The resulting orange
solid was recrystallized from ethyl acetate in hexane to yield the desired benzamide 155b as a

white solid (341 mg, 57%).

1H NMR (400 MHz, Chloroform-d) 64 = 9.62 (s, 1H, Hi), 7.65 (d, J = 8.7 Hz, 2H, H7), 7.56 (d, ] = 8.6

Hz, 2H, Hg), 1.34 (s, 9H, Ha).

13C NMR (101 MHz, Chloroform-d) 8¢ = 177.2 (Quat., C2), 166.0 (Quat., Cs), 132.2 (CH, Cs), 129.8

(Quat., Cs), 129.1 (CH, C7), 127.7 (Quat., Co), 38.6 (Quat., C3), 27.1 (CH3, Cq).

FTIR (neat) v/ecm™ = 3199, 2976, 1781, 1662, 1591, 1480, 1073, 1012, 902, 841, 746.

HRMS (ESI*) calculated for C12H14BrNO3 = 300.0230, mass found = 300.0230.

Melting point 124-126 °C (lit. 141-142 °C).

The spectral data matches that reported in the literature.272
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6-lodoisoquinolin-1(2H)-one, 156a

Following a literature procedure.[?’? Benzamide 155a (694 mg, 2.0 mmol, 1.0 eq.), [Cp*RhCl3]> (12
mg, 0.02 mmol, 1 mol%) and caesium acetate (116 mg, 0.60 mmol, 30 mol%) were added into a
flame-dried microwave vial. The vessel was sealed and purged with argon three times. Degassed
anhydrous methanol (10 mL) was added, followed by vinyl acetate (276 uL, 3.0 mmol, 1.5 eq.), and
the resulting orange suspension was heated to 45 °C and stirred for 16 h. The solvent was
removed and the resulting orange slurry was triturated in diethyl ether/methanol 2:1 to yield the

desired isoquinolinone 156a as an off-white solid (313 mg, 66%).

1H NMR (600 MHz, Dimethylsulfoxide-ds) 61 = 11.32 (s, 1H, H2), 8.13 (d, J = 1.7 Hz, 1H, Hg), 7.90 (d,
J =84 Hz, 1H, Hs), 7.78 (dd, J = 8.4, 1.7 Hz, 1H, Hs), 7.20 (dd, J = 7.3, 4.2 Hz, 1H, H3), 6.49 (d, J = 7.1

Hz, 1H, Ha).

13C NMR (151 MHz, Dimethylsulfoxide-ds) 6c = 161.6 (Quat., C1), 139.5 (Quat., Cs), 134.8 (CH, Cs),

134.6 (CH, Cs), 130.2 (CH, C3), 128.5 (CH, Cs), 125.1 (Quat., C10), 103.4 (CH, C4), 100.7 (Quat., C;).

FTIR (neat) v/em™= 3011, 2969, 1658, 1633, 1586, 1529, 1494, 1238, 814, 784, 677, 612.

HRMS (ESI*) calculated for CoHgINO = 269.8421, mass found = 269.8417.

Melting point decomposition ca. 228-232°C (lit. decomposition 231 °C).

The spectral data matches that reported in the literature.?72]
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6-Bromoisoquinolin-1(2H)-one, 156b
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Following a literature procedure.?”?) Benzamide 155b (321 mg, 0.91 mmol, 1.0 eq.), [Cp*RhCl,]; (6
mg, 0.01 mmol, 1 mol %) and caesium acetate (58 mg, 0.30 mmol, 30 mol %) were added into a
flame-dried microwave vial. The vessel was sealed and purged with argon three times.
Argon-sparged anhydrous methanol (5.0 mL) was added, followed by vinyl acetate (138 puL, 1.5
mmol, 1.5 eq.), and the resulting orange suspension was heated to 45 °C and stirred for 16 h. The
solvent was removed and the resulting orange slurry was triturated in diethyl ether/methanol 2:1

to yield the desired isoquinolinone 156b as an off-white solid (137 mg, 67 %).

1H NMR (600 MHz, Dimethylsulfoxide-ds) 6= 11.39 (s, 1H, H2), 8.08 (d, J = 8.5 Hz, 1H, Hs), 7.95 (d,
J=2.0 Hz, 1H, He), 7.61 (dd, J = 8.6, 2.0 Hz, 1H, Hs), 7.23 (d, J = 7.2 Hz, 1H, Hs), 6.53 (d, J = 7.1 Hz,

1H, Ha).

13C NMR (151 MHz, Dimethylsulfoxide-ds) 6c = 161.4 (Quat., C1), 139.6 (Quat., Cs), 130.6 (CH, C3),

129.2 (CH, Cs), 129.0 (CH, Cs), 128.4 (CH, Cs), 126.3 (Quat., C10), 124.9 (Quat., C), 103.6 (CH, Ca).

FTIR (neat) v/cm™ = 2853, 1670, 1636, 1596, 1241, 826, 768, 674.

HRMS (ESI*) calculated for CoHsBrNO = 223.9706, mass found = 223.9707.

Melting point decomposition ca. 260-262 °C (no lit. data).

The spectral data matches that reported in the literature.272!

323



6-(2-Fluoro-6-methoxyphenyl)isoquinolin-1(2H)-one, 160

Following general procedure M, using 6-iodoisoquinoline 156a (2 x 150 mg**, 1.1 mmol, 1.0 eq.)
and organostannane 162 (2 x 460 mg, 2.2 mmol, 2.0 eq). The reaction mixtures were stirred at
80 °C for 48 h. The combined crude mixtures were purified by column chromatography (60 g silica,

6:4 ethyl acetate/pentane) to yield the title product 160 as a white solid (196 mg, 66%).

1H NMR (600 MHz, Dimethylsulfoxide-ds) 51 = 11.25 (s, 1H, H2), 8.21 (d, J = 8.2 Hz, 1H, Hs), 7.62
(m, 1H, Hs), 7.42 (m, 2H, H14 & He), 7.19 (dd, J = 7.1, 5.6 Hz, 1H, Hs), 7.01 (dd, J = 8.4, 1.1 Hz, 1H,

His), 6.95 (ddd, J = 9.3, 8.4, 0.9 Hz, 1H, H1s), 6.56 (d, J = 7.1 Hz, 1H, Ha), 3.75 (s, 3H, H17).

13C NMR (151 MHz, Dimethylsulfoxide-ds) 6c = 161.6 (Quat., C1), 159.4 (d, J = 242.8 Hz, Quat., C12),
157.5 (d, J = 6.9 Hz, Quat., Cg), 137.7 (Quat., Cs), 135.4 (Quat., C;), 131.5 (d, J = 9.8 Hz, CH, Cua),
130.1 (d, J = 10.8 Hz, CH, Cg), 129.2 (CH, C3), 128.7 (d, J = 11.5 Hz, CH, Cs), 126.3 (CH, Co), 125.1
(Quat., C10), 117.1 (d, J = 17.8 Hz, Quat., C11), 107.9 (d, J = 22.9 Hz, CH, C13), 107.7 (d, J = 2.7 Hz, CH,

Cis), 104.6 (CH, C4), 56.2 (CH3, C17).

19F NMR (377 MHz, Dimethylsulfoxide-ds) 6F = -115.7 (dd, J = 9.5, 7.0 Hz).

FTIR (neat) v/ecm™ = 2920, 1663, 1639, 1476, 1450, 1235, 1120, 1082, 794, 782, 761, 723, 695.

HRMS (ESI*) calculated for C16H12FNO; = 270.0925, mass found = 270.0927.

* Two separate reaction vessels. After stirring for 66 h, the reaction mixture were both filtrated over the same
Celite® pad and taken worked-up/purified together from then on.
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Melting point decomposition ca. 159—-161 °C.
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Tributyl(2-fluoro-6-methoxyphenyl)stannane, 162242
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A flame-dried round-bottom flask was loaded with 2-bromo-3-fluoroanisole 161 (1.0 g, 4.9 mmol,
1.0 eq.) and anhydrous tetrahydrofuran (50 mL), under argon atmosphere. The resulting solution
was cooled to —78 °C, and n-butyllithium (2.5 M in hexanes, 2.1 mL, 5.4 mmol, 1.1 eq.) was added
dropwise. The resulting dark-orange solution was allowed to stir at =78 °C for 1 h. Tributyltin
chloride (1.5 mL, 5.4 mmol, 1.1 eq.) was added dropwise, the resulting mixture was stirred at
—78 °C for 1 h, allowed to warm up to room temperature, and stirred for an extra 16 h. The
reaction mixture was quenched with saturated aqueous ammonium chloride (50 mL) and
extracted with dichloromethane (2 x 50 mL). The combined organic layers were washed with 1 M
potassium fluoride (3 x 50 mL, at least 1 min per wash) brine (100 mL), dried over anhydrous
magnesium sulfate, concentrated in vacuo. The resulting crude mixture was dried under high
vacuum to yield the desired organostannane 162 in a mixture with tributyltin chloride (2.1 g, 88%
NMR purity, 91% vyield) as a light-yellow oil that was used in the following Stille coupling without

further purification.

'H NMR (400 MHz, Chloroform-d) 6y = 7.25 (td, J = 8.1, 7.1 Hz, 1H, H1), 6.65 (ddd, J = 8.2, 6.4, 0.7
Hz, 1H, He), 6.61 (d, J = 8.1 Hz, 1H, H2), 3.78 (s, 3H, H7), 1.54 (m, 6H, Hs), 1.33 (m, 6H, H1), 1.12 (m,

6H, Hg), 0.90 (t, J = 7.3 Hz, 9H, H11).

13C NMR (101 MHz, Chloroform-d) &¢ = 168.1 (d, J = 235.0 Hz, Quat., Cs), 165.4 (d, J = 19.5 Hz,

Quat., Cs), 131.2 (d, J = 9.3 Hz, CH, C1), 115.2 (d, J = 47.7 Hz, Quat., C4), 107.8 (d, J = 29.0 Hz, CH,
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Cs), 105.2 (d, J = 2.8 Hz, CH, C3), 55.5 (CH3, C7), 29.2 (CH;, Co), 27.4 (CH;, C10), 13.8 (CH2, Cs), 11.2 (4,

J=2.3 Hz, CH3, C11).

19F NMR (377 MHz, Chloroform-d) 6-=-94.2.

FTIR (CDCl3) v/em™ = 2956, 2923, 2854, 1687, 1591, 1547, 1431, 1253, 1220, 1077, 772, 733.

HRMS (ESI") calculated for C15sH25FOSn = 359.0828, mass found = 359.0827 [M-Bu-H] .

The spectral data matches that reported in the literature.3%!
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6-(2-Fluoro-6-methoxyphenyl)-4-iodoisoquinolin-1(2H)-one, 163

Following general procedure H, using isoquinoline 160 (120 mg, 0.45 mmol, 1.0 eq.). The desired

4-iodoisoquinolinone 163 was obtained as a volatile™ dark brown solid (142 mg, 81%).

1H NMR (600 MHz, Dimethylsulfoxide-ds) 6 = 11.55 (m, 1H, Hz), 8.23 (d, J = 8.1 Hz, 1H, Hs), 7.64
(m, 1H, He), 7.60 (t, J = 1.3 Hz, 1H, H3), 7.55 (m, 1H, Hs), 7.47 (td, J = 8.4, 6.8 Hz, 1H, H1s), 7.05 (d, J

= 8.4 Hz, 1H, H1s), 6.98 (ddd, J = 9.4, 8.4, 0.9 Hz, 1H, H13), 3.78 (s, 3H, H17).

13C NMR (151 MHz, Dimethylsulfoxide-ds) 6c = 160.9 (Quat., C1), 159.4 (d, J = 243.3 Hz, Quat., C13),
157.4 (d, J = 6.6 Hz, Quat., Cis), 137.2 (Quat., Cs), 136.5 (Quat., C;), 135.9 (CH, Cs), 131.7 (CH, C3),
130.5 (d, J = 10.9 Hz, CH, C14), 129.8 (CH, Cs), 127.1 (CH, Cs), 125.8 (Quat., Cio), 116.6 (d, J = 17.4
Hz, Quat., Ci1), 108.1 (d, J = 22.8 Hz, CH, C13), 107.9 (d, J = 2.7 Hz, CH, Cs5), 70.2 (Quat., Cy4), 56.3

(CHs, C17).

15 NMR (377 MHz, Dimethylsulfoxide-ds) 6 =-115.9 (dd, J = 9.5, 7.1 Hz).

FTIR (neat) v/ecm™ = 2981, 1649, 1620, 1472, 1232, 1078, 719, 626.

HRMS (ESI*) calculated for Ci6H11FINO, = 395.9891, mass found = 395.9884.

Melting point 246—248 °C.

* Volatility was observed under reduced pressure (10—100 mbar) at 40-50 °C.
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1-Chloro-6-(2-fluoro-6-methoxyphenyl)-4-iodoisoquinoline, 164

Following general procedure J, using isoquinolinone 163 (245 mg, 0.62 mmol, 1.0 eq.). The
reaction mixture was stirred at 90 °C for 16 h. The desired chloroisoquinoline 164 was obtained as

a volatile** brown solid (239 mg, 93%).

1H NMR (600 MHz, Dimethylsulfoxide-ds) 61 = 8.78 (s, 1H, H3), 8.33 (d, J = 8.7 Hz, 1H, Hs), 8.03 (s,
1H, He), 7.91 (d, J = 8.6 Hz, 1H, Hs), 7.51 (td, J = 8.5, 6.9 Hz, 1H, His), 7.09 (d, J = 8.4 Hz, 1H, His),

7.02 (t, J = 9.0 Hz, 1H, H13), 3.80 (s, 3H, H17).

13C NMR (151 MHz, Dimethylsulfoxide-ds) 5¢c = 159.4 (d, J = 244.1 Hz, Quat., C12), 157.4 (d, J = 6.5
Hz, Quat., C1s), 151.1 (Quat., C1), 149.0 (CH, C3), 137.8 (Quat., Cs), 136.5 (Quat., C7), 133.0 (CH, Cs),
132.5 (CH, Ce), 131.0 (d, J = 10.8 Hz, CH, Ci4), 126.4 (CH, Cs), 126.0 (Quat., Ci0), 115.9 (d, J = 17.0

Hz, Quat., C11), 108.2 (CH, Cis), 108.1 (d, J = 3.9 Hz, CH, C13), 96.7 (Quat., C4), 56.4 (CHs, C17).

19F NMR (377 MHz, Dimethylsulfoxide-ds) 5 =-116.2 (m).

FTIR (neat) v/ecm™ = 2917, 1622, 1431, 1253, 1239, 1194, 1078, 1032, 942, 724.

HRMS (ESI*) calculated for C16H10CIFINO = 413.9550, mass found = 413.9551.

Melting point 171-173 °C.

# Volatility was observed under reduced pressure (10—100 mbar) at 40-50 °C.
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2-(1-Chloro-4-iodoisoquinolin-6-yl)-3-fluorophenol, 16527¢!

Boron tribromide (1 M in dichloromethane, 0.32 mL, 0.32 mmol, 2.0 eq.) was carefully added to a
solution of isoquinoline 164 (90 mg, 0.16 mmol, 1.0 eq.) in dichloromethane (3 mL) at 0 °C, under
argon atmosphere. The reaction mixture was allowed to slowly warm up to room temperature
over 2 h (melting ice bath) and stirred for an extra 1 h. The reaction mixture was quenched with
water (5 mL) and extracted with dichloromethane (3 x 5 mL). The combined organic layers were
washed with brine (2 x 10 mL), dried over anhydrous magnesium sulfate and concentrated in

vacuo to yield phenol 165 as a brown solid (40 mg, 83%).

1H NMR (600 MHz, Dimethylsulfoxide-ds) 5+ = 10.30 (s, 1H, H17), 8.77 (s, 1H,Hs), 8.32 (d, J = 8.4 Hz,
1H, Hs), 8.09 (d, J = 1.4 Hz, 1H, He), 7.95 (dt, J = 8.6, 1.5 Hz, 1H, Hs), 7.32 (td, J = 8.3, 6.8 Hz, 1H,

H1s), 6.89 (d, J = 8.3 Hz, 1H, H1s), 6.83 (ddd, J = 9.6, 8.3, 1.0 Hz, 1H, H13).

13C NMR (151 MHz, Dimethylsulfoxide-ds) 6c = 159.9 (d, J = 243.5 Hz, Quat., C1), 156.0 (d, J = 6.5
Hz, Quat., C16), 151.0 (Quat., C1), 148.9 (CH, C3), 137.8 (Quat., C;), 137.2 (Quat., Cs), 133.1 (CH, Cs),
132.5 (CH, Cs), 130.5 (d, J = 11.0 Hz, CH, C14), 126.8 (Quat., Cio), 126.2 (CH, Co), 114.5 (d, J = 16.4

Hz, Quat., C11), 112.1 (d, J = 2.7 Hz, CH, C15), 106.2 (d, J = 22.5 Hz, CH, C13), 96.8 (Quat., Ca).

19F NMR (377 MHz, Dimethylsulfoxide-ds) 6 = -116.4 (m).

FTIR (neat) v/em™ = 2917, 2849, 1708, 1467, 1328, 1303, 1261, 1248, 1198, 1121, 1009, 990, 903,

827, 725, 666.

HRMS (ESI7) calculated for C15HsCIFINO = 397.9250, mass found = 397.9251 [M-H]".
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Melting point 192—-194 °C.
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tert-Butyl 4-(6-(2-fluoro-6-methoxyphenyl)-4-iodoisoquinolin-1-yl)piperazine-1-carboxylate,

166a

Following general procedure K, using isoquinoline 164 (99 mg, 0.24 mmol, 1.0 eqg.) and
1-Boc-piperazine (66 mg, 0.36 mmol, 1.5 eq.). The reaction mixture was stirred at 90 °C for 48 h.
When poured onto ice water and filtered off, piperazinylisoquinoline 166a was isolated as an

off-white solid (98 mg, 73%).

14 NMR (600 MHz, Chloroform-d) 6y = 8.54 (s, 1H, Hs), 8.06 (d, J = 8.6 Hz, 1H, Hs), 8.03 (s, 1H, He),
7.63 (d, J = 8.6 Hz, 1H, Hs), 7.36 (td, J = 8.4, 6.5 Hz, 1H, H14), 6.86 (m, 2H, His & Hi3), 3.82 (s, 3H,

Hiz), 3.70 (t, J = 5.1 Hz, 4H, H1s), 3.40 (s, 4H, H1g), 1.50 (s, 9H, H2;).

13C NMR (151 MHz, Chloroform-d) 6c = 161.6 (Quat., C1), 160.5 (d, J = 246.2 Hz, Quat., C12), 158.0
(d, J = 6.6 Hz, Quat., C1s), 155.1 (Quat., Cz), 148.7 (CH, Hs), 138.7 (d, J = 3.3 Hz, Quat., C;), 138.5
(Quat., Cs), 133.5 (CH, Cs), 130.4 (CH, Cs), 130.0 (d, J = 10.3 Hz, CH, Ci4), 125.4 (CH, Co), 122.4
(Quat., Cio), 117.6 (d, J = 17.0 Hz, Quat., C11), 108.7 (d, J = 23.1 Hz, CH, Ci3), 107.1 (d, J = 3.0 Hz, CH,
Cis), 89.4 (Quat., Cs), 80.1 (Quat., Ca1), 56.3 (CHs, C17), 51.4 (CHa, Cig), 43.9 (d, J = 131.0 Hz, CH,,

Cig), 28.6 (CH3, C22).

15F NMR (377 MHz, Chloroform-d) 6- = -115.0.

FTIR (Chloroform-d) v/cm™ = 2919, 1694, 1620, 1552, 1496, 1406, 1365, 1328, 1278, 1228, 659.
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HRMS (ESI*) calculated for CasH27FIN303 = 564.1154, mass found = 564.1152.

Melting point 5860 °C.

333



2,2,2-Trifluoro-1-(4-(6-(2-fluoro-6-methoxyphenyl)-4-iodoisoquinolin-1-yl)piperazin-1-yl)ethan-

1-one, 166b

Following general procedure L, using isoquinoline 164 (100 mg, 0.24 mmol, 1.0 eq.), and
trifluoroacetylpiperazine (66 mg, 0.36 mmol, 1.5 eq.). The reaction mixture was stirred at 100 °C
for 66 h. The crude mixture was purified by column chromatography (12 g silica, 1:9 ethyl

acetate/pentane) to yield piperazinylisoquinoline 166b as an off-white solid (70 mg, 54%).

14 NMR (400 MHz, Chloroform-d) &4 = 8.55 (s, 1H, Hs), 8.06 (s, 1H, He), 8.04 (d, J = 8.8 Hz, 1H, Hs),
7.65 (d, J = 8.6 Hz, 1H, Hs), 7.37 (td, J = 8.4, 6.5 Hz, 1H, H14), 6.86 (m, 2H, H13 & H1s), 3.95 (m, 2H,

His), 3.88 (t, J = 5.0 Hz, 2H, Has), 3.82 (s, 3H, H17), 3.51 (g, J = 5.5 Hz, 4H, Has).

13C NMR (101 MHz, Chloroform-d) &c = 160.7 (Quat., C1), 160.5 (d, J = 246.1 Hz, Quat., C1), 158.0
(d, J = 6.6 Hz, Quat., C15), 155.9 (d, J = 35.8 Hz, Quat., Ca), 148.6 (CH, C3), 138.6 (Quat., C;), 135.4
(Quat., Cs), 133.7 (d, J = 1.8 Hz, CH, Cs), 130.7 (CH, Cs), 130.1 (d, J = 10.6 Hz, CH, C14), 125.0 (CH.,
Cs), 122.2 (Quat., C1o), 117.5 (d, J = 17.2 Hz, Quat., C11), 116.6 (q, J = 288.1 Hz, Quat., C21), 108.7 (d,
J =23.2 Hz, CH, C13), 107.1 (d, J = 2.9 Hz, CH, Cis), 90.3 (Quat., Cs), 56.3 (CHs, C17), 51.3 (CHz, Cis),

51.0 (CHz, Cis), 45.9 (d, J = 3.6 Hz, CHz, C1s), 43.4 (CHa, C19).

19F NMR (377 MHz, Chloroform-d) 6 = -68.7 (Ar—CF3), -115.0 (t, J = 8.0 Hz, Ar—F).

FTIR (Chloroform-d) v/cm™ = 2360, 2341, 1695, 1619, 1553, 1469, 1408, 1370, 1276, 1218, 1183,

1143, 1079, 1011, 911, 731.
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HRMS (ESI*) calculated for C22H1sF4IN302 = 560.0453, mass found = 560.0447.

Melting point 130-132 °C.
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tert-Butyl 4-(6-(2-fluoro-6-hydroxyphenyl)-4-iodoisoquinolin-1-yl)piperazine-1-carboxylate, 168a

Demethylation/deprotection:[27! Boron tribromide (1 M in dichloromethane, 0.43 mL, 0.43 mmol,

2.0 eq.) was carefully added to a solution of isoquinoline 166a (120 mg, 0.21 mmol, 1.0 eq.) in
dichloromethane (4 mL) at 0 °C, under argon atmosphere. The reaction mixture was allowed to
slowly warm up to room temperature over 2 h (melting ice bath) and stirred for an extra 16 h. The
reaction mixture was quenched with water (10 mL), and extracted with dichloromethane (3 x 10
mL). The combined organic layers were dried over anhydrous magnesium sulfate, filtered, and
concentrated in vacuo to yield product 167, resulting from the deprotection of both the anisole
and Boc-piperazine, as an orange solid (77 mg, 80%) (HRMS (ESI*) calculated for CisH17FIN30O =

450.0473, mass found = 450.0478).

Reprotection:[?8%] The solid was then taken up in tetrahydrofuran (1.5 mL) and di-tert-butyl
dicarbonate (94 mg, 0.43 mmol, 2.0 eq.) was added. The resulting solution was stirred at 40 °C for
16 h, then concentrated in vacuo. The resulting solid was taken up in ethyl acetate (10 mL) and
water (10 mL). The phases were separated and the organic layer was washed with brine (10 mL),
dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo to yield phenol 168a

as a sticky orange goo (140 mg, yield not determined).

Reprotection (alternative):!?¢”] The solid was then dissolved in N,N-dimethylformamide (2.0 mL)

and di-tert-butyl dicarbonate (84 mg, 0.39 mmol, 1.1 eq.) was added. The resulting solution was
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stirred at room temperature for 4 h (when the effervescence ceased). The mixture was diluted
with ethyl acetate (20 mL), washed with water (3 x 20 mL) and brine (3 x 20 mL), dried over
anhydrous magnesium sulfate, filtered, and concentrated in vacuo to yield phenol 168a as a

yellow oil (85 mg, 44%).

1H NMR (600 MHz, Chloroform-d) &y = 8.53 (s, 1H, Hs), 8.12 (d, J = 8.7 Hz, 1H, Ho), 8.06 (s, 1H, He),
7.63 (d, J = 8.5 Hz, 1H,Hs), 7.28 (m, 1H, H14), 6.85 (d, J = 8.2 Hz, 1H, H1s), 6.81 (m, 1H, H13), 3.69 (dd,

J=6.5,3.8 Hz, 4H, H1s), 3.38 (dd, J = 6.3, 3.8 Hz, 4H, H1s), 1.50 (s, 9H, H22).

13C NMR (151 MHz, Chloroform-d) &¢ = 161.6 (Quat., C1), 160.4 (d, J = 246.5 Hz, Quat., C12), 155.1
(Quat., C), 154.2 (d, J = 5.6 Hz, Quat., Ci¢), 149.2 (CH, C3), 138.9 (Quat., Cs), 134.2 (Quat., C7),
133.1 (CH, Cs), 130.2 (d, J = 10.7 Hz, CH, Ci4), 129.8 (CH, Cg), 126.8 (CH, Co), 122.7 (Quat., Cio),
115.9 (d, J = 18.3 Hz, Quat., C11), 112.0 (d, J = 3.1 Hz, CH, Cis), 108.1 (d, J = 22.7 Hz, CH, Ci3), 88.9

(Quat., C4), 80.2 (Quat., C21), 51.4 (CHa, C1s), 43.2 (CHa, C1s), 28.6 (CHs, Ca2).

19F NMR (377 MHz, Chloroform-d) & = -114.9.

FTIR (Chloroform-d) v/cm™ = 2917, 2849, 1810, 1785, 1463, 1372, 1120, 1074, 909, 733.

HRMS (ESI*) calculated for C24H25FIN303 = 550.0996, mass found = 550.1001.
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tert-Butyl 4-(6-(2-fluoro-6-hydroxyphenyl)-4-(4-isopropyl-6-methoxypyrimidin-5-yl)isoquinolin-

1-yl)piperazine-1-carboxylate, 169a

Following general procedure M, using isoquinoline 168a (80 mg, 0.15 mmol, 1.0 eq.) and
stannylpyrimidine 86 (129 mg, 0.29 mmol, 2.0 eq), The resulting crude mixture was purified by
column chromatography (12 g silica, ethyl acetate/pentane 1:9 to 3:7) to yield the desired
biarylpyrimidine 169a as a yellow oil (53 mg, 92% purity, 59% yield), in a mixture with deprotected
piperazine 170 (see Section 111.2.2.3). Compounds 169a and 170 were separated by achiral

semi-preparative HPLC (ZORBAX Rx-SIL, 92:8 hexane/isopropanol).

1H NMR (600 MHz, Chloroform-d) 6 = 8.84 (s, 1H, Hs), 8.19 (d, J = 8.6 Hz, 1H, Hs), 7.97 (s, 1H, Hzs),
7.55 (dd, J = 8.6, 1.6 Hz, 1H, Hs), 7.35 (td, J = 8.3, 6.1 Hz, 1H, H1a), 7.28 (d, J = 1.7 Hz, 1H, Hg), 7.05
(m, 2H, H13 & His), 3.83 (s, 3H, Hazs), 3.74 (t, J = 5.1 Hz, 4H, His), 3.47 (t, J = 5.2 Hz, 4H, Has), 2.79 (p,

J=6.7 Hz, 1H, Hz7), 1.52 (s, 9H, H22), 1.18 (d, J = 6.8 Hz, 3H, H2g), 1.08 (d, J = 6.7 Hz, 3H, H.s).

13C NMR (151 MHz, Chloroform-d) &c = 174.7 (Quat., Cz), 168.1 (Quat., Cz4), 161.3 (Quat., C1),
160.0 (d, J = 248.3 Hz, Quat., C12), 157.9 (CH, C3), 155.2 (Quat., Cz0), 149.4 (d, J = 5.2 Hz, Quat., C1s),
141.7 (CH, Czs), 137.0 (Quat., Cs), 132.9 (Quat., Cs), 129.7 (d, J = 9.8 Hz, CH, C1a), 128.5 (CH, Cs),
127.1 (CH, Ce), 125.6 (CH, Cs), 123.2 (d, J = 18.1 Hz, Quat., C11), 120.7 (Quat., C10), 120.5 (Quat., C7),

118.3 (d, J = 3.4 Hz, CH, C15), 114.8 (Quat., Cz3), 113.9 (d, J = 22.6 Hz, CH, C13), 80.2 (Quat., Cz1),
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54.2 (CH3s, Ca9), 51.0 (CH;, C1g), 44.5 (CH,, Cis), 31.9 (CH, Cz7), 28.6 (CH3s, C22), 22.4 (CH3, Czs), 21.5

(CHs3, Czs).

19F NMR (376 MHz, Chloroform-d) 6-=-114.5 (t, J = 7.5 Hz).

FTIR (Chloroform-d) v/cm™ = 2957, 2923, 2853, 1763, 1698, 1625, 1566, 1463, 1408, 1387, 1280,

1249, 1227, 1149, 1016, 823, 693.

HRMS (ESI7) calculated for C3;H36FN504 = 572.2679, mass found = 572.2671.

Chiral HPLC (Chiralpak IB N-3, 5 % IPA, 95 % hexane, 1.0 mL/min, A = 254 nm, 10 ulL injection)

1= 7.46 min, w’=8.55 min (racemate).

Achiral HPLC (ZORBAX Rx-SIL, 8% IPA, 92% hexane, 1.0 mL/min, A = 254 nm, 10 ul injection)

r=7.05 min.
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2,2,2-Trifluoro-1-(4-(6-(2-fluoro-6-hydroxyphenyl)-4-(4-isopropyl-6-methoxypyrimidin-5-

yl)isoquinolin-1-yl)piperazin-1-yl)ethan-1-one, 169b

Demethylation:?7%! Boron tribromide (1 M in dichloromethane, 0.26 mL, 0.26 mmol, 2.0 eq.) was

carefully added to a solution of isoquinoline 166b (70 mg, 0.13 mmol, 1.0 eq.) in dichloromethane
(2.6 mL) at 0 °C, under argon atmosphere. The reaction mixture was allowed to slowly warm up to
room temperature over 2 h (melting ice bath) and stirred for an extra 2 h. The reaction mixture
was cooled back to 0 °C and carefully poured onto ice-cold saturated aqueous sodium hydrogen
carbonate (10 mL). The aqueous layer was decanted and the resulting organic suspension was
dissolved in ethanol, dried over anhydrous magnesium sulfate, filtered and concentrated in vacuo
to give phenol 168b (HRMS (ESI*) calculated for C21H16F4IN30, = 546.0296, mass found = 546.0297)

and taken to the next step without any further purification.

Stille cross-coupling: Following general procedure M, using isoquinoline 168b (70 mg) and

stannylpyrimidine 86 (108 mg, 0.25 mmol, 2.0 eq). The resulting crude mixture was purified by
column chromatography (12 g silica, ethyl acetate/pentane, 2:9 to 4:6) to yield biaryl pyrimidine

169b as an off-white solid (23 mg, 33% over two steps).

'H NMR (400 MHz, Dimethylsulfoxide-ds) 51 = 10.09 (s, 1H, H17), 8.85 (s, 1H, Hs), 8.27 (d, J = 8.7

Hz, 1H, He), 8.02 (s, 1H, Hza), 7.69 (d, J = 8.7 Hz, 1H, Hs), 7.23 (s, 1H, He), 7.18 (m, 1H, H14), 6.79 (d, J
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=8.3 Hz, 1H, H1s), 6.71 (t, J = 9.1 Hz, 1H, H13), 3.92 (m, 4H, His), 3.77 (s, 3H, Hzs), 3.54 (m, 4H, H19),

2.64 (m, 1H, Has), 1.12 (d, J = 6.7 Hz, 3H, Ha7), 1.00 (d, J = 6.7 Hz, 3H, H27).

13C NMR (151 MHz, Dimethylsulfoxide-ds) 6c = 173.7 (Quat., Cz5), 167.4 (Quat., Cz3), 160.0 (Quat.,
C1), 159.9 (d, J = 243.1 Hz, Quat., C12), 157.6 (CH, C3), 154.4 (q, J = 34.7 Hz, Quat., Cz0), 140.9 (CH,
C24), 136.1 (Quat., C4), 134.0 (Quat., Cs), 129.8 (d, J = 11.1 Hz), 129.6 (CH, Cs), 125.9 (CH, Cs), 125.1
(CH, Cs), 119.7 (Quat. Cig), 119.2 (Quat., C;), 116.4 (g, J = 288.6 Hz, Quat., C1), 115.1 (d, J = 16.5
Hz, Quat., C11), 114.1 (Quat., C»;), 111.9 (CH, C15), 106.1 (d, J = 22.8 Hz, CH, Ci3), 54.0 (CH, Czs), 50.7
(CHs, Ci9), 50.5 (CHa, Cis), 45.5 (CHa, Cis), 43.1 (CHz, Cis), 31.4 (CH, Czs), 21.9 (CHs, Ca7), 21.1 (CHs,

Cz7).

19F NMR (377 MHz, Dimethylsulfoxide-ds) 6- = -67.9 (Ar—CF3), -116.4 (t, J = 8.2 Hz, Ar—F).

FTIR (neat) v/em = 2920, 2850, 1705, 1616, 1570, 1559, 1466, 1416, 1375, 1200, 1183, 1142,

1046, 1013, 756, 692, 670.

HRMS (ESI*) calculated for C29H27FsN503 = 570.2123, mass found = 570.2119.

Chiral HPLC (Chiralpak IA, 20 % IPA, 80 % hexane, 1.0 mL/min, A = 254 nm, 10 uL injection)

! = 6.15 min, 12 =9.72 min.

Melting point 244-246 °C.
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1-(4-(6-(2-Fluoro-6-hydroxyphenyl)-4-(4-isopropyl-6-methoxypyrimidin-5-yl)isoquinolin-1-

yl)piperazin-1-yl)prop-2-en-1-one, 150

H22, 22 Hz,

|
Og;
20

From Boc-protected starting material, 169a:>*3! A solution of Boc-protected piperazine 169a

(20 mg, 0.035 mmol, 1.0 eq.) in hydrogen chloride (1.25 M in methanol, 1.75 mL) was stirred in a
vial at room temperature for 2.5 h. The resulting mixture was concentrated in vacuo and the
resulting yellow solid was dissolved in dichloromethane (6.0 mL). The resulting suspension was
cooled to 0 °C and a solution of acryloyl chloride in dichloromethane (0.041 M, 1 mL) was added
carefully to the mixture. The ice bath was removed and the mixture was stirred at room
temperature for 2 h. The reaction was quenched with saturated aqueous sodium bicarbonate (10
mL) and extracted with dichloromethane (3 x 10 mL). The combined organic layers were washed
with saturated aqueous sodium bicarbonate (2 x 20 mL) and brine (20 mL), dried over anhydrous
magnesium sulfate, filtered, and concentrated in vacuo. The resulting off-white solid was purified
by column chromatography (3 g silica, 97:3 dichloromethane/methanol) to yield probe 150 as a

white solid (12 mg, 67%).

From trifluoroacetyl-protected starting material, 169b:28! A solution of trifluoroacetyl-protected

piperazine 169b (10 mg, 0.018 mmol, 1.0 eq.) and potassium carbonate (5 mg, 0.036 mmol, 2.0
eg.) in methanol (0.8 mL) and water (0.2 mL) was stirred in a vial at 50 °C for 16 h. The resulting

mixture was desiccated on a short silica plug, that was subsequently washed with 1%
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triethylamine in methanol. The filtrate was concentrated in vacuo and the resulting yellow solid
was dissolved in dichloromethane (2.6 mL). The resulting suspension was cooled to 0 °C and a
solution of acryloyl chloride in dichloromethane (0.022 M, 1 mL) was added carefully to the
mixture. The ice bath was removed and the mixture was stirred at room temperature for 2 h. The
reaction was quenched with saturated aqueous sodium bicarbonate (5 mL) and extracted with
dichloromethane (3 x 5 mL). The combined organic layers were washed with saturated aqueous
sodium bicarbonate (2 x 10 mL) and brine (10 mL), dried over anhydrous magnesium sulfate,
filtered, and concentrated in vacuo. The resulting off-white solid was purified by column
chromatography (1.5 g silica, 97:3 dichloromethane/methanol) to yield probe 150 as a white solid

(8 mg, 86%).

1H NMR (400 MHz, Chloroform-d) 64 = 8.82 (s, 1H, Hs), 8.27 (d, J = 8.7 Hz, 1H, Hs), 7.98 (s, 1H, Has),
7.67 (d, J = 8.6 Hz, 1H, Hs), 7.40 (d, J = 1.6 Hz, 1H, He), 7.20 (td, J = 8.3, 6.4 Hz, 1H, H14), 6.80 (m, 1H,
His), 6.73 (ddd, J = 9.8, 8.5, 1.3 Hz, 1H, H13), 6.66 (m, 1H, Hz1), 6.36 (dd, J = 16.8, 1.9 Hz, 1H, Hzz),
5.77 (dd, J = 10.5, 1.9 Hz, 1H, Ha24), 4.01 (m, 2H, His), 3.89 (m, 2H, Has), 3.84 (s, 3H, Has), 3.56 (m,

4H, His), 2.81 (p, J = 6.7 Hz, 1H, H27), 1.19 (d, J = 6.8 Hz, 3H, Has), 1.05 (d, J = 6.7 Hz, 3H, Has).

13C NMR (101 MHz, Chloroform-d) 6c = 174.7 (Quat., Cz), 168.2 (Quat., Cx), 166.0 (Quat., Cz4),
161.0 (Quat., C1), 160.4 (d, J = 246.4 Hz, C1), 157.9 (CH, C3), 154.6 (d, J = 5.84 Hz, Quat., Cig), 141.6
(CH, C2s), 137.2 (Quat., C4), 133.3 (Quat., Cs), 130.0 (d, J = 10.5 Hz, CH, C14), 129.3 (CH, Cs), 128.5
(CHs, Cs3), 27.5 (CH, C21), 126.8 (CH, Cs), 126.2 (CH, Cs), 120.7 (Quat., C10), 120.5 (Quat., C;), 116.0
(d, J = 17.7 Hz, Quat., C11), 114.8 (Quat., C23), 111.8 (d, J = 3.2 Hz, CH, C15), 107.8 (d, J = 22.8 Hz, CH,
Ci3), 54.4 (CHs, Cz9), 52.0 (CH;, Ci9), 46.1 (CHJ, C1s), 42.3 (CH3, Cis), 32.0 (CH, Cz7), 22.4 (CH3, Cas),

21.4 (CH3, Czs).

19F NMR (376 MHz, Chloroform-d) 6, = -115.1 (t, J = 8.1 Hz).
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FTIR (Chloroform-d) v/cm™ = 2921, 2852, 2361, 1642, 1620, 1567, 1464, 1411, 1377, 1241, 1048,

1012, 912, 786, 734.

HRMS (ESI*) calculated for C30H28FN503 = 528.2405, mass found = 528.2403.

Chiral HPLC (Chiralpak IA, 25 % IPA, 75 % hexane, 1.0 mL/min, A = 254 nm, 10 uL injection)

w!=7.27 min, w?= 11.47 min (racemate).

Melting point 254-256 °C.
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1-(4-Bromophenyl)pyrrolidine, 179

Br
N 1
/4:: 2
C’ :
5

6

Following a literature procedure.’”® An oven-dried round bottom flask was loaded with a
magnetic stirrer and potassium carbonate (50 g, 290 mmol, 1.0 eq.). N,N-dimethylformamide (290
mL) and 4-bromoaniline 178 (50 g, 290 mmol, 1.0 eq.) were added was added in sequence. The
resulting black solution was sparged with argon for 30 min and kept under inert atmosphere.
1,4-Dibromobutane (38 mL, 320 mmol, 1.1 eq.) was added, and the reaction mixture was heated
to 80 °C and stirred for 24 h. The reaction mixture was allowed to cool down to room temperature
and poured onto ice water. The resulting precipitate was filtered off, washed abundantly with
water and dried under high vacuum for several hours to yield the desired phenylpyrrolidine 179 as

a brown solid (45.6 g, 69%).

1H NMR (400 MHz, Chloroform-d) &1 = 7.29 (d, J = 8.9 Hz, 2H, Hz), 6.43 (d, J = 8.9 Hz, 2H, Hs), 3.25

(m, 4H, Hs), 2.02 (m, 4H, He).

13C NMR (101 MHz, Chloroform-d) 6c = 146.9 (Quat., C4), 131.8 (CH, C2), 113.3 (CH, C3), 107.2

(Quat., C1), 47.8 (CHa, Cs), 25.6 (CHz, Cs).

FTIR (Chloroform-d) v/cm™ = 2968, 2850, 1595, 1556, 1496, 1461, 1375, 1307, 1181, 1075, 960,

802, 732.
HRMS (ESI*) calculated for CioH12Brn = 226.0226, mass found = 226.0226.
Melting point 84-86 °C.

The spectral data matches that reported in the literature.°1]
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Bis(4-(pyrrolidin-1-yl)phenyl)phosphine oxide, 180

Following a literature procedure.?® An oven-dried round-bottom flask was loaded with
pyrrolidine 179 (31.0 g, 137 mmol, 3.0 eq.) and anhydrous tetrahydrofuran (140 mL). Another
oven-dried round-bottom flask, equipped with a magnetic stirrer, was loaded with magnesium
turnings (3.5 g, 144 mmol, 3.15 eq.) and cooled down to 0 °C. The contents of the first round
bottom-flask were added into the second via dropwise cannula transfer with stirring at 0 °C, under
nitrogen atmosphere. Upon completion, the resulting brown solution was taken to room
temperature and stirred for 2 hours under nitrogen atmosphere. The reaction mixture was cooled
to 0 °C and a solution of diethyl phosphite (5.3 mL, 41.2 mmol, 1.0 eq.) in tetrahydrofuran (14 mL)
was added dropwise via cannula transfer at 0 °C under nitrogen atmosphere. Upon completion,
the resulting brown solution was taken to room temperature and stirred for 2 hours under
nitrogen atmosphere. The reaction was taken back to 0 °C and quenched with 140 mL of 0.1 N
aqueous hydrogen chloride. Methyl tert-butyl ether was added (140 mL) and the resulting gel was
stirred at room temperature for an extra 5 minutes. The upper organic layer was decanted from
the gel, dichloromethane (140 mL) was added, and the gel was agitated for 5 minutes. The
resulting suspension was filtered over Celite®, and the solid was washed with dichloromethane (2
x 100 mL). The organic solutions were combined, dried over anhydrous magnesium sulfate,
filtered and concentrated in vacuo. The resulting brown suspension was adsorbed onto Celite®
and purified by column chromatography (300 g silica, 3:97 methanol/dichloromethane) to yield

the desired phosphine oxide 180 as a peach solid (7.6 g, 54%).
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1H NMR (400 MHz, Chloroform-d) & = 7.94 (d, 1H, J = 465.6 Hz, H1), 7.47 (dd, J = 13.0, 8.7 Hz, 4H,

Hs), 6.55 (dd, J = 8.8, 2.3 Hz, 4H, Ha), 3.29 (m, 8H, He), 2.00 (m, 8H, H7).

13C NMR (101 MHz, Chloroform-d) &c = 150.2 (d, J = 2.2 Hz, Quat., Cs), 132.4 (d, J = 12.8 Hz, CH,

C3), 116.6 (d, J = 112.8 Hz, Quat., C2), 111.4 (d, J = 13.5 Hz, CH, C4), 47.5 (CHa, Ce), 25.5 (CH2, C7).

31p NMR (162 MHz Chloroform-d) &p = 22.6.

FTIR (Chloroform-d) v/cm™ = 2966, 2844, 1596, 1516, 1384, 1174, 1124, 928, 806, 726, 642.

HRMS (ESI*) calculated for C20H25N,0P = 341.1777, mass found = 341.1778.

Melting point 185-187 °C.

The spectral data matches that reported in the literature.?°1]
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1,1'-(((Trifluoromethyl)phosphanediyl)bis(4,1-phenylene))dipyrrolidine, 181

Following a literature procedure.”® An oven-dried round-bottom flask was loaded with
phosphine oxide 180 (6.8 g, 20 mmol, 1.0 eq.) and 18-crown-6 (6.3 g, 24 mmol, 1.2 eq.). The
system was purged three times with nitrogen and anhydrous tetrahydrofuran (136 mL) was added.
The resulting solution was cooled down to 0 °C and potassium bis(trimethylsilyl)Jamide (1 M in THF,
24 mL, 1.2 eq.) was added dropwise. The orange suspension was warmed up to room temperature
and stirred for 30 minutes. Trimethyl(trifluoromethyl)silane (11.8 mL, 80 mmol, 4.0 eq.) was added
dropwise and the suspension was stirred for 10 minutes. The system was quenched with water
(100 mL) and extracted with ethyl acetate (3 x 100 mL). The combined organic layers were dried
over anhydrous magnesium sulfate, filtered and concentrated in vacuo to yield a light-orange solid
that was purified by column chromatography (150 g silica, 8:2 pentane/dichloromethane). The

desired product was obtained as a white solid (491 mg, 6%, 93% brsm).

1H NMR (400 MHz, Chloroform-d) &4 = 7.50 (t, J = 8.4 Hz, 4H, Hs), 6.60 (d, J = 7.6 Hz, 4H, Ha), 3.32

(m, 8H, Hs), 2.02 (m, 8H, H7).

13C NMR (151 MHz, Chloroform-d) 8¢ = 149.1 (Quat., Cs), 135.6 (d, J = 22.5 Hz, CH, Cs), 133.9 (d, J =
11.5 Hz, Quat., C2), 131.7 (qd, J = 321.6, 33.0 Hz, Quat., C1), 112.0 (d, J = 9.1 Hz, CH, C4), 47.7 (CHz,

Cs), 25.6 (CHs, C7).

19F NMR (377 MHz, Chloroform-d) 6-=-56.8 (d, J = 71.5 Hz).

31p NMR (162 MHz, Chloroform-d) 6p=-0.4 (g, J = 71.3 Hz).
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FTIR (Chloroform-d) v/em™ = 2970, 2842, 1594, 1510, 1485, 1641, 1380, 1149, 1099, 1084, 808,

732.

HRMS (ESI*) calculated for C21H24F3N>P = 393.1702, mass found = 393.1007.

Melting point 148-150 °C.

The spectral data matches that reported in the literature.?°1]
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IV.2.2.3 By-products data

This part contains the characterisations of the by-products mentioned in the main text. Some of
these by-products were obtained in multiple instances and, in such cases, yields were not

indicated (but were mentioned in the main text).

3-Hydroxy-3-(trifluoromethyl)-3,4-dihydroisoquinolin-1(2H)-one, 69

6 ¥-12CF,
Haa Hap

By-product in the synthesis of isoquinolinone 68, can be dehydrated by heating in N,N-

dimethylformamide at 150 °C for a few days to yield isoquinolinone 68. Obtained as a white solid.

1H NMR (400 MHz, Acetonitrile-ds) 5 = 7.91 (dd, J = 7.8, 1.4 Hz, 1H, He), 7.49 (td, J = 7.5, 1.4 Hz,
1H, Hs), 7.34 (m, 1H, H7), 7.27 (m, 1H, He), 7.15 (s, 1H, H2), 4.99 (s, 1H, H11), 3.38 (d, J = 16.5 Hz, 1H,

Hs), 3.16 (d, J = 16.5 Hz, 1H, Ha).

13C NMR (101 MHz, Acetonitrile-ds) 8¢ = 165.4 (Quat., C1), 135.4 (Quat., Cs), 134.0 (CH, Cs), 129.4
(CH, Cs), 128.4 (CH, C;), 128.3 (CH, Co), 127.8 (Quat., C10), 124.7 (g, J = 285.7 Hz, Quat., C12), 82.8 (g,

J =31.3 Hz, Quat., C3), 34.5 (CH>, Ca).

15 NMR (377 MHz, Chloroform-d) 6¢= -85.0.

FTIR (neat) v/ecm™ = 3258, 2981, 1684, 1606, 1465, 1389, 1313, 1257, 1241, 1201, 1171, 1140,

1080, 998, 936, 892, 736, 719, 639.

HRMS (ESI*) calculated for C10HsF3NO; = 230.0434, mass found = 230.0433.

Melting point 164-166 °C.
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tert-Butyl 4-(3-(trifluoromethyl)isoquinolin-1-yl)piperazine-1-carboxylate, 88
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Resulting from the dehalogenation of 76a and 76d in the Suzuki-Miyaura, “Willis” and Stille

(o)

cross-coupling reactions, and the proto-deborylation of 107b. Obtained as a white solid.

1H NMR (500 MHz, Chloroform-d) &, = 8.11 (dd, J = 8.4, 1.2 Hz, 1H, H), 7.86 (dd, J = 8.2, 1.3 Hz,
1H, He), 7.71 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H, H7), 7.65 (m, 2H, Hg & Ha), 3.69 (m, 4H, H12), 3.47 (m, 4H,

H13), 1.50 (S, 9H, H15).

13C NMR (126 MHz, Chloroform-d) 6c = 161.4 (Quat., C1), 155.0 (Quat., C14), 139.7 (q, J = 34.0 Hz,
H3), 137.7 (Quat., Cs), 130.8 (CH, C7), 128.5 (CH, Cs), 128.3 (CH, Cs), 125.6 (CH, Cy), 122.6 (Quat.,
C10), 122.3 (g, J = 272.9 Hz, Quat., C11), 113.4 (q, J = 3.7 Hz, CH, C4), 80.1 (Quat., C1s), 51.1 (d, J =

113.3 Hz, CHz, C13), 43.7 (d, J = 110.3 Hz, CH, C12), 28.6 (CH3, Cie).

19F NMR (377 MHz, Chloroform-d) & = -68.2.

FTIR (CDCl3) v/ecm™ = 2977, 1693, 1566, 1407, 1247, 1130, 1076, 1016, 944, 865, 756, 683.

HRMS (ESI*) calculated for C19H22F3N30, = 382.1737, mass found = 382.1739.

Melting point 108-111 °C.
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1-(4-Tosylpiperazin-1-yl)-3-(trifluoromethyl)isoquinoline, 105
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Resulting from the de-halogenation of 76¢ in the Miyaura borylation reaction, and the

proto-deborylation of the resulting product 107a. Obtained as a light-orange solid.

1H NMR (400 MHz, Chloroform-d) &4 = 7.95 (d, J = 8.4 Hz, 1H, He), 7.84 (d, J = 8.1 Hz, 1H, He), 7.71
(d, J = 8.3 Hz, 2H, His), 7.68 (m, 1H, Hy), 7.63 (s, 1H, Ha), 7.59 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H, Hs), 7.37

(d, J = 8.0 Hz,2H, His), 3.60 (m, 4H, H12), 3.28 (m, 4H, Hi3), 2.46 (s, 3H, His).

13C NMR (126 MHz, Chloroform-d) 6% = 160.8 (Quat., C1), 144.0 (Quat., Ci17), 137.8 (Quat., Cs),
132.9 (Quat., Ci4), 130.8 (CH, Cy), 129.9 (CH, Cis), 128.6 (CH, Cs), 128.4 (CH, Cg), 128.1 (CH, Cis),

125.4 (CH, Co), 122.3 (Quat., C10), 113.7 (CH, Ca), 50.5 (CHa, Ci2), 45.9 (CHz, C13), 21.7 (CH3, Cis).
19F NMR (377 MHz, Chloroform-d) & = -68.2.

FTIR (Chloroform-d) v/ecm™ = 2875, 2833, 2367, 1133, 1101, 950, 691.

HRMS (ESI*) calculated for C21H20F3N30,S = 436.1301, mass found = 436.1301.

Melting point 190-192 °C.

% Not enough material to see C3 and Ci1, but their presence was confirmed by the Ar—CF3 signal on the °F NMR.
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1-Chloro-3-(trifluoromethyl)isoquinoline, 108

Resulting from the dehalogenation of 71a in the Miyaura borylation and malonate a-arylation
reactions. Was also willingly obtained by chlorinating isoquinolinone 68 following general

procedure J. Obtained as an off-white solid.

1H NMR (500 MHz, Chloroform-d) &4 = 8.44 (dd, J = 8.5, 1.4 Hz, 1H, Hs), 8.04 (s, 1H, Ha), 7.99 (d,

J=7.8Hz, 1H, He), 7.87 (m, 2H, H7 & Hs).

13C NMR (126 MHz, Chloroform-d) 6¢c = 152.8 (Quat., C1), 140.6 (q, J = 35.7 Hz, Quat., C3), 137.1
(Quat., Cs), 132.6 (CH, Cs), 130.9 (CH, C;), 128.3 (CH, Cs), 128.2 (Quat., C10), 126.9 (CH, Cs), 121.5 (q,

J=273.2 Hz, Quat., C11), 118.7 (q, J = 3.5 Hz, Quat., Ca).

19F NMR (377 MHz, Chloroform-d) 6-=-67.5.

FTIR (Chloroform-d) v/cm™ = 2981, 1562, 1494, 1458, 1423, 1316, 1284, 1247, 1211, 1167, 1128,

1089, 986, 905, 864, 783, 688, 620.

HRMS (ESI*) calculated for CioHsCIFsN = 232.0135, mass found = 232.0138.

Melting point 55-57 °C.
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tert-Butyl 4-(4-(5-bromo-6-ethoxypyrimidin-4-yl)isoquinolin-1-yl)piperazine-1-carboxylate, 143

5-bromo-4,6-dichloropyrimidine 142a (19 mg, 0.08 mmol, 1.2 eq.),
tetrakis(triphenylhosphine)palladium(0) (8 mg, 10 mol%) and potassium carbonate (14 mg, 0.14
mmol, 2.0 eq.) were added to a Schlenk tube under argon atmosphere. The vessel was backfilled
with argon three times and an argon-sparged solution of boronic ester 141 (30 mg, 0.07 mmol, 1.0
eq.) in toluene (1 mL) and ethanol (0.25 mL) was added. Argon-sparged water (0.25 mL) was
added, the reaction mixture was heated to 120 °C and stirred vigorously for 18 h. The reaction
mixture was allowed to cool down to room temperature and extracted with ethyl acetate (3 x 5
mL). The combined organic layers were washed with water (3 x 5 mL) and brine (10 mL), dried
over anhydrous magnesium sulfate, filtered and concentrated in vacuo. The resulting crude
mixture was purified by column chromatography (12 g silica, ethyl acetate/pentane, 1:9 to 1:1) to

yield coupling by-product 143 as an orange oil (11 mg, 21%).

1H NMR (600 MHz, Chloroform-d) & = 8.75 (s, 1H, Hs), 8.21 (s, 1H, His), 8.15 (d, J = 8.3 Hz, 1H, He),
7.65 (m, 1H, Hs), 7.55 (d, J = 8.3 Hz, 1H, Hs), 7.31 (m, 1H, H;), 4.62 (g, J = 7.1 Hz, 2H, H1s), 3.73 (m,

4H, H17), 3.50 (m, 4H, His), 1.53 (t,J = 7.1 Hz, 3H, H1s), 1.51 (s, 9H, Ha1).

13C NMR (151 MHz, Chloroform-d) &¢ = 166.4 (CH, C1a), 158.4 (Quat., Ci3), 156.0 (CH, Cs), 155.0

(Quat., C11), 153.2 (Quat., C19), 134.6 (CH, Cs), 130.5 (Quat., Cs), 128.1 (CH, Cs), 126.1 (CH, Cg),
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125.3 (CH, Co) 124.7 (Quat., C4), 121.0 (Quat., C1o), 108.4 (Quat., C12), 80.2 (Quat., Ca), 64.6 (CH.,

C1s), 51.3 (CHz, Cis), 44.4 (CH3, C17), 28.6 (CHs, C21), 14.5 (CHs, Cis).

FTIR (Chloroform-d) v/em™ = 2923, 2853, 1696, 1553, 1407, 1245, 1167, 1097, 1019, 884, 790,

771, 695.

HRMS (ESI*) calculated for C24H28BrNsO3 = 516.1429, mass found = 516.1427.
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3-Fluoro-2-(4-(4-isopropyl-6-methoxypyrimidin-5-yl)-1-(piperazin-1-yl)isoguinolin-6-yl)phenol,

170

Resulting from the incomplete reprotection of piperazine 167 with di-tert-butyl dicarbonate.
Isolated from 169a via achiral preparative HPLC (ZORBAX Rx-SIL, 92:8 hexane/isopropanol).

Obtained as a white solid.

1H NMR (500 MHz, Chloroform-d) &4 = 8.84 (d, J = 4.2 Hz, 1H, Hs), 8.23 (d, J = 8.7 Hz, 1H, Hs), 7.92
(s, 1H, Hzs), 7.51 (dd, J = 8.7, 1.7 Hz, 1H, Hs), 7.35 (td, J = 8.3, 6.0 Hz, 1H, H1a), 7.24 (d, J = 1.6 Hz,
1H), He, 7.04 (m, 2H, H13 & His), 3.83 (d, J = 1.0 Hz, 3H, Has), 3.21 (s, 8H, His & H1s), 2.83 (m, 1H,

Hz7), 1.55 (s, 9H, H2z), 1.18 (d, J = 6.8 Hz, 3H, Hs), 1.08 (d, J = 6.7 Hz, 3H, Hzg).

19F NMR (376 MHz, Chloroform-d) 6-=-114.4 (t, ] = 7.5 Hz).

FTIR (Chloroform-d) v/cm™ = 2981, 1762, 1558, 1464, 1386, 1250, 1149, 1059, 965, 742, 669.

Chiral HPLC (Chiralpak IB N-3, 5 % IPA, 95 % hexane, 1.0 mL/min, A = 254 nm, 10 uL injection)

! = 5.32 min, %= 5.74 min (racemate).

Achiral HPLC (ZORBAX Rx-SIL, 8% IPA, 92% hexane, 1.0 mL/min, A = 254 nm, 10 ulL injection)

r=7.05 min.

Not enough material was obtained for 13C NMR, HRMS analysis or melting point measurement.
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3-Fluoro-2-(4-(4-isopropyl-6-methoxypyrimidin-5-yl)-1-(piperazin-1-yl)isoquinolin-6-yl)phenyl

acrylate, 171

Obtained as the product of the deprotection/N-acylation sequence of 169a, when triethylamine

was used. Obtained as a white solid (2 mg, 27%).

1H NMR (500 MHz, Chloroform-d) 61 = 8.84 (s, 1H, Hs), 8.20 (d, J = 8.6 Hz, 1H, Hs), 7.91 (s, 1H, Hzs),
7.45 (dd, J = 9.1, 2.0 Hz, 1H, Hs), 7.37 (m, 1H, H14), 7.20 (s, 1H, Hs), 7.07 (m, 1H, His), 7.00 (m, 1H,
His), 6.29 (dd, J = 17.2, 1.2 Hz, 1H, Hab), 5.99 (dd, J = 17.3, 10.4 Hz, 1H, H21), 5.81 (dd, J = 10.4, 1.2
Hz, 1H, Ha24), 3.83 (s, 3H, Hzo), 3.21 (d, J = 1.4 Hz, 8H, H18& H1s), 2.82 (p, J = 6.8 Hz, 1H, H27), 1.20 (s,

6H1 H28)'

19F NMR (377 MHz, Chloroform-d) 6-=-114.0 (m).

FTIR (Chloroform-d) v/cm™ = 2919, 2850, 2360, 1752, 1623, 1566, 1387, 1146, 1052, 656, 613.

HRMS (ESI*) calculated for C3oH23FN5s03 = 528.2405, mass found = 528.2403.

Not enough material was obtained for a 13C NMR or melting point measurement.
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2-(1-(4-Acryloylpiperazin-1-yl)-4-(4-isopropyl-6-methoxypyrimidin-5-yl)isoquinolin-6-yl)-3-

fluorophenyl acrylate, 172

Obtained as the product of the double acylation of substrate 169a, when triethylamine was used.

Obtained as a light-yellow oil (2 mg, 25%).

1H NMR (500 MHz, Chloroform-d) 6 = 8.85 (s, 1H, Hs), 8.18 (d, J = 8.7 Hz, 1H, H), 7.97 (s, 1H, Hzs),
7,53 (m, 1H, He), 7.46 (td, J = 7.8, 2.5 Hz, 1H, Hs), 7.38 (m, 1H, His), 7.08 (m, 1H, H1a), 7.02 (m, 1H,
His), 6.67 (dd, J = 16.8, 10.5 Hz, 1H, Hz1), 6.36 (dd, J = 16.8, 1.9 Hz, 1H, Ha2), 6.31 (dd, J = 17.3, 1.2
Hz, 1H, Hsb), 6.00 (dd, J = 17.3, 10.4 Hz, 1H, Hs1), 5.83 (dd, J = 10.4, 1.2 Hz, 1H, H324), 5.77 (dt, J =
10.5, 1.7 Hz, 1H, Haza), 4.00 (s, 2H, His), 3.86 (d, J = 14.4 Hz, 2H, His), 3.83 (d, J = 1.2 Hz, 3H, H29),
3.54 (s, 4H, His), 2.77 (h, J = 6.5 Hz, 1H, Ha7), 1.18 (d, J = 6.8 Hz, 3H, H2s), 1.05 (d, J = 6.7 Hz, 3H,

Hzs).

15F NMR (377 MHz, Chloroform-d) 6-=-114.1 (m).

FTIR (Chloroform-d) v/cm™ = 3734, 2922, 2851, 2361, 1750, 1647, 1566, 1463, 1376, 1241, 1143,

1051, 641, 614.

HRMS (ESI*) calculated for C33H2sFN504 = 582.2511, mass found = 582.2504.

Not enough material was obtained for a 13C NMR.
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6-(2-Fluoro-6-methoxyphenyl)-4-iodo-N,N-dimethylisoquinolin-1-amine, 173

Obtained as a byproduct in the SNAr reaction involving chloroisoquinoline 164 and
trifluoroacetylpiperazine. Resulted from the thermal degradation of N,N-dimethylformamide
(solvent) and addition of the resulting dimethylamine on the chloro site. Obtained as a light-yellow

solid (12 mg, 24%).

1H NMR (400 MHz, Chloroform-d) &y = 8.46 (s, 1H, Hs), 8.08 (d, J = 8.6 Hz, 1H, Hs), 8.00 (s, 1H, He),
7.58 (d, J = 8.7 Hz, 1H, Hs), 7.35 (td, J = 8.4, 6.5 Hz, 1H, H1s), 6.85 (m, 2H, H13 & His), 3.82 (s, 3H,

H17), 3.13 (S, 6H, H18)

13C NMR (101 MHz, Chloroform-d) 6¢ = 171.2 (Quat., C1), 162.1 (Quat., C, 160.4 (d, J = 246.0 Hz,
Quat., C12), 157.9 (d, J = 6.7 Hz, Quat., Cis), 148.3 (CH, C3), 138.3 (Quat., C;), 134.6 (Quat., Cs),
133.1 (d, J = 1.7 Hz, CH, Cs), 129.7 (d, J = 10.7 Hz, CH, Ci4), 129.3 (CH, Cs), 126.1 (CH, Cs), 121.8
(Quat., C10), 117.7 (d, J = 17.4 Hz, Quat., C11), 108.5 (d, J = 23.2 Hz, CH, C13), 106.9 (d, J = 3.0 Hz, CH,

C1s), 86.6 (Quat., Cs), 56.2 (CHs, C17), 43.1 (CHs, Cs)

19 NMR (377 MHz, Chloroform-d) 6-=-114.9 (t, J = 7.9 Hz).

FTIR (Chloroform-d) v/ecm™ = 2919, 2849, 2360, 1619, 1579, 1551, 1501, 1469, 1439, 1365, 1274,

1238, 1207, 1279, 1062, 909, 781, 730.

HRMS (ESI*) calculated for C1sH16FIN20 = 423.0325, mass found = 423.0373.

Melting point 118—-120 °C.
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V.3 Rotational barriers

Rotational barriers were determined by thermal racemisation at specific temperatures. The
appropriate compound (1 to 2 mg) was dissolved in m-xylene and heated to the desired
temperature (T) and stirred at the latter for as long as necessary to observe a significant decrease
of enantiomeric excess. 10 pL aliquots were removed at specific time points, diluted in 1:1

2-propanol/hexane (100-200 uL), and analysed by chiral HPLC. The e.e. values of the samples

were collected and In (i) was ploted against time (t). The following equations then allowed to

determine the half-life of racemization (t;7;) and the rotational barrier (AG; )"

1
In (;) = Zkentt +C = kract +C

Kont being the enantiomerisation constant

1 . . .
Krge = Ekent being the racemisation constant

roe _ M (2)
1/2 krac

The Eyring equation:
R=8314]-K 1 -mol™?

h=6626-10734] -5
AGE = —RTI Kench
T = "\ hpT kg =1.381-10723] - K1

With R being the gas constant, h being Planck’s constant and kg being Boltzmann’s constant.
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(S)-4-Chloro-6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 20

As measured by Lucia Starofiova.!®’)

Determined at 130 °C (403 K).
Chiral HPLC (Chiralpak ADH, 20% IPA, 80% hexane, 1.0 mL/min, A = 250 nm, 10 uL injection).

8 6
10
FsC N °
a b 3w
157 112 12
NS N 14
1
time (h) time (s) % major ent. % minor ent. In(1/e.e.)
0 0 87.79 12.21 0.280
1 3600 87.71 12.29 0.282
3 10800 87.18 12.82 0.296
5 18000 87.1 12.90 0.298
8 28800 86.91 13.09 0.304
18 64800 86.41 13.59 0.317
27 97200 85.73 14.27 0.336

In(1/e.e.) = f(t)

0.350
0.300 )

L y = 5.32E-07x + 2.85E-01
0.250 R?=9.53E-01
0.200

0 20000 40000 60000 80000 100000 120000
Time (s)

krac = 2kene = 5.32x 1077 571

rac In (2)
ti =

= 15.1days (at 403 K)

krac

Using the Eyring equation:

kench
P ent
AGr = RTln( kT )

=15.1 x 10* J.mol* (at 403 K)
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=36.0 kcal.mol* (at 403 K)
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(S)-N,N-Dimethyl-4-((6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)ethynyl)anili

ne, 22a

As measured by Lucia Starofiova. 8]

Determined at 130 °C (403 K).
Chiral HPLC (Chiralpak ADH, 30% IPA, 70% hexane, 1.0 mL/min, A = 250 nm, 10 uL injection).

time (h) time (s) % major ent. % minor ent. In(1/e.e.)
0 0 86.34 13.66 0.319
1 3600 85.03 14.97 0.356
3 10800 84.05 15.95 0.384
3.667 13201 83.89 16.11 0.389
5 18000 82.76 17.24 0.423

In(1/e.e.) = f(t)

0.450
0.400
0.350 °
¢ y = 5.25E-06x + 3.26E-01
0.300 R? = 9.65E-01
0.250
0.200
0 5000 10000 15000 20000
Time (s)

krac = 2xene = 5.25x 1076 571

In (2
tijz = k( ) = 1.5 days (at 403 K)
rac
Kenth
AGH = —RTln( ;;‘tT )

=14.3 x 10* J.mol* (at 403 K)

=34.1 kcal.mol* (at 403 K)
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(S)-4-(Phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)-6-((trimethylsilyl)ethynyl)pyrimidine, 22b

Determined at 80 °C (353 K).
Chiral HPLC (Chiralpak ADH, 5% IPA, 95% hexane, 1.0 mL/min, A =250 nm, 10 yl injection).

time (h) time (s) % major ent. % minor ent. In(1/e.e.)
0 0 80.94 19.06 0.454
24 86400 80.53 19.47 0.493
49 176400 79.76 20.24 0.519
72 259200 78.82 21.18 0.551
96 345600 78.00 22.00 0.580

In(1/e.e.) = f(s)

0.600
0.500
[
0.400 y = 3.57E-07x + 4.58E-01
R%?=9.96E-01
0.300
0.200
0 100000 200000 300000 400000
Time (s)

Krae = 2kens = 3.57 X 1077 571

rac  I0(2)

ti2 =

= 22.4days (at 353 K)

krac

Kench
t_ ent
AGE = RTln( = )

=13.3 x 10* J.mol* (at 353 K)

=31.9 kcal.mol* (at 353 K)
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(R)-4-(Phenylsulfonyl)-6-(pyrrolidin-1-yl)-5-(2-(trifluoromethyl)phenyl)pyrimidine, 25

Determined at 120 °C (343 K).

Chiral HPLC (Chiralpak ADH, 30 % IPA, 70 % hexane, 1.0 mL/min, A =226 nm, 10 yl injection).

8 6
F;% N
17@ 3 \‘s//o 12
1% 1517 2 \"©13
N N 14
1
time (h) time (s) % major ent. % minor ent. In(1/e.e.)
0 0 84.58 15.42 0.369
1 3600 84.48 15.52 0.369
2 7200 84.30 15.70 0.377
5 18000 83.45 16.55 0.402
6 21600 83.20 16.80 0.509
24 86400 78.83 21.17 0.551

In(1/e.e.) = 1(s)

0.600

0.500
0.400

y = 2.00E-06x + 3.64E-01
0.300

R?=9.98E-01
0.200
0.100
0.000
0 20000 40000 60000 80000 100000

Times (s)

Krae = 2kens = 2.00 X 1076 571

rac . 1(2)

ti2 =

= 4days (at 393 K)

krac

kench
P ent
AGr = RTln( kT )

=14.2 x 10* J.mol* (at 393 K)

=34.0 kcal.mol* (at 393 K)
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(S)-4-((6-Methoxy-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)ethynyl)-N,N-dimethylaniline, 37a

Determined at 80 °C (353 K).
Chiral HPLC (Chiralpak ADH, 20% IPA, 80% hexane, 1.0 mL/min, A =250 nm, 10 ulL injection)

time (min) time (s) % major ent. % minor ent. In(1/e.e.)

0 0 84.87 15.13 0.360
15 900 83.46 16.54 0.402
30 1800 81.67 18.13 0.454
45 2700 80.39 80.39 0.498
60 3600 79.38 20.62 0.532
120 7200 74.63 25.37 0.708
180 10800 72.50 29.18 0.876
240 14400 67.22 32.78 1.066
300 18000 64.79 35.21 1.218
360 21600 62.12 37.88 1.417
420 25200 60.51 39.49 1.560
480 28800 58.57 41.43 1.764

In(1/e.e.) = f(t)

2.200

1.700

1.200
y = 4.83E-05x + 3.61E-01

0.700 R? = 1.00E+00

0.200
0 5000 10000 15000 20000 25000 30000 35000

Times (s)
Kpge = 2xens = 483 X 1075 571

In (2
tij; = ) = 4 hours (at 353 K)

krac

kench
P ent
AGr = RTln( kT )

=11.8 x 10* J.mol* (at 353 K)

= 28.2 kcal.mol? (at 353 K)
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(S)-4-(Benzyloxy)-6-chloro-5-(2-(trifluoromethyl)phenyl)pyrimidine, 40a

Determined at 80 °C (353 K).
Chiral HPLC (Chiralpak ADH, 20% IPA, 80% hexane, 1.0 mL/min, A =250 nm, 10 ulL injection).

7

8 6
F;?: N
C|16 /3 > 0,5 A 15
Ny N 12
1 1
time (h) time (s) % major ent. % minor ent. In(1/e.e.)
0 0 88.45 11.55 0.360
1 3600 87.55 12.45 0.286
2 7200 87.00 13.00 0.301
3 10800 85.92 14.08 0.331
4 14400 85.36 14.64 0.346
5 18000 84.32 15.68 0.377
6 21600 84.10 15.90 0.383
23.5 84600 75.29 24.71 0.682

In(1/e.e.) = f(t)

0.800
0.700
0.600
0.500

y = 4.88E-06x + 2.73E-01

0.400 R? = 9.96E-01
0.300 )
0.200
0 20000 40000 60000 80000 100000

Time (s)

Krae = 2jens = 4.88 X 1076 571

rac . 1(2)

ti2 =

= 1.6 days (at 353 K)

krac

kench
P ent
AGr = RTln( kT )

=12.5 x 10* J.mol* (at 353 K)

=29.8 kcal.mol* (at 353 K)

367



4-(1-Benzyl-1H-1,2,3-triazol-4-yl)-6-methoxy-5-(2-(trifluoromethyl)phenyl)pyrimidine, 42a

As measured by Alistair Ross.[108]

Determined at 120 °C (393 K).
Chiral HPLC (Chiralpak IC, 2% IPA, 98% hexane, 1.0 mL/min, A =250 nm, 10 yl injection)

time (min) time (s) % major ent. % minor ent. In(1/e.e.)

0 0 95.53 4.47 0.094

5 300 95.42 4.58 0.096
15 900 93.91 6.09 0.130
30 1800 91.57 8.43 0.185
45 2700 89.29 10.71 0.241
60 3600 87.95 12.05 0.276
75 4500 85.35 14.65 0.347
90 5400 83.37 16.63 0.404
105 6300 81.07 18.93 0.476
120 7200 79.43 20.57 0.530
150 9000 77.87 22.13 0.584
180 12600 73.96 26.04 0.736
240 14400 67.6 324 1.044
275 16500 66.03 33.97 1.138

In(1/e.e.) = f(t)

1.200
1.000
0.800
0.600
0.400
0.200
0.000

y = 6.37E-05x + 6.63E-02
R?=9.93E-01

0 5000 10000 15000 20000

Time (s)

Krae = 2pens = 6.37 X 1075 571

rac 1N (2)

12 = = 3.0 hours (at 393 K)

krac

368



k. .h
AG¥ = —RTI ( ent )
T kT

=13.1 x 10% J.mol* (at 393 K)

=31.3 kcal.mol* (at 393 K)
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tert-Butyl 4-(4-(4-isopropyl-6-methoxypyrimidin-5-yl)isoquinolin-1-yl)piperazine-1-carboxylate,

119

Determined at 80 °C (353 K).
Chiral HPLC (Chiralpak ADH, 4% IPA, 96% hexane, 1.0 mL/min, 1 =254 nm, 50 ulL injection).

time (min) time (s) % major ent. % minor ent. In(1/e.e.)

0 0 100 0.00 0.000
15 900 99.0 0.91 0.018
30 1800 97.83 217 0.044
45 2700 96.49 3.51 0.073
60 3600 95.87 4.13 0.086
75 4500 93.46 6.54 0.140
90 5400 91.69 8.31 0.182
105 6300 90.37 9.63 0.214
120 7200 89.00 11.00 0.248
150 9000 85.62 14.38 0.339
180 10800 82.69 17.31 0.425
210 12600 80.07 19.93 0.508
240 14400 77.66 22.34 0.592
270 16200 75.65 24.35 0.667
300 18000 73.57 26.43 0.752

In(1/e.e.) = f(t)

0.800 o
0.600
0.400
0.200 y = 3.97E-05x
R? = 9.94E-01
0.000 ¢
0 5000 10000 15000 20000

Time (s)
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Krae = 2pens = 3.97 X 1075 571

rac __ ln (2)
ti2 =

= 4 hours 48 min (at 353 K)

krac

kenth
P _ ent
AGr = RTln( kT )

=11.9 x 10% J.mol* (at 353 K)

= 28.4 kcal.mol* (at 353 K)
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1-(4-(6-(2-Fluoro-6-hydroxyphenyl)-4-(4-isopropyl-6-methoxypyrimidin-5-yl)isoquinolin-1-

yl)piperazin-1-yl)prop-2-en-1-one, 150

Determined at 80 °C (353 K).
Chiral HPLC (Chiralpak IA, 25% IPA, 75% hexane, 1.0 mL/min, A =254 nm, 50 il injection).

time (min) time (s) % major ent. % minor ent. In(1/e.e.)

0 0 100 0.00 0.000
30 1800 97.21 2.79 0.057
45 2700 96.05 3.95 0.082
60 3600 95.18 4.82 0.101
75 4500 92.73 7.27 0.157
90 5400 91.12 8.88 0.196
105 6300 90.01 9.99 0.223
120 7200 88.29 11.71 0.267
150 9000 85.73 14.27 0.336
180 10800 83.06 16.94 0.414
210 12600 79.02 20.98 0.544
240 14400 78.66 21.34 0.557
270 16200 75.73 24.27 0.664
300 18000 73.93 26.07 0.737

In(1/e.e.) = f(t)

0.800
0.700
0.600
0.500
0.400 y = 3.97E-05x
0.300 R2 = 9.96E-01
0.200 ©

0.100 s e

0.000

0 5000 10000 15000 20000

Time (s)
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Krae = 2pens = 3.97 X 1075 571

rac __ ln (2)
ti2 =

= 4 hours 48 min (at 353 K)

krac

kenth
P _ ent
AGr = RTln( kT )

=11.9 x 10% J.mol* (at 353 K)

= 28.4 kcal.mol? (at 353 K)
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IV.4  X-Ray Crystallography

(S)-N,N-Dimethyl-4-((6-(phenylsulfonyl)-5-(2-(trifluoromethyl)phenyl)pyrimidin-4-yl)ethynyl)anili

ne, 22a

Yellow needles of X-ray quality were grown by slow evaporation of a solution of 22a (30 mg, 97:3
e.r.) in 2-propanol. The Flack x parameter was refined to -0.023(14). Bayesian analysis of the

Bijvoet pairs gave the Hooft y parameter as -0.015(6).

Identification Code 0120S20

Empirical Formula C27 H20F3 N3 02S

M, 507.53

Temperature 150 K

Wavelength A =1.54180 A (Cu Kq)

Crystal System Monoclinic

Space Group P2

Unit Cell Dimensions a=7.95200(10) A o =90°

B=9.60450(10)A B =95.2671(10)°
c=31.4531(4) A y =90°

Volume 2392.09(5) (A3)

Z 4

Density (Calculated) 1.409 Mg m3

Absorption Coefficient 1.677 mm*

Crystal Size 0.05 x 0.08 x 0.18 mm?3

Theta range for data collection 4.235t0 76.176°

Index Ranges -9<=h<=8, -11<=k<=12 , -39<=I<=38
Reflections Collected 32489

Independent Reflections 9883 [R(int) = 0.032]
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Completeness to theta = 74.652°
Absorption Correction
Refinement method
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Flack x parameter

Hooft y parameter

99.7%

multi-scan

Full-matrix least-squares on F2
1.0378

R1=0.0374, wR2 =0.1035
R1=0.0416, wR2 =0.1082
-0.023(14)

-0.015(6)
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VI. Appendix

Appendix A — Origin of rate of racemisation equation!*’

Let A be the major enantiomer in an enantioenriched sample undergoing racemisation, where B is
the minor enantiomer. Let k1 and k-1 be the rate constants associated with the interconversion of

A to B and B to A respectively.

The rate of change of [A] would then be

d[A]
T —k,[A] + k_4[B]

In the context of an enantiomerisation process, it can be assumed that k1 = k-1 = kent

d[A]

7 = kent([B] - [A])

The conservation of mass implies that, at any given time t, [A] + [B] = [Ao] + [Bo], where [A¢g] and
[Bo] are the initial concentrations in A and B, respectively (t = 0). Therefore, [B] = [Ao] + [Bo] — [A],
and by incorporating this into the equation above, we get:

]

dt = kent([AO] + [Bo] — Z[A])

dA
[Ao] + [Bo] — 2[4]

= kentdt
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Integrating this equation gives

[4] d[A] ) )
'];Ao] [40] + [Bo] — 2[A] Kent L dt

[~ tm (1401 + Bo] = 204D)| = keneltl
1 1
== ([dg] + [Bo] = 21A1) + 5 1n((Ay] + [Bo] = 2[Ag]) = Kenet

2

Rearranging the equation

[Bo] — [Ao] _
In <[Ao 5 ) = 2konst

Reinjecting the conservation of mass in the denominator ([Ao] + [Bo] — [A] = [B])

[Bo] — [4o]\
In <m) = 2kopst

Multiplying the numerator and denominator by [A] + [B] and rearranging the equation

(o) — [4o] _ [4] +[B]\ _
l”([A]+[B] g [B]—[A])‘z"e"ft

Separating the logarithms and using the conservation of mass once again

[Bo] — [Ao] [4] + [B]\ _
n ([Ao] + [Bo]> i ([B] - [A]) = Zkentt

Rearranging the equation above

(4] + [B]) [Ao] + [Bo]
n ([B] = [A]) = Zhenct + In ([Bo] = [Ao])
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By definition, the enantiomeric excess (ee) of a system where A is the major enantiomer and B is

the minor enantiomer is

Therefore, with eep as the initial enantiomeric excess (t = 0) and Kkrac = 2kent

(L) = 2kt 10 () = et + 10 ( )
n ce) ent n ee, = "rac n ee,

Thus, lni = f(t) is a straight line.

The half-life of racemisation is defined as the time t;7; when ee = 0.5 = 1/2, assuming eeo = 1

1 1
In (1—/2) = kractI72C + In (I)
Therefore
In(2) = kractI;lZC

oo _ 22

ti2 =

krac
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Appendix B — Failed attempts at SNAr on the sulfonyl group

R
F3C RNy F3C
C\ —_ R
N % SO,Ph So.ll_:u:nt N % | N‘R
N N N N
25 31x
rac. x=a..b
R,NH Additive(s) Solvent Temperature Duration Result
Morpholine N/A Neat 100 °C 48 h No reaction
Morpholine N/A Neat 120 °C 96 h No reaction
Morpholine K,CO3 DMF 120 °C 16 h No reaction
Morpholine DIPEA DMF 120 °C 16 h No reaction
Et,NH N/A Neat r.t. 96 h No reaction
Et,NH N/A Neat 120 °C 96 h No reaction
Et,NH DIPEA DMF r.t. 16 h No reaction
Et,NH DIPEA DMF 120 °C 16 h No reaction
Et,NH nBuEﬁ(%ﬂ ol%) PhMe/H,0 rt. 16h No reaction
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Appendix C — MPLS PGR Student Log — Impact of the
Coronavirus (COVID-19) Public Health Emergency

The University and the MPLS Division are aware that the current situation with the coronavirus
(COVID-19) public health emergency will have a very significant effect on PGR students, including
on their research projects. We are working on policies and procedures to deal with the impacts,
but it will help us and you if there is clear information on how the situation has an impact on you
as it progresses. We have therefore prepared this template log for you to use to help you to keep
track of how the situation affects your research progression over time. If you keep this up to date
it will provide important information for us to ensure that you receive any additional time and

support you need at a later stage.

This log is designed to be completed by you, the student, but you should share this with your
supervisor and work on content collaboratively if required. Supervisors can include their own
comments in the additional details column if required. Please ensure it is clear where information

is a supervisor contribution.

Please save this document with your name and student number so that we can easily trace it to

you if necessary.
Student name (family, first name): Danet, Benjamin Student number: 2354037
Department: Chemistry (Chemistry Research Laboratory) Programme of Study: SBM CDT

Supervisor: Martin D. Smith, Paul E. Brennan.
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Event
start

date

Event end

date

Brief description

Level

impact

of

Additional details

18/3/20

13/07/20

Lockdown — Staying at

home

High

Was constrained to stay at home
for almost 4 months due to the
international pandemic. My work
being exclusively lab-based, | was
not able to achieve any progress

during this time.

14/07/20

22/08/20

Resumed work (1

week on/ 1 week off)

Medium

Due to the 3 (then 4) people per
lab limit, the members of the

switch places so that

group
everyone gets the same amount of
time in the lab, which leads to
some weeks where | am unable to

carry out any lab work

23/08/20

07/09/20

Quarantine — Staying

at home

High

Had to quarantine for 14 days
after visiting family in France
during August and the government
implemented a self-isolation policy
for people coming back to the

United Kingdom whilst | was there.

08/09/20

17/10/20

Resumed work on/off

(2 weeks on/ 1 week

off)

Medium

Due to the 3 (then 4) people per
lab limit, the members of the
that

switch places so

group
everyone gets the same amount of
time in the lab, which leads to
some weeks where | am unable to

carry out any lab work.

18/10/20

02/01/21

Work in AM/PM shift

Medium

Back to the lab every day, but only
on AM/PM shifts due to the
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increasing number of people in the
lab and the limitation on
occupancy. (AM shift = 7 am —
2.15 pm; PM shift = 2.40 pm — 10

pm).

03/01/21

13/01/21

Quarantine — Staying

at home

High

Had to quarantine for 10 days
after visiting family in France for

Christmas.

14/01/21

31/05/21

Work in AM/PM shift

Medium

Back to the lab every day, but only
on AM/PM shifts due to the
increasing number of people in the
lab and the limitation on
occupancy. (AM shift = 6 am —
2.15 pm; PM shift = 2.40 pm — 12

am).

01/06/21

19/07/21

Work 4 to 4.5 days a
week (out of 5)

Low

Maximum occupancy in the lab
was allowed to 6, so shift work
was abandoned and full-time work
was possible again. However, to
accommodate 7 people on that
schedule half a day 2/3 weeks and
a full day 1/3 week had to be
taken off.

20/07/21

19/11/21

Normal working hours

None

Back to normal working hours in

the lab

20/11/21

25/11/21

Self-isolation / close

contact

High

Advised to stay out of the lab after
being a close contact. Waiting for

confirmation of no infection.

26/11/21

14/02/22

Normal working hours

None

Back to normal working hours in

the lab
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