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Abstract

Carboxylate C—0 bonds are atom-economical, robust in synthesis, and easily accessible,
but have traditionally been ineffective synthetic handles for Pd catalysis. In this thesis the utility
of these cross-coupling handles in Pd catalysis has been established. As global climate issues
necessitate an alternative to oil-based processes, the development of Pd-catalyzed C—O bond
activation chemistry, such as the chemistry explored in this thesis, has the potential to aid in

biomass becoming a common future feedstock.

This thesis is divided into three research chapters. Firstly, we evaluated the mechanism
of an air-stable, base-free, Pd-catalyzed cross coupling of enol carboxylates and aryl boronic acids
that was first developed within the Leitch Lab. This experimental evaluation uncovered key
intermediates that allowed us to propose a cationic Pd(ll)-only mechanism. Secondly, the
knowledge gained in evaluating the mechanism was applied to Miyaura borylation of various enol
carboxylates. In this study we uncovered that the nature of the enol carboxylate and the boron
source greatly impacted the reactivity in the initial synthesis as well as any future desired
reactivity of the enol boronate. Finally, by identifying active pharmaceutical ingredients,
specifically pyrido[1,2-a]pyrimidin-4-ones, that could be used in future C-0 activation chemistry,
we systematically approached their synthesis to create and characterize a library of substituted
molecules. We demonstrated that we could functionalize these molecules with both pivalate and
tosylate synthetic handles. Because the fundamental reactivity of these carboxylate C—O bonds
is established, these three chapters have created myriad potential research projects that are

discussed in Chapter 5.



Table of Contents

Table of Contents

SUPCIVISOIrY COMMUEEEE ....u.eueeeeeieeeiiireiriireernireiretretretreeresrsseesessessessesssssnssnsssssnssnssnssnssssssssnssnns ii
Y <X 1 o (o S i
TADIC Of CONTENLS ....cueeeeeeeeeeieeereireseiseeireeseeseesssetssssessssssssssessssssssssessssssesssesssensesssenssensssnsennns iv
AdditioNA] INFOIMATION ......c..eeueeeeeeereeeeireeireseeiieeeireseussessresssussessssssssssensssssssssensssssssssenseenssnns viii
LiSt Of FIQUI@S......eeeueeeeeeneeeeeeeeeeeeeeeeeicesteenissentnsssensssssssmsssssnssssssnssssssnsssessnsssnssnssssssnsssnssnsssanenn ix
LiSt Of TABIES ......eeeeeeeeeeeeeeeeeeeeseeeeeieeeeeieseeeeeaeeseeesiesseassssenssssssnssssssnssssssnsssnssnsssnssnsssssnnssnnes xii
LiSt Of ADDICVIALIONS .....eueeeeeeeeeieeseereeieeestesresenesenssesteasessstnsesssesssensssssssssensssssenssenssenssnssennns Xiii
o Lo X 7 Lo Lo L= 4 = 1 1 < xXvi
(0 Lo 1T =T 0 R [ e To [ ot 1 [ ) o 1
1.1: Pd-Catalyzed Cross-CoupliNg ChemMISIIY.....cccieuiieiieiieiireiiieiieeiineernnerneenseessressrassesssenssasssnsssnsssnns 1
1.1, 1 HiStOrY Of CrOSS=COUD NG . . uuuieeeeeeeeeeeeeeeeeeeeeeee et eeee e et eteeeeeeeeeeeeeeeeeeeeeeseeereeeeeeteteeeeeeeeetetererererererererereeteeeereaens 1

1.1.2 Mechanisms of Pd-Catalyzed Cross-Coupling REACHIONS ....cceevviiieieiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeseseseeeseeesenees 3

1.2 C—O Bond Activation WIth Pd.......ccieuiieiiieiiiiiiiieiiieireireitteiteesiseetnserasesnssessresssassssssssssasssasesnsssnns 8
1.2.1 Pseudohalides as Efficient, Green, and ECONOmMIC ALEIrNatiVES ......ooovvviiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeens 8

1.2.2 ReVIEW Of RECENT LITEIAtUIE . .uvvvveiiieiii ittt e e ettt e e e esbat e e e e e s e abbe e e e e e e eesasbaaseesseesesssbsbeeseesssesssares 12

1.3 ANAlYSIS TECHNIGUES ..uuieunieeiieiieiiieiieeiieereereeentieesreesressresseessaestsserssesssessssssssasssassssssesssasssasesnsene 22
T Y Y o T=Tord o .4 114 TS 22

1.3.2 NUCICAr IMaNEEIC RESONANCE ... e e e ee et et e et ettt et et ettt et et ettt ettt et e et eeeete ettt eeeeeeteteeeterererererereserereeeaerens 23

1.3.2 High—ThroUughput EXPDerimMENTatioN ... eeeeeeeeeeeee ettt ettt ettt e et e e et ettt e e e e eeeeeeeeeeeeeeterererererererereeeeeaeeens 24

IR I o T R 0 o 1= ot LY =S 25
IS 2= (= =Y ol =X S 29

Chapter 2: An experimental evaluation of an open to air, base-free, Pd-catalyzed reaction of

enol carboxylates and aryl BOIrONIC ACIUS. ........cuu.euueeeeeeeirereeeereirereeireesrresenssensssesssssenssssssnssens 44
2 TR S =Y = o 44
2 <13 4 = Lot 44
28 30 101 4o Yo VT o u o Y 1 44
2.4 ReSUILS aNd DiSCUSSION c..ieueietireieniieeirenerenteeireeireesrsserssessssssssasessssssssssssosssassssssssssssssasssnsesnssssssnns 48

2.4.0 PrelimiNary STUGIES. .....cuviuiiiiiiiiiiieieterererereeeeerererere—.————————————————————.aaeaaaa.a—————————rasssasesesesssesssssssesessesseeees 48
2.4.2 Analysis of Pd(11) vS PA(0)/PA(11) IMECRANISINS ....veeeeeeeeeeeeeeeeeee e ee et e et e eeeseeeeeeesesessesseerreeessssessereeeees 54
283 0o 3 Tl 1113 oY o Y 61
2 3 S o Y=Y T =) 11 - | 61
N N T T=] =] @l T a I [ [=T =Y o o R 61
2.6.2 PrelimiNary STUGIES. .....cuviiiiiiiiieiiiiieeireteeerererererererer.—————————————————————..eaeaa..————————rasssesesssesssesssssssesessessesees 62




2.6.3 Analysis of Pd(11) vS PA(0)/PA(11) IMECRANISINS ....vvveeeeeeeeeeeeieeee e ee ettt et e e e e eeseeaeeeeesesessssseereeeessssessereseees 66

2.7 REFEIEINCES ..euirenireiiieiieeiteeerntereitenstessressrassesssessssssssssssssssssssssasesassssssssssosssassssssssssasssasssnsesnsennssnns 68

Chapter 3: Base-Free Palladium-Catalyzed Borylation of Enol Carboxylates and Further

Reactivity Toward Deboronation and Cross-Coupling ...............ueeueeeeeeceereencereeensenneenserseensennn 72
o 00 N o =) = = 72
o 30 N 13 4 = Vot 72
o 38 30 100 e Yo W o u o Y Y 73
3.4 ReSUILS aNd DiSCUSSION c..ieuererireiieniieeirenereeeeireeirsesrsserssessssssssasessssssssssssosssassssssssssasssssssnsesnsssnsenns 76

3.4.1 Borylation Conditions for MUItiple SUDSEIate CIaSSES .....uuuuurueeeeeeeeeeee s e e e e s se s e eeeeseseseseeeeeeeeeeeeeeeas 76
3.4.2 Protodeboronation as @ Means Of Net-DeOXYZENATION ....uuuueueeeeee s e e e e e s e se s e seseseseseseeeeeeeseeseeeeas 85
3.4.3 Achieving Stability with An Alternative Boronic ESter, BoEPiNg ... .o eeee et e e e e e e e e e e e e e e e e 88
o 38 oo 3 Tl 1113 oY o Y 90
o 0 oY= T =Y 11 - | 91
N N N T T=] =1 @l T e Y [ [=T =Y o o R 91
3.6.2 SCIEENINE PrOCEAUIES: «..evvvvivitieierererreerererererererererererer..———————————————.aasasaanaaaaaaaaaasasesasesesesesssesssssssssessesseeees 92
3.6.3 SYNthESiS Of StArTiNG IMaterialS: .uuveeeererererererererereeeieierereee e sesesssesssesesesesssesesessessessesseeees 97
3.6.4 PalladiUum PreCatalyStS...cuuuuuuieieierirereeererererererererererererereeenen...—.——————————————————————— o —aararararesssresseseeseees 105
3.6.5 3,4-DiethylheXane-3,4-io] SYNTRESIS ...vuuurerireriieriieiet e s e s e s s s e seseseseseseseseseessesessesas 105
3.6.6 Synthesis of AIKENY| PINGCOI BOIONAEES ....vuvururerereieieiereieie s s e s e s e s s s e sesesesesesesesessessesessess 106
ER W AID]=] oToT oo T u e o W ad oo [V ol £SO 111
3.6.8 Synthesis of Alkenyl EthyIDINACOI BOMONAEES ....uvvuvereeereiee s s e s e s e s e seseseseseseseseeeeseesessenas 113
3.6.9 SUZUKI COUPIINE ceveveiiiiiiiiiiiiiiiiiiieiiiteeeitereeeresereaeaesaaaaarara—a———————————————aaaaaaaaaaaaaaaasasssssssesssesesssesessessesesseees 116
3.7 REFEIEINCES ..ceuireuireniieiieeiteeernieretenstesereserssseesseessssssssersssssssssssasesassssssosssasssassssssssssasssnsesnsennsennsne 122

Chapter 4: The development of novel cross-coupling scaffolds for C—O activation chemistry 129

O TR o (=Y = Vol 129
L X+ 1 1 - Vot (N 129
3 30 1o Yo 11 ot o o YN 129
4.4 RESUILS aNd DiSCUSSION: veueeerienireeireeirerretieestasernsersseesssessrsssssssesssssssassssssssssssssssesnsesnssssssasssasssas 132
4.5 FUNCHONAIIZAtION Of PPDS...cuiiuitiieiieiteiieeiineernsereeenstessressssssessssssssssssssssssssssssssnsesassenssssssasssas 137
4.6 CONCIUSIONS .cuuietiiniieniieeereieeeiieeiieeireeeresteesteestaseraserasessssasssassssssesssasssassssssssssssssssesnsesnsssnssasssassnas 138
4.7 EXPOITMENTAL...cuiieieiiiireiiriieiieeireereteetteestaseraserasessssessrassrsssesssasssassssssssssssssssesasssassenssasssassnns 139
A.7.1 GENEIAl CONSIAOIATIONS: «uueeeeeeee e e e e e e e e e e e s e eeseeeseseseseeeesseesesessseeeeeseseseeeseseseeeeeeeerererererereeeeeeeeereeees 139
A.7.2 IVIETNOT A-C PrOCEAUIES: et e e e e e e e e e e sesesesesesesesseeseseeseseseeeseeeseseseseseeeseeeeeererererererereeeeeeeeereeee 140
4.7.3: Synthesis of SUDSHEULEA 2-NYArOXY-PPDS .....oeeeeeeeeeeeeeeeee ettt ettt e et et e et et et ettt et eeeeetererereeeeeeeeeeeeereeees 142
4.7.4 SyNthesis Of FUNCHONGIZEA PPDS .....uueeeeeeeeeeeeeeeee ettt et et et et e e e e e e e et e e et e e e eeeeeeeeeeeeeeeeeeeeeeerererereeereseesreeereaees 147
=3 =] =] =Y o< 150
Chapter 5: Conclusions and FULUIe QULIOOK ..........ce.eeeeeeeeeeereiresireireirisseesreessessemssssssssseneens 154
5.1 CONCIUSIONS ceuuieuireiiieiieeiineetetereteeesteeereseensseesteessssssssersssasssasesasessssesssosssasssassssssssssasssnsesnsesnssnnnne 154
L3 AL UL T =3 DT =Yt n Lo o S 157
5.2.0 SUZUKI LIKE CREMUISEIY ceevviiiiiiiiiiieiieererereseeerereresereseresesssssassssnnsnsassannnnnannaneanaaanassssssssssesesesssessssessesesseees 157




5.2.2 Oxidative Addition Of AIKENYI CarbOXY @S .....uuuuererereeee s s s e s e s e seseseseseseseseesesseeeeseeas 159

5.2.3 BOrylation Of AlKENY| CarbDoXYIates ....uuuuuueeeeeeeiereieiiieiet s s s e s e s s s e s e sesesesesesesessessesessens 162
5.2.4 High Throughput Screening of Pivalated PPD for SUZUKI REACHIVITY ...uuueeeeeieieieeeeeeeeeeeeeeeeeee e ee e e e e e 164
5.2.5 SONOZASNIT COUDINE coevviviiiiiiiiiiiiiiietetereearereteteaerauaaeaar————————————————————————a—— e asasasssasesesesssessssesseseeseess 165
5.2.6 EXPaNSion Of SUZUKI-IIKE CREMUISEIY vuvuvuverererereiereieiiieieiee s s s s s e s s s e sesasesesesesesessessesessens 166
LR B o oY= T =Y 11 - | S 168
5.3.1 Oxidative Addition Of AIKENYI CarbOXYIateS .....uuuuereeerereee e s s e s e s e se s e s e seseseseseeeeseesesseeas 168
5.3.2 BOrylation Of AlKENY| CarboXYIates ....uuuuuueeeeeeeiereieiiieiii e s e s e s e s s s e seseseseseseseseseeesesessess 170
5.3.3 EXPansSion Of SUZUKI-IIKE CREMUISEIY vuvuvurerererereiereieiiieieiee s s s s s e s s s e sesesesesesesesesssssssessens 170
L B S =T =) 4 ol =3NS 172

Appendix A: An experimental evaluation of an open to air, base-free, Pd-catalyzed reaction of

enol carboxylates and aryl DOIrONIC ACIUS. ........cee.eeeeeeereieeerererreieeeseeereesiresersenseresenssensesasennns 175
PN T =Y T= = 1 I [2Y oY o 00 T= L Lo ) 1N 175
A2 Preliminary STUGIES . ..ciciiiieiieiieciieeireiireiteeitneeretereeesstessressressesssesssassssssssssssssssssasesassssssasssassnas 176
A3 Analysis of Pd(l1) vs PA(0)/Pd(l1) MEChaNiSMS.......cceeeueeiereenniereenniereensseeresssseeresssseesessssessesssnens 177

A3.1 ADAITIONA] G IMIS AL 1ttt e e e e e s e e e e e e e e e eeeeeeeeeeeeeeeeeseseseeeeeseseeeseseseeeeeeeererererererereeeeeeerereaees 177
A3.2 AQAITIONA] ESIIMIS Ga@ e e e e e e e e e e e e e e e e seseeeseeeeeeeeesseseseseeeeeseseseseseseseeeeeererererererereeeeseeeeraeees 178
J R B0 TU1 L e=Ye BT o Y=Yt { = [OOSR PTPRRPRRPPRRRRRIN 180
A4 Characterization Data .....ccceeiieeiieeiieiieiiieiieeiineetnsereieesstessressrsssesssesssassssssssssssssssssnsesnssssssssssasssas 181
N =] Y =Y 0 o= 184

Appendix B: Base-Free Palladium-Catalyzed Borylation of Enol Carboxylates and Further

Reactivity Toward Deboronation and Cross-Coupling ...............eeeeeeeerrvevennesiirinnennnssesssnnnnnnnes 185
3 A CT=Ta Y=Y =1 I 1230 Y o 0.0 Y= L Lo 1 185
B2 Additional EXPerimental Data ......cccicceieiieiieniieeiieeiieiieieeiieesineerssernsesnssesssasssasssnssenssasssssssnsesnns 186
B3 Purification ChromMatOZrams ...c..cveeereeeireenierensereesereessrenserensesssssssssssssssessssessssessssssensssensssssssssnns 187

B3.1 DEOXYZENALEA COMPBOUNGS «..ueeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeseseseseeeeeeeeseseeeseseeeeeeeeeeeeeeeeeetereterererererereresereeeeee 187
B3.2 Ethylpinacol Borylated COMPOUNGS ....eeeeeeeeeeeeeeeee et eeee ettt et et et e e e e et e e et e e ettt eeeeteeeeeteteteterererererereresereeeeees 193
B3.3 ANV Iated COMPDOUNGS. ... e e ee e e e e e et e eeeeeeeeteseseseseseseseeeeeeeeseeeeeseseeeseseeeeeeeeeeeeterererererererereresereeeeees 199
7 B Y Y e Y=Y of 1 - I 207
B, 1 SEartING IMIAtEIIAIS « e ettt e ettt et et et et eeereeeeeeeeeeeeeeeeeeeeeeeeeeaeseeeeeeeeeeeeeeeetetererererererererereserereaees 207
BZ4.2 AIKENY] PINACOI BOIONATES . ueeeeeeeeeeeeeee et e ettt eeee et eeeeeeeeeeeeeeteeeeeeeeeereeeeeseeeeeeeeteeeeeeeeeteretetererereeererererereeeaees 216
B4.3 DEbOrONated COMPOUNDS . .eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteseseseseseseseeeeeeeeeeeeeeseseeereeteeeeeeeteteeereterererererererererereeen 225
B4.4 AIKENY] EthYIDINGCOI BOTONGEES «..eeeeeeeeeeeeeee ettt ettt ettt ettt e e et e e e e e et et e e et e eeeeeeeeeeeeteeteeeteterererererereresereeeeees 227
BA4.5 SUZUKI COUPD NG PrOGUECES «..eieeeeeeeeeeeeeeeeee et eeeeee e e e et et e e et e e et eeeeeeeeeeeeseseeeeeeeeeeeeteeeeeeeeeeeteretererererererereseseeeeees 235
B5 REFEIEINCES euuieurerireiieeireeireeiteetreeeestessteserssessssesssessrassssssssssasssssssssessssssssssssasssasssnssenssasssnsssnsennns 240

Appendix C: The Development of Novel Cross-Coupling Scaffolds for C—O Activation Chemistry

—SUPPIEMENLArY MUALEIIQL ........eeueeeeeeeeeereeeeeeeeireeriseeeereereseruessessssseasssssrasssasessssassrasensssnnses 241
(O I CT=Y 1= =1 I 127 oY o 0.0 T= 1 o) 1 S 241
C2. Reaction OPtimMization:....cccieiiuiieeiieireiireiieeiieeireettnereseenssesssnsesassesssssssasssassssssssssasssssesnsssnsssnnne 241

C2.1 AtMOSPNEIE OPtiMIZATION: cevviiieieiiiiieterereterererereeere—————————————————————————————a i asasesesasesesssssessssessesesseses 241
C2.2 Temperature Optimization With IMEERO A ....eeeeeeeeeeieee e s s s e s e s e se s e s e seseseseseeeeseseeeeeeas 242

Vi



C3. General Reaction and Diethyl Malonate ......c.cciieiieiiieiieeiieeieiereiieniieesiesreeresseesssessnsesnsesnsssnnss 243

C3.1 GENEIAI REACHION: ... ettt ettt ettt b e bt b e b e st e e bt e bt eab e eabeshtesbe e beesbeesbeenbeenbeenbeenbesabesatesaees 243

C3.2 RECYCING DItNYI IMAlONAEE: ..evvvvviireiereteriiireeereieiereeeiar s e s s sesssssesssasesesesssessssessesessens 244

C4. PPD Characterization Data (*H, 3C, and "9F NIMIR) .....c.ceceeererveererceenseessessenssessnessesssessesssesesssens 245
C5. Tosylation Characterization Data (*H and CNMR).......cccceevereeerererersenssessesssesssessesssessesssessesssens 265
C6. Pivalation Characterization Data ("H and 3C NIMIR) .....ccccceverreerererensesssesseesnessnesesssesseessesessnens 269
C7. REfErENCES ...cceviiiiiiiiiiiiiii i s 272
Appendix D: Conclusions and Future Work — Supplementary Material....................cccceeeeeuee. 273
D1. Oxidative Addition Monitoring of Alkenyl Carboxylates ...........cccceeveiiiiiiiiiiiiiiisciississssnennnnnnnee 273
D2. Borylation of Alkenyl Carboxylates.........cccceviiiiiiiiiiiiiiiiiiii e 283

Vii



Additional Information

When possible, the colours used in this thesis follow the IBM Design Library’s colourblind palette.

viii



List of Figures

Figure 1.1: Common Pd-catalyzed cross-coupling reactions.........ccooeeeeeveueeiiieiiiviieeeeeeeeieee e 3
Figure 1.2: Common Pd(0)/(l1) Catalytic Cycle involving oxidative addition, transmetalation, and
[£=To [0 Totn 1Y/=0 =Y [T YT =Y uT o] o VOO PSURRRRRRN 4
Figure 1.3: Pd-catalyzed cross-coupling MeChaniSmS.........eeviiiiieiieiiiiiiiicee e 6
Figure 1.4: Pd reactivity of C—O bond containing pseudohalides, originally published in 2020.....9
Figure 1.5: Previous methods of activation for carboxylate C—0 bonds®%04 111 . rrvreeennn. 11
Figure 1.6: Functional groups discussed in thisS SECHON ......cciiiiivieieiiiiiiieee e, 13
Figure 1.7: a) Ligand exchange reaction on mesylate containing OAC, b) Microwave assisted
Suzuki coupling of aryl mesylate and phenylboronic acid. .......cooevviiveiiiiiiiiiiieee e 14

Figure 1.8: a) Novel Suzuki cross-coupling of aryl nosylates and phenyl diethanolamine
boronates, b) Comparative reactivity of aryl oxysulfones when reacted in a Suzuki reaction with

Y74l oYo] (o] 01 Lol Yol [o k-3 TR 15
Figure 1.9: Expanded Suzuki reactivity to sulfamate functionalized oxazoles, b) Buchwald-
Hartwig coupling of aryl sulfamates and anilines, aliphatic amines, and amides..............ccoeuuu.... 16
Figure 1.10: Bimetallic Pd/Ni cross-Ullman reaction of Aryl triflates and tosylates, hypothesized
MEChaNISM DY WEIX BT @l ceeeveeeiiiiiieeee et ettt e e e et e e e e e s aaa s e e e e eaaaaans 18

Figure 1.11: a) Buchwald-Hartwig coupling with aryl fluorosulfonates in water, b) Tandem C—
0/C—H activation of aryl fluorosulfonates with benzoxazoles and other heterocycles, c)

Cyclopropanation of aryl flUOrOSUIFONGLES ........uueiiiiiiieie et 19
Figure 1.12: a) deoxymethylation of phenols through a fluorosulfonate intermediate, b) Heck
coupling of phenols with alkenes through a DCID functionalized intermediate............ccovvvuunnne.e. 21

Figure 1.13: Summary of Chapters 2-4. Chapter 2: An experimental evaluation of an open to air,
base-free, Pd-catalyzed reaction of enol carboxylates and aryl boronic acids. Chapter 3: Base-
Free Palladium-Catalyzed Borylation of Enol Carboxylates and Further Reactivity Toward
Deboronation and Cross-Coupling Chapter 4: The development of novel cross-coupling scaffolds
o) S O O I Totu V=Y o] 0 1o g T=1 0.4 1) 1 Y/ 26
Figure 2.1: Alkenyl carboxylate coupling and potential mechanisms, A) ‘Typical’ Pd(0)/(11)
pathway with turnover-limiting oxidative addition. B) Proposed reduction pathway for Pd(OAc).
involving double transmetallation and reductive elimination. C) Redox-neutral mechanism with
turnover-limiting C=C insertion. D) Established Pd-catalyzed conjugate addition mechanism

involving cationiC PA(I1) INtErMEdIiates. ....ueu e ettt e e e e e e e e e e et et e e e 47
Figure 2.2: Monitoring of reactions between enol carboxylates and assorted aryl boronic acids.
'H NMR solution yields determined using 1,3,5-trimethoxybenzene as internal standard.......... 49

Figure 2.3: Monitoring of reactions between enol carboxylates and 4-tolylboronic acid with
varying ligand concentrations. *H NMR solution yields determined using 1,3,5-

trimethoxybenzene as internal StaNdard. ........coooviiieeieiiiiiiiee e et eaaa 51
Figure 2.4: Sequential addition of P(0-OMePh)s to solution containing Pd(OAc),. Observed
(trace) and calculated (bars) M/z iSOTtOPE PATEEINS. ...covvieeeeeeeeeeeeeeee ettt e e e eae e e e eeeees 57
Figure 2.5: Sequential addition of a charge-tagged aryl boronic acid to a solution containing
Pd(OAc), and P(o-OMePh)s. Observed (trace) and calculated (bars) m/z isotope patterns.......... 58




Figure 2.6: a) Sequential addition of an enol carboxylate to a solution containing Pd(OAc),, P(o-
OMePh)s, and a charge-tagged aryl boronic acid. Observed (trace) and calculated (bars) m/z

isotope patterns. b) Collision induced dissociation of the formed intermediate. ........ccceeeeennn.... 59
Figure 2.7: Proposed cationic Pd(ll) cycle with observed (trace) and calculated (bars) m/z isotope
(=R =] 0 R T PP PPN 60

Figure 3.1: a) Prior catalytic strategies for C—0 borylation; b) C—0 activation in C—C bond
formation with arylboronic acids; c) an evaluation of catalytic systems for borylation involving
C—0 activation, including comparable reactivity of two systems with both BPin and BEPin

V11 =10 (ol a F=1 0T 1 [=T TR 74
Figure 3.2: Catalyst screening for the borylation of 1a, 2b-2g. Yield determined by 'H NMR
spectroscopy using 1,3,5-trimethoxybenzene internal standard. .......ccooovvvvieeiiiiiiiiieiiiiiiieees 77
Figure 3.3: Multivariate optimization of the borylation of 1a. Conversion and yield determined
by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene internal standard. .........cccveeeeevveeennne.. 79

Figure 3.4: Full factorial optimization of the borylation of 2b-2g. Yield was determined by 'H
NMR spectroscopy using 1,3,5-trimethoxybenzene internal standard. Grey cells indicate
reactions not performed under these CONAItIONS. .....oovvvveeiiiiiiiiie e 81
Figure 3.5: Comparison of Pd-catalyzed methods for base-free Miyaura borylation of alkenyl
acetate and pivalate substrates. Substrate loading: 0.12 mmol for Methods A, C-D, 0.88 mmol
for Method B. Yields determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene...... 83
Figure 3.6: Suzuki cross-coupling of prepared alkenyl boronates. Yields are for isolated
compounds over two steps after column chromatography. .....ceoeeeeeveeeeiiiiiiiiieee e 84
Figure 3.7: Protodeboronation of alkenyl boronates using aqueous solutions. Yields are
represented as ratios of protodeboronated product : alkenyl boronate starting material,

determined DY TH NIVIR SD@CEIOSCODY. . uvveeeeeeeeeeaeeeeeeeeeeeseeeeesaeeeeseeseeeseereeesssseeesesrseessssneessseeesaans 87
Figure 3.8: Protodeboronation of alkenyl pivalate substrates. Yields are for isolated compounds
over two steps after column chromMatograpny....cccoooeiveeeiiiiiiee e e 88
Figure 3.9: Base-free Miyaura borylation of alkenyl pivalates. Yields determined by 'H NMR
spectroscopy using 1,3,5-trimethoxybenzene as internal standard. .........ccueeeeiiiiiiiieiiiiiiiiienees 90
Figure 3.10: General SYNthesis 1 (LACEONES) ...uuuuueuuieieeee ettt e e e e e e e e e eeeereeesesesasaaaes 97
Figure 3.11: General SYNthesis 2 (LACEamIS) ...cuuuuruuueeieeeieeeeeeeeeeeeeeeeeeeeeeete s e e e e e e e eeeeeeseseseseaes 100
Figure 4.1: Current and potential active pharmaceutical ingredients containing a pyrido[1,2-
alpyrimidin-4-one subunit (highlighted in BIUE).23720 ... et 131
Figure 4.2: Three reported methods (A-C) applied to the synthesis of five substituted 2-hydroxy-
PPDs; reactions performed at 2.0 g scale (mass of 2-aminopyridine substrate). ........ccccccevvueee. 133

Figure 4.3: Synthesis of 2a-q (except 2| and 20) from 1a-q using diethyl malonate. All reactions
performed at 18.5 mmol scale relative to (substituted) 2-aminopyridine, isolated yields. 20Open

Lo T 1| U 136
Figure 4.4: Synthesis of 2| from 1l using diethyl malonate and subsequent tosylation to vyield 3I.

.................................................................................................................................................... 137
Figure 4.5: General reaction procedure for Method A .........iiiiiiieiiiiiiiieee et 140
Figure 4.6: General reaction procedure for Method B .......ccoovievueeiiiiiiiiiieeeeeeeee et 141
Figure 4.7: General reaction procedure for Method C .......ooviiiiieiiiiiiiiiieee et 142
Figure 5.1: Graphical abstract for Chapter 2 - An Experimental Evaluation of a Base-Free, Open

1o Air, Pd Cross-Coupling REACHION......uuuiiiiiiiiieei ettt ettt e e e ettt e e e e eaae e e e e esaaaaeeeeenes 154




Figure 5.2: Graphical Abstract for Chapter 3 - Base-Free Palladium-Catalyzed Borylation of Enol

Carboxylates and Further Reactivity Toward Deboronation and Cross-Coupling......ccccceeeeeen..... 155
Figure 5.3: Graphical Abstract for Chapter 4 - The Development of Novel Cross-Coupling
Scaffolds for C—0 Activation CREMISEIY ...u..iiiiieiieie ettt e e et e e e e e 156
Figure 5.4: Addition of Pd to alkenyl carboxylate resulting in sp? to sp? hybridization: ki [H] / k1
1D =T o T 10 1= =1 (o] o TR 157
Figure 5.5: Pd(OAc);, Pd(P(0-OMePh)3)2, and PA(TFA)Z c.coeeeeeeiiieeeeeeeeeeeeeeeee et eeeeeevaaaaes 158
Figure 5.6: Reversible oxidative addition of alkenyl carboxylate and Pd(PCy3)s. c..vvvevererrreeeennnnn. 159
Figure 5.7: Oxidative addition experiments conducted using Pd(PCys), on a series of alkenyl
carboxylates. Reactions were monitored USING 3P NIMIR. ...eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeee e 160

Figure 5.8: a) Oxidative addition conditions for 4-pivalyloxy-3-phenylpyran-3-en-2-one with
Pd(PCys), in d®-toluene. b) Solid-state molecular structure of lactone oxidative addition complex.
Ellipsoids plotted at 50% probability (cyclohexyls shown as wireframe). Hydrogens and toluene
o)AV (=l aTe ) ] oo VYl a1 o) sl =1 1 /R 161
Figure 5.9: Potential BoX2 compounds to synthesize: B,PPiny, B,CPPiny, BoCHPing. .......cccveeeeeee. 162
Figure 5.10: a) Synthesis of B,CHPin,, a novel B,X; compound, b) Solid-state molecular structure
of B,CHPin;. Ellipsoids plotted at 50% probability. One of two disordered rotational orientations

shown. Hydrogens NOt SNOWN fOr Clarity. c....couueuiiiiiiiiieecceeeeeee e 163
Figure 5.11: Unsubstituted phenanthroline ligand, 1,3-bis(diphenylphosphino)propane - a
diphosphine ligand, and tri(o-tolyl)phosphine a monophosphine ligand...........cccceeeeveeeeeerennnene. 165
Figure 5.12: a) Sonogashira reaction mechanism with Cu, b) Sonogashira reaction mechanism
WHENOUL ClU ettt ettt et e e et e et e e s e e eeeeeeaasesree s e s ab b bbb aaeeeeeeaaaaes 165
Figure 5.13: Acyclic and cyclic electrophiles sourced or synthesized for future screening project
.................................................................................................................................................... 167

Xi



List of Tables

Table 2.1: Reactions between enol carboxylates and phenylboronic acid with varying solvents
and atmospheres. *H NMR solution yields determined using 1,3,5-trimethoxybenzene as
[N =Y 0 a = IR = [ Te =] o IO SRR 52

Table 2.2: Reactions between functionalized enol carboxylate and phenylboronic acid or 3-
chlorophenylboronic acid. *H NMR solution yields and conversion determined using 1,3,5-
trimethoxybenzene as internal Standard...........ccouvieieininnn e s 53

Table 2.3: Reactions between an enol carboxylate, phenyl boronic acid and various Pd
PFECATAIYSES. .55 55

Table 5.1: Reaction conditions for oxidative addition monitoring experiments..........cccceevveruenne. 169

Xii



AAA
Ac
API
Ar
BDE
Bn
BTCM
CHPin
CID
CPME
CPPin
Cy
DAB
DBN
DBU
DCID
DCM
DEM

DFT

List of Abbreviations

Asymmetric allylic alkylation
Acetate group

Active pharmaceutical ingredient
Aryl group

Bond dissociation energy

Benzyl group
Bis(2,4,6-trichlorophenyl) malonate
Cyclohexylpinacol

Collision induced dissociation
Cyclopentyl methyl ether
Cyclopentylpinacol

Cyclohexane group
Diaryldiazabutadiene
1,5-diazabicyclo[4.3.0]non-5-ene
1,8-diazabicyclo(5.4.0)undec-7-ene
Dichloroimidazolidinedione
Dichloromethane

Diethyl malonate

Density functional theory

DIPEA N,N-diisopropylethylamine

Xiii



DMAP 4-Dimethylaminopyridine

DMP Dimethylphenyl group

DMSO Dimethyl sulfoxide

dppp 1,3-bis(diphenylphosphino)propane
EArS Electrophilic aromatic substitution
EPin  Ethylpinacol

ESI Electrospray ionization

Equiv Equivalent

FDA  United States Food and Drug agency
GC Gas chromatography

HMBC Heteronuclear multiple bond correlation
HPLC High performance liquid chromatography
HRMS High-resolution mass spectrometry
HTE  High-throughput experimentation
IR Infrared

KIE Kinetic isotope effect

MAH Maelic anhydride

MS Mass spectrometry

MW  Microwave

NHC N-heterocyclic carbene

NMR Nuclear magnetic resonance

OAC Oxidative addition complex

OAc  Acetoxy group

Xiv



OPiv
OTf
Ph
Pin
Piv
pKa
PPD
PPin
PSI
rt
SnAr
TFA
THF
TMB
TON
t-Bu
UPLC
v/v

VT

Pivaloyloxy group

Triflate group

Phenyl group

Pinacol

Pivaloyl group

acid dissociation constant
pyrido[1,2-a]pyramid-4-one
Propylpinacol

Pressurized sample injection
Room temperature
Nucleophilic aromatic substitution
Trifluoroacetate
Tetrahydrofuran
Trimethylboroxine
Turnover number

Tert-butyl

Ultra-high performance liquid chromatography

volume to volume ratio

Variable temperature

XV



Acknowledgements

I must begin with my supervisor and mentor Dr. David Leitch. Thank you for your guidance
and support through these past five years. It has been a pleasure to be there for the beginning

of what will undoubtably be an incredible independent career.

Dr. Scott Mclndoe and Dr. Violeta losub, thank you both for supporting me throughout
this time. Your help in navigating academia has been essential to my growth here at UVic. Dr.
Tyler Trefz and Christopher Barr, | don’t know what | would’ve done without you two, you both

have made coming to work a pleasure and enabled much of the work within this thesis.

To the Leitch Group members, it’s been enjoyable to work and learn alongside you. Thank
you, Nahia, for being ever-present throughout my time here at UVic. Working together with you
has been incredibly rewarding as we created something very special with our Strong-bond
subgroup. To the undergrads I've had the pleasure of mentoring in that subgroup, if there’s
something I’'m most proud of during my time here it’s seeing you all develop into great scientists
and even better people. Doug, Rowan, James, Sarah, Odhran, and Nelson, | can’t wait to see what
you all decide to do in this life. Lastly, thanks to Kushal for all the football chats, it was always

welcome to have a non-chemistry conversation.

To the friends from past-lives to the friends I've made here, thank you for making this ride
as enjoyable as possible. To the new friends here at UVic, we ruffled some feathers, but | think

we made many long-lasting impacts both within the department and within the GSS.

XVi



Gilian, you came into my life when Ph.D. motivation was starting to wane, thank you for
kicking my life into gear and reminding me that the mediocrity that surrounds us isn’t the
objective. You’ve been an essential support academically and personally throughout this time

and I'm incredibly thankful for that. I’'m excited to see where this life takes us.

Lastly, to my family. Thank you for your continued help throughout this time. I'm glad |
was able to come back home. Whether it was river floats, concerts, or birthdays, it was great to
be back. Mum and Dad, thanks for making all the sacrifices over the years for me to be able to

pursue academia. Without your omnipresent support | wouldn’t have made it this far.

It seems that the more places | see and experience, the bigger | realize the world to be.
The more | become aware of, the more | realize how relatively little | know of it,
how many places | have still to go, how much more there is to learn.

-Anthony Bourdain

XVii



Chapter 1: Introduction

1.1: Pd-Catalyzed Cross-Coupling Chemistry

1.1.1 History of Cross-coupling

Cross-coupling, the chemistry of covalently joining two distinct molecular entities through
a reaction involving their respective synthetic handles,! can be seen throughout the chemical
literature today. Although often thought of as transition metal-catalyzed,? these reactions can
also be organo-catalyzed,>* photo-redox catalyzed,>® or even stoichiometrically metal
mediated.”® While all cross-coupling has utility, this thesis will focus on group 10 transition metal-

catalyzed cross-coupling reactions.

Transition metal-catalyzed cross-coupling are generally thought of as the metal-catalyzed
reactions of carbon-based nucleophiles and organo(pseudo-)halide electrophiles to form carbon-
carbon and carbon-heteroatom bonds. Originating in the 1970’s with seminal work from Kochi
who reported the use of iron salts facilitating the combination of Grignard reagents and alkenyl
halides.>1° This work was inspired by observations from the 1940’s where first-row transition
metal salts act as catalysts for homocoupling of Grignard reagents in the presence of aryl or alkyl
halides.!! Despite the small progression in those 30 years, the field of cross-coupling would soon
balloon to be the considered one of the most important synthetic chemistry methods, being
utilized in industrial quantities for production of pharmaceuticals,!? agrochemicals,'® and organic
materials manufacturing.!* While many metals have facilitated these reactions,*>8 palladium
(Pd), located in group 10 on the periodic table, quickly rose to prominence as the ease of use and

high productivity surpassed other studied metals.? This is principally due to the well-behaved



two-electron organometallic reactivity of Pd that enables catalytic reaction mechanisms.® Pd is
also reluctant to engage in radical one-electron processes which often complicate reliability and
mechanism elucidation. The proliferation of these Pd-catalyzed reactions resulted in the just

awarding of the Nobel prize to Richard Heck, Ei-ichi Negishi, and Akira Suzuki in 2010.2°

Pd has become the catalysis workhorse of industrial chemistry. Although there has been
considerable effort to divert production to more earth-abundant metals such as nickel,?1723
iron,?426 cobalt,?”?® and copper,?*3! Pd continues to dominate the industrial and academic
catalyst landscape as it continues to be ubiquitous in number of reactions. These include the
Suzuki-Miyaura reaction,?? Mizoroki-Heck reaction,3*3* Sonogashira coupling,®* Buchwald-
Hartwig amination,3¢=38 Miyaura borylation reaction,3® Stille coupling,*®*! Negishi coupling,*?
Kumada coupling,**** Hiyama coupling,* and Murahashi coupling (Figure 1.1).%¢ These cross-
coupling reactions are defined by the synthetic handle they utilize to react with a suitable
organo(pseudo-)halide reactant. For instance, the Suzuki reaction is when an organo(pseudo-
)halide reacts with a boronic acid or ester to form a new carbon-carbon bond. Since Suzuki and
Miyaura’s discovery of this reaction in 1981, the reaction has become (as of 2014) the second
most utilized reaction in medicinal chemistry as it can reliably add pre-functionalized aryl groups
to a number of organo(pseudo-)halides.*” This reliability has influenced molecular design, as the
ease of use has prompted the addition of aryl groups to be used for convergent reaction design
for a number of molecules.*® Diversification of coupling partners is now being addressed by a
number of groups as molecular designers create cross-coupling reactions for bioisosteres such as

bicyclo-containing fragments.*->1
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Figure 1.1: Common Pd-catalyzed cross-coupling reactions

1.1.2 Mechanisms of Pd-Catalyzed Cross-Coupling Reactions

Mechanisms of Pd-catalyzed cross-coupling reactions have been studied extensively
throughout the literature.>>’ Generally, once the precatalyst is initiated through an activation
step, these catalytic reactions proceed through three fundamental organometallic steps:
oxidative addition, transmetalation, and reductive elimination in a Pd(0)/Pd(ll) catalytic cycle
(Figure 1.2). The electrophile oxidatively adds to the unsaturated Pd(0) catalyst, followed by the

nucleophile transmetalating, and finally reductively eliminating the product and regenerating the

unsaturated Pd(0) catalyst.
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Figure 1.2: Common Pd(0)/(ll) Catalytic Cycle involving oxidative addition, transmetalation, and reductive

elimination

Oxidative addition plays a central role in many catalytic reactions.>® Generally, the step
involves the binding of two previously connected substituents to a metal complex, where the
metal complex has a relatively low oxidation state.>®®° The resulting complex has an oxidation
state two units higher than before, the metal complex coordination number increases by two,
and the metal’s electron count increases by two. The electron count may increase by 0 or 1 while
still being considered an oxidative addition.®* Therefore, oxidative additions are favoured by
metals that are coordinatively unsaturated and have a low oxidation state. A common example
from introductory organic chemistry is the formation of Grignard reagents.®® Mg(0) oxidatively
adds to the aryl halide to create a Mg(ll) centre connected to both an aryl group and the
respective halide. Similarly, Pd(0) precursors often oxidatively add to aryl halides forming Pd(ll)
complexes in catalytic cycles. While a logical starting point for oxidative addition affinity is the
bond dissociation enthalpy (BDE) of the respective carbon-(pseudo-)halogen bond,%*%3 the acid
dissociation constant (pKa) of the (pseudo-)halide partners have been found to be an equal
contributor to the substrate’s affinity for oxidative addition.®#%> The lower pKj alludes to a more

stable conjugate, which can more effectively stabilize partial negative charge during the oxidative



addition. Both the ability of the metal centre and the affinity of the respective substrate can be
tuned to increase or decrease the rate of oxidative addition. While oxidative addition and
reductive elimination are often seen as equal and opposite processes, another intervening step

is required to create a productive catalytic cycle.

Transmetalation is the process where substituents are exchanged between two metal
centres.®®®” Commonly, these reactions are thermodynamically driven as negatively charged
ligands tend to prefer electropositive metals and alkyl/aryl groups tend to prefer larger metals.%°
These reactions can involve neutral metals, but a large subset of transmetalations are metathesis
reactions, where one of those metals is bonded to a (pseudo-)halide. When these reactions
generate a salt, they are called salt metathesis reactions. Transmetalations can proceed through
a four-centered transition state,®® but Denmark and coworkers have put considerable effort into
identifying key short-lived intermediates in Suzuki chemistry that proceed through tri- or tetra-

substituted boron complexes.%87°

Reductive eliminations are the opposite of oxidative addition reactions, where the
oxidation state decreases by two units, the metal complex coordination number decreases by
two, and the metal’s electron count decreases by two.6%’%72 Due to the principle of microscopic
reversibility, the factors that affect reductive elimination are the same as oxidative addition,

except now these factors have the opposite effect.

The key to creating a viable catalytic cycle is having a system where oxidative addition
and reductive elimination are both viable.”® If oxidative addition is too favoured, the catalyst may

not effectively reductively eliminate, and vice versa. Therefore, the goal remains to create



systems that allow the catalytic cycle to effectively turn over through tailoring of the metal centre
and substrates involved. Four cross-coupling reactions are of particular importance to this thesis,
the Pd-catalyzed Suzuki reaction, oxidative Heck reaction, conjugate addition reaction, and

Miyaura borylation reaction (Figure 1.3).
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Figure 1.3: Pd-catalyzed cross-coupling mechanisms

The commonly accepted mechanism of the Suzuki reaction involves a Pd(0)/Pd(ll)
catalytic cycle (Figure 1.3a). Beginning with oxidative addition, a base then mediates a ligand
substitution to create a Pd complex able to undergo transmetalation. It is in this transmetalation
step where the base-activated boronic acid produces the desired Pd complex as well as a low
energy boron-containing byproduct — an energetic driving force to this reaction step. The Pd
complex with the two fragments then reductively eliminates to form the product and the starting

catalyst. This reaction requires a base to turnover the catalytic cycle, and the necessary base has



also been found to accelerate the reductive elimination through a hydroxide bound Pd

intermediate.”*

The oxidative Heck reaction (Figure 1.3b) begins with a transmetalation of the boron
containing species to the neutral Pd(ll) centre, before binding the alkene in a migratory
insertion.”® At this point the cationic Pd(ll) substrate beta-hydride eliminates to form the product
and a neutral Pd(Il) product. This Pd(ll) product then reductively eliminates HX, before an external
oxidant regenerates the active Pd(ll) catalyst. Oxidants commonly used are silver salts,”®’” copper

salts,”®7° and dioxygen,®%8! while many other exist as well.82-84

Pd-catalyzed conjugate addition reactions (Figure 1.3c) begin similarly to the oxidative
Heck in that they start with a transmetalation of the boron containing species to the Pd centre,
but differ in that they utilize a cationic Pd species throughout the reaction. The alkene then
performs a migratory insertion that, in this case, may be assisted via substrate association by the
carbonyl.8> The Pd-containing product is then in equilibrium between the C-bound and O-bound
tautomer, where the O-bound tautomer can be protonated to form the product and the active

on-cycle cationic Pd(ll) catalyst.

Miyaura borylation reactions begin with an oxidative addition involving a Pd(0) source
(Figure 1.3d). A ligand substitution by the base then creates a Pd(ll) intermediate with a ligand
that can undergo transmetalation with the diboron source.®® This step may also involve an
associative precomplexation of the diboron species.?’” The low energy boron byproduct formed
again helps to drive the reaction forward. Once that boron handle is installed, the Pd reductively

eliminates to give the desired product and the active Pd(0) catalyst.



These reactions share many of the same fundamental organometallic steps, while
differing in order as well as the charge on the Pd centre with respect to the reactive components.
Ultimately, they all achieve the goal of forming new carbon-carbon or carbon-heteroatom bonds
through Pd-catalyzed cross-coupling reactions. Many of the seminal publications for these
reactions began with investigations of coupling organohalides to other components, but
economics, molecular-stability, and green chemistry principles have prompted chemists to

search for suitable alternatives that are termed pseudohalides.®®

1.2 C—0O Bond Activation with Pd

1.2.1 Pseudohalides as Efficient, Green, and Economic Alternatives

Pseudohalides, as the name suggests, act in cross-coupling as an alternative to the well-
studied halides. Unfortunately, many of these pseudohalides form toxic waste that would be ideal
to avoid.? Specifically, fluorinated sulfonates, although often seen as a very reactive substitute,
are the worst culprits for waste stream toxicity.>® C—O bond activation has habitually been defined
by reactions with triflates, but other groups such as nonaflates, fluorosulfonates, tosylates, and
mesylates can also be referred to as pseudohalides.’® These functional groups have been utilized
catalytically with Pd and highlighted by a 2020 review by Zhou and Szostak.’® Figure 1.4
summarizes the reactivity trends; notably, as of 2020 carboxylate esters were considered as “inert
under Pd catalysis.” Although the Leitch group had demonstrated oxidative addition of aryl C-O
bonds was possible with Pd in 2020,°! establishing broad reactivity had yet to be achieved and

therefore became the subject of this thesis.
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Figure 1.4: Pd reactivity of C—O bond containing pseudohalides, originally published in 2020.

As the world looks to replace petrochemicals, one sector that has been slow to adopt
alternatives is the chemical production sector.’?°3 This is mostly due to the abundance of
hydrocarbon byproducts that we can oxidize to generate useful feedstocks, which in turn drive
synthetic chemistry in both academic and industrial labs. The reverse action of reducing heavily
oxygenated compounds like cellulose, hemicellulose, and lignin, which make up the bulk of
biomass,®* remains an ongoing challenge. Activating and functionalizing the strong C-O bonds
present in the alcohols, ethers, and esters that are widespread in these components of biomass
will ultimately require considerable research.’® The most commonly investigated catalysts for C—

O bond activation are Ni-based,?° although other first-row metals have been used.®®

One notable C-0 activation pathway that is not often discussed within the scope of C-O
activation is Tsuji-Trost chemistry.>”®® This reaction can utilize carboxylate functional groups to
react a benzylic or allylic centre with a nucleophile in a cross-coupling reaction.®®1% This reaction
involves a Pd-allyl intermediate that stabilizes the generated charge. In addition, allylic or benzylic

C—0 bonds are significantly weaker, allowing the reaction to circumvent the large energetic



barrier to unactivated C-0 cleavage. While this reactivity has been expanded thoroughly to react
in an enantiospecific way, termed Asymmetric Allylic Alkylation (AAA chemistry),1°! this reaction

is beyond the scope of this thesis and will not be reviewed.

Alkenyl carboxylates are a compelling subsection of C-0 bonds, as they had been thought of
as near unreactive in cross-coupling. However, alkenyl carboxylates — acetates and pivalates
specifically — are an economic, less toxic, mass efficient source of non-aromatic functionality that
can be easily accessible by O-acylation of ketones.?9°%102 Some reactivity could be justified by the
inherent electronic properties of the carboxylate substituent where the handle’s carbonyl group
would pull electron density away from the desired C—O bond. This can be quantified through the
pKa of the functional group’s acid-conjugate which has been recently used as a significant
indicator of affinity for oxidative addition,®*1%3 and the carboxylate group’s acid conjugate has a

suitably comparable pKato other pseudohalides.

Several research groups have used alkenyl carboxylates in cross-coupling reactions; however,
these reaction require sensitive organometallic nucleophiles or bases (Figure 1.5a).194%07 To get
around these procedural drawbacks, other groups began coupling alkenyl carboxylates with
boron-based compounds with the aid of a base (Figure 1.5b).1%8"110 The Larhed Group — with the
help of high temperatures — and later the Leitch Group — at room temperature — explored this
further using base-free conditions with palladium (Figure 1.5c).1°%!'! The Leitch group had
already demonstrated that the oxidative addition of palladium sources into these C—O bonds was

possible, and selective.®?

10
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While reactivity with carboxylate synthetic handles was proven previously in the Leitch

group, three questions emerged. The first concerned the operative mechanism. This initial cross-
coupling was done at room temperature, without the use of a base. One would expect the
oxidative addition of these compounds to require elevated temperatures,®>112113 and the well
documented Suzuki reaction requires the use of a base.?® The second question was whether this
system, or a Pd-catalyzed system generally, could be applied to other types of cross-coupling. This
led to our exploration in borylating alkenyl carboxylates and probing their respective stability and
reactivity to create alternative series of novel products. The third question was whether a broader

scope of electrophiles could be utilized to target current active pharmaceutical ingredients (APIs)

through this chemistry.

However, while alkenyl carboxylates are the subject of this thesis, strategies to overcome
the aforementioned difficulties can be gleaned from studying Pd-catalyzed C—O activation
broadly. As previously mentioned, Zhou and Szostak conducted a thorough review of C-O bond

activation with Pd that covers until June of 2020.%° A brief literature review of Pd C—O activation

11



from June of 2020 to August of 2024 will therefore be conducted in order to demonstrate the

position of this work within the academic literature.

1.2.2 Review of Recent Literature
C—0 activation by Pd has been dominated by the use of the triflate functional group

despite problems with its stability as well as notable downsides to its atom and fiscal economic
costs.* Cross-coupling using triflate handles is a well-established field on its own,1>7121 as they
have become ubiquitous substitutes for halides as their slight difference in reactivity allows for
multi-functionalization of single aromatic rings.122124 Phenols or other alcohol derivatives are the

125 which could be functionalized by a surplus of procedures

natural precursor to these triflates,
to form less toxic, less fluorinated, and more stable cross-coupling handles.'?® The use of these
other C—0 handles such as phosphates, sulfamates, esters, and ethers in Ni catalyzed reactions is
well established,?®126-131 byt these synthetic handles have not seen the immense spotlight in Pd
chemistry.®® This section will expand on the review done by Zhou and Szostak covering all Pd
catalyzed C—O activation reactions applicable to this thesis: Suzuki, Heck, Buchwald-Hartwig,

Sonogashira, and borylation chemistry for the period of June of 2020 to August of 2024. The

review will be formatted by functional group handle (Figure 1.6).
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Figure 1.6: Functional groups discussed in this section

The mesylate functional group is an oxysulfone derivative that lacks a halide atom which
are a common accompaniment to many of these sulfonate functional groups. This makes the
mesylate handle an excellent green alternative, and also makes for a more atom-economic
functional group for cross-coupling.'3? The stability this group offers is cited as the main reason
for its relatively poor cross-coupling reactivity. They have not seen much utility in Pd catalysis in
the previous four years, serving more as a scope example than the primary focus of any report.
The Buchwald group has shown, with a single example, the utility of the mesylate handle in
forming oxidative addition complexes (OAC) (Figure 1.7a).133 They then perform a successful
ligand exchange on this OAC. Blanc and Pale also demonstrated that an aryl mesylate performs
as well as the tosyl, or halide counterparts in a microwave-assisted Suzuki reaction with

phenylboronic acid and a single component PdCl(XPhos), precatalyst (Figure 1.7b).
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’
OMs letra-butylammonium hydroxide

(0.3 Min Hy0, 1 equiv)
n-BuOH (0.1 M)
110 °C, 30 min, MW

Figure 1.7: a) Ligand exchange reaction on mesylate containing OAC, b) Microwave assisted Suzuki coupling of aryl

mesylate and phenylboronic acid.

Nosylates take the idea behind the electron withdrawing functionality of a triflate, and
substitute the fluorinated methyl group with a 4-nitrophenyl group. Where this group lacks in
atom economy, it benefits from lacking halogens and therefore is seen as a greener alternative
that is easy to install.13* Recently, Idorsia Pharmaceuticals Ltd. explored their use as an aryl Suzuki
coupling partner with diethanolamine boronates (Figure 1.8a).'*> This novel coupling utilized a
boronic ester functional group that lends itself to improved crystallizations, allowing the authors
to circumvent typical isolation issues of boronic esters. This combined with the nosylate
functional group which also exhibits a proclivity for crystallinity makes for an ideal combination
on the preparatory side of the reaction. The authors functionalize both coupling partners to
positive effects and include a robust procedure for capping aryl boronic acids with the
diethanolamine handle used in this report. In contrast to the positive results of the Idorsia report,
the Dominguez group evaluated four oxysulfone derivatives (tosylate (—OTs), triflate (-OTf),
nonaflate (-ONf) and nosylate (-ONs)) for efficacy in a microwave-assisted Suzuki reaction
between 4-pyrimidyl sulfonic esters and substituted aryl boronic acids in water (Figure 1.8b).13®

Under these conditions, of the handles evaluated, the nosylate group performed the poorest
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across the scope evaluated, although modest yields were still achieved (27 — 74 %). The authors

revealed incomplete reactions and homocoupling as the dominant issues of this functional group.

a) Pd(OAC), (2 mol %)
. . 93 XPhos (4 mol %) .

JEN K>CO3 (4 equiv)
ONs o\,/N Toluene/H,0 (0.3 M, 1:1 VAV)
80°C,1-20 h 18 examples
b) Ph

A

Pd(PPhs), (5 mol %) NN
> |

N N + Q . P
)I\/k B(OH)s, K>COj3 (1.1 equiv)
R H,0 (0.12 M)
R = -OTs, —OTf, 10 examples 100 °C, 1 h, MW
—ONf, —ONs

Figure 1.8: a) Novel Suzuki cross-coupling of aryl nosylates and phenyl diethanolamine boronates, b) Comparative

reactivity of aryl oxysulfones when reacted in a Suzuki reaction with aryl boronic acids.

Nonaflates also featured in this work from the Dominguez group,*3¢

where they report
that nonaflates performed better than their other oxysulfone counterparts in reactions with
electron-poor boronic acids. Nonaflates were originally introduced as a less toxic alternative to
other oxysulfone derivatives and also benefited from being column stable, as they are less prone
to hydrolysis.3713 However, where they succeeded in these tasks, the nine fluorine atoms
present in the handle is an excessive use of halogens in a time where many are looking to avoid
their use entirely. Recently, the Manabe group has utilized aryl nonaflates as a replacement of
aryl halides and aryl triflates in their recent publication detailing a combinatory C-H/C-O

activation at the C3 position of indoles.3°

140 3nd have been used

Sulfamates have been used as directing groups for C—H activation,
sparingly as an effective cross-coupling handle in Pd-catalyzed Suzuki reactions.'*7143 The Arndt

group has recently expanded this Suzuki reactivity to include oxazoles (Figure 1.9a).14* They have
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arylated the C5 position effectively with 16 unique aryl boronic acids using both the methyl and
ethyl sulfamate derivatives and demonstrated that this is an effective methodology for late stage
functionalization. In 2023, the Nicasio group expanded the sulfamate reactivity to Buchwald-
Hartwig coupling using their recently reported Pd precatalyst (Figure 1.9b).14>1%6 |n their report
they found that 1:1 (v/v) mixture of t-BuOH and H,O was a necessary polar protic solvent system
to achieve high yields. With this procedure they were able to couple aryl sulfamates to anilines,
primary alkyl amines, primary amides, secondary amines, heteroaryl amines, and N-heterocycles.
Using DFT studies they found the rate-limiting step to be the oxidative addition of the Pd source

into the desired C-0 bond, reaffirming that this synthetic handle has its limitations.

a) NR Pd(OAC), (2 mol %)
Ph—<OIOSOZ 2 XPhos (4 mol %) - 0
) " >B(OH K3PO, (3 equiv) Ph—<\ I(
N">co,et (OH). N
2 _ t-BuOH (0.05 M) CO,Et
R = Me, Et 2 equiv 85°C,1-6 h
b)
" | CHyS05”
NHMe O
o
1 C
H
or

Ry
(2.5 mol %)

OSOzNMez R R
S > N-g
| - 2
H NaOt-Bu (1.2 equiv)
)

t-BuOH/H,0 (0.013 M, 1:1 (Vv
or 110 °C, 18 h
o) H
N

H\E)J\Ra ng"*

Figure 1.9: Expanded Suzuki reactivity to sulfamate functionalized oxazoles, b) Buchwald-Hartwig coupling of aryl

sulfamates and anilines, aliphatic amines, and amides.
The tosylate functional group has been used extensively as a suitable pseudohalide

because of its economic viability compared to other oxysulfone derivatives, along with its stability
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towards hydrolysis.}4’” Recent developments include a Suzuki method published by the Jeon group
where 1-(t-butyldimethylsilyl)-2,2-difluoroethenyl tosylate or 1-aryl-2,2-difluoroethenyl
tosylates, were reacted with substituted arylethenylboronic acids to produce aryl and fluorine
substituted dienes.'*® Where work with this handle has expanded considerably in the recent past
is with cross-electrophile, either tosylate/tosylate, or tosylate/triflate, coupling reactions
facilitated by bimetallic Ni/Pd catalytic systems.1#%-151 The Weix group in 2020 published a report
detailing a cross-Ullmann coupling reaction where the Pd inserts into the triflate C—O bond and
the Ni inserts on the tosylate C—O bond to create two separate catalytic systems connected
through a Zn reductant cycle (Figure 1.10).1%° This was followed up in 2022 by Zhang and Lian who
expanded the reactivity to include vinyl triflates and tosylates, again with both Ni and Pd with a
Zn reductant.’®® Most recently Zhang and Lian have followed their previous work with an
aryl/vinyl coupling reaction where in both cases the tosylate functional group is utilized.!®?
Combining Pd catalysis with other transition metals that can more easily facilitate oxidative
addition with difficult C-O bonds expands the scope of optimization for these reactions and thusly

may be an attractive field in the future.
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Figure 1.10: Bimetallic Pd/Ni cross-Ullman reaction of Aryl triflates and tosylates, hypothesized mechanism by Weix

etal
Another innovative facet of C—0 activation is the incorporation of photochemistry into the
field. In early 2024, the Maiti group used blue LEDs in their cross electrophile work.?>2 While most
of the work focused on halogenated electrophiles, triflates were also featured.
Perhaps the most abundant handle in recent Pd-catalyzed C-O activation literature is the
fluorosulfonate. These functional groups have seen meteoric rise as their reactivity has been

found to rival that of halides or triflates,!>31>

while being considerably more atom efficient than
the triflates. Furthermore, their differing reactivity to the halides allows divergent

functionalization. In 2022, the Szostak group developed a method for Suzuki coupling with

fluorosulfonates using an N-heterocyclic carbene (NHC) Pd precatalyst dimer.'>> With 30
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examples, the report details using both substituted aryl fluorosulfonates and substituted aryl
boronic acids including gram scale reactions.

The Lipshutz group introduced a biodegradable surfactant synthesized from vitamin E and
polysarcosine that they named Savie in 2023 that facilitates catalytic reactions in water.'*® They
went on to use this recently to perform an aqueous Buchwald-Hartwig coupling reaction of aryl
fluorosulfonates (Figure 1.11a).'>’ In addition to 18 examples of substituted starting materials,
they functionalized 9 natural products to confirm that this methodology is suitable for late-stage
functionalization. Finally, they demonstrated the superiority of the fluorosulfonate handle to that
of the triflate, bromine, or chlorine in this reaction.
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Sren pd
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SBr
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\
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b) Pd(OAc), (10 mol %)
N CuCl (20 mol%) N
OFs N /ch’* ‘ml dppb (12 mol %) - X] \ﬂ
@ \\N \\::/ - Y KZCOS (1 5 equiV) \N S > /')
Dioxane (0.15 M)
120 °C, 16 h

Pd(OAc), (5 mol %)

OFs
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+ >—B(OH >
(Of)e K3PO, (2.0 equiv) 4
Dioxane (0.5 M)
120°C, 6 h

Figure 1.11: a) Buchwald-Hartwig coupling with aryl fluorosulfonates in water, b) Tandem C—O/C—H activation of

aryl fluorosulfonates with benzoxazoles and other heterocycles, c) Cyclopropanation of aryl fluorosulfonates

The Ding group published two reports using fluorosulfonates in 2023.1%%159 The first report

details a bimetallic Pd/Cu system combining C-O and C—H activation chemistry (Figure 1.11b).%>°
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Using benzoxazoles, they optimized a reaction that was also suitable for coupling substituted
phenylboronic acids with benzthiazole, benzimidazole, thiazole, and oxazole derivatives. They
then applied Suzuki methodology to these aryl fluorosulfonates to develop a cyclopropanation
reaction (Figure 1.11c).'®® In this report they detail an in situ method where a phenol is
functionalized with the fluorosulfonate functional group before cyclopropanation in a one-pot
method.

Conducting C—0O activation with phenol derivatives has not yet been achieved with Pd.
However, researchers are getting around this issue by functionalizing the alcohol group in situ and
immediately coupling that newly formed group using Pd. The Ding group achieved this using
sulfuryl fluoride and trimethylboroxine (TMB) to effectively deoxymethylate phenols (Figure
1.12a).1%% Other methylating agents did not yield product. In addition to a large scope of
substituted aryl products, they also demonstrated the late-stage functionalization of this method
with 18 natural products. The Yavari group conducted a Heck cross coupling using a similar idea, 6!
instead of using a oxysulfone derivative they used dichloroimidazolidinedione (DCID) to create a
novel handle for cross-coupling (Figure 1.12b). This handle offers some promise as non-sulfur

containing C—0 activations still remain rare, unfortunately the handle retains a chlorine atom and

is very atom inefficient.
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Figure 1.12: a) deoxymethylation of phenols through a fluorosulfonate intermediate, b) Heck coupling of phenols

with alkenes through a DCID functionalized intermediate

This review has focused on activating Cs;>—O bonds, but another recent interesting
methodology has been produced by the Morandi group where Cs;3—O alcohol bonds were
prefunctionalized by carbodiimide group in order to arylate the benzylic carbon position with
phenyl boronic acids.'®?> The authors note that this methodology allows for reactions of base-
sensitive boronic acids in addition to the already diverse scope.

The unique nature of carboxylate functional groups has been elaborated on in Section
1.2.1. There have been no other groups developing methods on Pd-catalyzed C-O activation of
acetylated or pivalated starting materials. However, the Gunnoe group has been developing
tandem C—H/C—H activation chemistry with Cu(OAc). and/or Cu(OPiv),; to synthesize styrenes

where the carboxylate group is essential to the chemistry. While they developed this chemistry
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in 2019, they have gone on to elaborate on the mechanism in 2022, and develop further
precatalysts (Pd and Rh) for the reaction in 2023.1%4 In their mechanism evaluation they utilize
DFT to describe a multi-metal (Pd/Cu) active catalyst bridged through the acetoxy (u—OAc) groups
from the Cu(OAc)..

Considerable effort has gone into furthering the field of C—O activation chemistry in the
past four years. Most of this work has focused on tailoring the oxysulfonate groups to improve
atom economy, and to reduce halogenated waste. This review has highlighted that considerable
investment into developing these methodologies is yet to be done, and there are multiple

pathways forward when looking to develop C—0O activation chemistry with Pd.
1.3 Analysis Techniques

1.3.1 Mass Spectrometry

Mass spectrometry (MS) has become essential for understanding numerous facets of
chemistry, this is due to the ability of the technique to combine sensitive and accurate results
with selective monitoring which can all be applied in a high-throughput manner.1%> Across these
fields, MS has been applied to the discovery of new molecules, structural elucidation and
reaction monitoring.1®® Electrospray ionization mass spectrometry (ESI-MS) in particular has been
used successfully to monitor reactions in both online and offline modes.67:168 ES|-MS is an ideal
technique for monitoring metal-mediated catalytic processes.'®® Combining a soft ionization
process with a fast, high sensitivity instrument with a high dynamic range lends itself extremely
well to not only monitoring the formation and usage of small organic molecules, but also the

heavy catalytic metal centered intermediates that are indispensable for the reaction.
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In the offline mode, reactions proceed for a desired period of time and aliquots are taken
as necessary.}’%"172 These aliquots can be quenched, diluted and/or directly injected into the mass
spectrometer. This technique has been used to discover new reaction intermediates for years; as
pioneering work with is exemplified by Aliprantis and Canary, who in 1994 discovered previously
unknown reaction intermediates in the Suzuki reaction using ESI-MS.'”3 Since then, offline

monitoring has remained an invaluable tool for discovering reaction intermediates.!’417>

Reaction intermediates can be so short lived that offline monitoring can be inadequate
for detection. Online ESI-MS facilitates the direct injection of the stirring reaction solution into
the mass spectrometer.1’6177 Although undoubtedly useful, this methodology still remains less
explored than its offline counterpart. Most notably, the McIindoe group at the University of
Victoria has popularized using pressurized sample injection (PSI), a modified Schlenk flask that
pushes the reaction solutions into the mass spectrometer using an inert gas.}’9718! This has
proven extremely effective for the McIindoe group and others for monitoring reaction

intermediates of metal catalyzed reactions.176:177,182-187

1.3.2 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is an indispensable tool for the organic
chemist. While 1D NMR (H, 13C, 1°F, 3!p...) and standard 2D NMR ('H-13C) spectroscopies are
ubiquitous throughout the literature, less common 2D experiments can serve an important role,
especially in structure elucidation.’® 1% The most common of these 2D experiments is
heteronuclear multiple bond correlation (HMBC). Developed in 1986 by Bax and Sommers,**!

these experiments exploit a pulse sequence that allow the user to see a correlation between spin-
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active nuclei two, three and sometimes four bonds apart from each other.1%219 While deciphering
between these different bond distances is a hindrance to this method, it is still very useful when
trying to establish how complexes have come together. In particular when using *H-3P HMBC,
correlations for phosphine ligands and nearby substituents on the original metal complex can be

observed.?1194

1.3.2 High—Throughput Experimentation

High-throughput experimentation (HTE) is an invaluable tool to the synthetic chemist. The
traditional approach to screening in chemical synthesis is to alter one variable at a time, fixing all
other variables, until a desired reactivity is achieved. With this approach, much of the chemical
space surrounding a reaction remains unprobed. HTE allows for multiple variables to be altered
simultaneously, allowing for rapid development of a reactivity map of the system in question. This

will reveal key trends across a large experimental space in a short period of time.

Apart from setting up the reaction arrays, the most time-demanding aspect of HTE is the
analysis.'% High- or ultra-high performance liquid chromatography (HP-LC, UP-LC) is often the
preferred method because reliable quantification is achieved with fast analysis times (<3 minutes
in most cases). While *H-NMR would also be suitable for this analysis, the time associated with
loading an NMR tube and conducting the analysis (~¥5min), often makes it more time-intensive

compared to HPLC or UPLC.

While commonplace in the industrial setting,’®® the cost associated to setting up a
laboratory for these types of experiments have undoubtedly been an impediment.®” However,

modular, user-friendly, and cheaper systems have started being implemented into academic
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labs.?®® This has allowed academic labs to behave as mini-industrial labs, leading to numerous
academic-industry partnerships.!® The Leitch Lab at the University of Victoria is now fully

equipped to perform extensive HTE experimentation.

1.4 Thesis Objectives

As noted in the previous sections, every aspect in a cross-coupling reaction contributes to
the efficiency of the desired transformation. The key to creating effective novel transformations
is balancing these factors and critical to this is developing a thorough understanding. As we fixed
one variable, the previously thought to be unreactive aryl/alkenyl C-O bond in carboxylates, other
factors had to compensate and therefore required attention. Promoting the use of an
unconventional functional group for catalysis opens opportunities in numerous fields, but
specifically, the development of C—0 activation chemistry is garnering attention as the world turns
to biomass as a future common feedstock. In this context, the main objective of this thesis is to

create a solid foundation as to how C—O activation of carboxylate groups can be understood.

This thesis is divided into three research chapters. Firstly Chapter 2 is a mechanistic
evaluation of an air-stable, base-free, Pd-catalyzed cross-coupling reaction that was first
developed within the Leitch Lab.1%2 This would provide a solid base of understanding to activating
C—0 bonds of carboxylates. Chapter 3 will apply this mechanistic understanding to developing
novel Pd-catalyzed borylation reactions with two boron-pinacol derivatives. In this chapter we
exploited the unfortunate stability of the synthesized molecules or canonically reacted a modified

version of these synthesized molecules. Lastly in Chapter 4, we have developed a series of

25



pharmaceutically-relevant molecules that include our studied C—0 bond and provided the initial

screening of its reactivity.
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Figure 1.13: Summary of Chapters 2-4. Chapter 2: An experimental evaluation of an open to air, base-free, Pd-
catalyzed reaction of enol carboxylates and aryl boronic acids. Chapter 3: Base-Free Palladium-Catalyzed Borylation
of Enol Carboxylates and Further Reactivity Toward Deboronation and Cross-Coupling Chapter 4: The development

of novel cross-coupling scaffolds for C—O activation chemistry.

As mentioned in Chapter 1.1, traditional Pd-cross-coupling reactions go through a series
of fundamental steps, and Suzuki reactions typically react in the order of oxidative addition, salt
metathesis, transmetalation, and reductive elimination (Figure 2). However, when looking at the
Suzuki-like reaction developed by the Leitch Lab, 1) there was no halide for the salt metathesis,
2) there was no base present to conduct that salt metathesis, 3) the reaction proceeded at
temperatures unfavourable to oxidation addition of the strong C—O bond, and 4) the reaction
proceeded open to air — uncommon for this type of cross-coupling. Chapter 2 provides the
understanding of how this reaction could get around these seemingly evident factors. This

chapter provides the comprehension for utilizing these carboxylate groups in other cross-coupling
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reactions. Hetereo- and proteo-nuclear NMR experiments allowed us to probe the species
created within our reactions as well we monitor product formation with numerous Pd sources.
ESI-MS granted us an ability to focus our view even smaller, and probe potential Pd intermediates.
Together, these techniques allowed us to propose a mechanism that will educate future catalyst

design.

When examining the established mechanism of the Miyaura borylation, comparisons to
the Suzuki reaction are easy to ascertain as they both go through the same fundamental four
steps (mentioned previously in Chapter 1.1.2). If the salt metathesis step could be avoided in the
previous Suzuki-like reactivity with carboxylate functional groups, one could make the hypothesis
that the same could occur if Miyaura borylation conditions were applied to the same starting
materials. In Chapter 3, experimentally this was found this to be the case. With the help of high-
throughput experimentation numerous optimized reaction conditions were established. The
generated boronic pinacol ester derivatives proved to have varying levels of stability to base,
where the BPin derivatives could be hydrolyzed with weak base to form the unsubstituted product
and the BEPin derivatives could be arylated through basic (both in pH and simplicity) Suzuki
chemistry. This chapter established that C—O bonds in carboxylates act as an effective handle for

Pd-catalyzed borylation.

Recently, an important scaffold within pharmaceutical development has been the
pyrido[1,2-a]pyramid-4-one (PPD) motif. In Chapter 4, a robust and solvent-free synthesis of
substituted 2-hydroxy-PPDs was explored. This work complemented previous reports that, in our

hands, provided inconsistent yields. Our optimized reaction synthesized 16 derivatives with
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valuable alternative synthetic handles at four different positions within the structure. Model PPD
substrates were then functionalized with carboxylates in preparation for future high-throughput

screening for reactivity in Pd-catalyzed arylation.

Together this thesis tackles the development of a synthetic handle in Pd-catalyzed cross-
coupling chemistry. From thoroughly studying it mechanistically, to applying this knowledge to
develop novel transformations, and finally recognizing that this utility could be applied to react
pharmaceutically active molecular fragments, this thesis culminates in Chapter 5 where potential

future research will be explored.
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Chapter 2: An experimental evaluation of an open to air, base-

free, Pd-catalyzed reaction of enol carboxylates and aryl|

boronic acids.

This chapter, excluding sections 2.1, and parts of 2.4.1 have been reproduced from a future

publication coauthored by: Gaube, G.; Thomas, G.T.; McIndoe, J.S.; Leitch, D.C.

2.1: Preface

Dr. Gilian Thomas contributed ESI-MS data with help from Gregory Gaube. All other

experimental and characterization work was conducted by Gregory Gaube.

2.2 Abstract

We report an experimental study of the Pd-catalyzed coupling of enol carboxylates with
arylboronic acids, and propose a mechanism involving cationic Pd(ll) intermediates. This reaction
proceeds under mild conditions in the presence of O, and even reactive Pd(0) traps (phenyl
triflate). Electrospray ionization mass spectrometry studies using a charge-tagged substrate
revealed structural information on key intermediates. We propose an insertion/elimination
mechanism operates under these conditions, analogous to oxidative Heck and conjugate addition

reactions.

2.3 Introduction

Metal-catalyzed cross-coupling reactions were discovered over 50 years ago,* and now
serve as one of the most important strategies for forming C—C bonds.>™ One of these reactions,
the Suzuki-Miyaura coupling, is widely applied in synthesis, and was the subject of the Nobel prize
in 2010.° This reaction involves the metal-mediated coupling of an organoboron nucleophile and

an organohalide electrophile, usually in the presence of a base. Current work on further
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developing this transformation focuses on expanding the scope of coupling partners, particularly
new classes of electrophile.® Aryl and alkenyl carboxylates, based on acetoxy (-OAc) and
pivaloyloxy (-OPiv) leaving groups, are of interest as alternatives to halide electrophiles to reduce
our reliance on toxic/wasteful halogenation processes.” However, selectively activating the
desired but stronger aryl or alkenyl C-O bond over the weaker acyl C-O bond has proven difficult.?
If this hurdle can be overcome through catalyst development, these functional groups provide an
economic, less-toxic, and mass efficient alternative that are easily accessible by O-acylation of
ketones.’

10-13 3ryl or

In contrast to the well-established reactivity of allyl and benzyl carboxylates,
alkenyl carboxylates are typically considered unreactive in palladium-catalyzed cross-coupling
reactions, leading to use of other transition metals.® Seminal work using Ni catalysts for aryl
carboxylate coupling with organoboron nucleophiles was reported independently by the groups
of Shi and Garg in 2008.14%> Since then, this methodology has been expanded to alkenyl
carboxylates by Kuwano (Rh catalysis),’® and Shi (Ni catalysis).}” Alternatively, non-boron
organometallics have been used in carboxylate couplings with Fe,'® Co,'®%° and Cr?! based
catalysts.

Despite the general notion that Pd catalysis is not suitable for Cs,>—0 activation (other than
with reactive pseudohalide leaving groups), there are several reports to the contrary. Larhead and
co-workers disclosed a Pd-catalyzed coupling of vinyl acetate with aryl boronic acids in 2009,
generating styrene derivatives through microwave heating.?? In 2017, the Newman group

reported Pd catalyzed synthesis of aryl ketones by coupling benzoate esters and aryl boronic acids,

via C(acyl)-O activation.?> Most recently, the Gunnoe group also used Pd to generate styrenes
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through a C—0/C—H activation process.?42¢ Recent works from our group showed that palladium
could selectively insert into aryl carboxylate C—O bonds,® and that Suzuki-like cross-coupling
reactions are possible with a diverse scope of alkenyl carboxylates, even at room temperature
open to air.?’ This reactivity was also expanded to Miyaura borylation (Chapter 3),2%2% and tandem
C—0/C-H cross-coupling.3°

The generally accepted mechanism of the Suzuki reaction involves a Pd(0)/Pd(ll) catalytic
cycle, with oxidative addition, transmetallation, and reductive elimination steps. We evaluated
this pathway for alkenyl carboxylate coupling in our initial publication,?’ isolating an oxidative
addition intermediate using PCys supporting ligands and demonstrating that it undergoes direct,
base-free transmetallation/reductive elimination (Figure 2.1A). However, we observed oxidative
addition requires elevated temperatures and proceeds slowly, which is inconsistent with catalytic
conditions. Nevertheless, Zhao, Zhang, and Wang reported a computational study of a Pd(0)/(Il)
pathway, with catalyst activation through boronic acid-mediated reduction (Figure 2.1B) and
turnover limiting oxidative addition.3° Another recent computational report probed the

possibility of Pd(0)/Pd(ll) pathways, presenting two potential routes starting with Pd(0).3!
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1 equiv. 1.25-2.0 equiv.
a) Pd(0)/(ll) Catalytic Cycle
o o
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Figure 2.14: Alkenyl carboxylate coupling and potential mechanisms, A) ‘Typical’ Pd(0)/(1l) pathway with turnover-
limiting oxidative addition. B) Proposed reduction pathway for Pd(OAc), involving double transmetallation and
reductive elimination. C) Redox-neutral mechanism with turnover-limiting C=C insertion. D) Established Pd-catalyzed

conjugate addition mechanism involving cationic Pd(ll) intermediates.
Based on our initial observations, at the time we proposed a redox-neutral Pd(ll) catalytic
cycle (Figure 2.1C). This alternative pathway begins with transmetallation to generate a Pd(ll) aryl
species. Syn-carbopalladation with the alkenyl carboxylate then produces a Pd-enolate, which

undergoes stereochemical inversion to bring the Pd and OAc group into a syn arrangement before

47



B-acetoxy elimination. While we did not speculate at the time, this proposed pathway could
proceed through cationic Pd(ll) intermediates, analogous to Pd-catalyzed oxidative Heck
reactions,3? and conjugate addition reactions (Figure 2.1D),3? with the latter studied in detail by

Houk, Stoltz, and co-workers.3*
2.4 Results and Discussion

2.4.1 Preliminary Studies

Preliminary studies began with evaluating additional boronic acids outside the scope of
the Leitch Lab’s original publication (Figure 2.2).2” We believed it was crucial to evaluate
functional groups at all locations around the phenyl group of the boronic acid because the
difference in electronic and steric nature could drastically affect reactivity. The reported reactions
were found to be complete well before the 18 hour duration, therefore these reactions were

monitored at three timepoints: 30 minutes, 2 hours, and 18 hours.
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Figure 2.2: Monitoring of reactions between enol carboxylates and assorted aryl boronic acids. H NMR solution

yields determined using 1,3,5-trimethoxybenzene as internal standard.
Interestingly, the less sterically hindered para-tolylboronic acid was the slowest of the
tolyl derivatives to finish reacting. The ortho- and meta- derivatives were essentially complete at
the first time-point. For the methoxyphenyl boronic acids, the para-derivative was complete at

the first time-point, the ortho-derivative plateaued without full conversion, and the meta-
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derivative did not produce product at all. This strongly resonance donating functional group (an
ortho/para director in EArS chemistry) may aid in the reaction when in the ortho or para position.
But with unsuitable placement on the ring, the desired reactivity may be hindered because of the
inductively  electron-withdrawing ability of this functional group. The ortho-
methoxyphenylboronic acid reactivity contrasted to the 2,6-dimethoxyphenylboronic acid, which
did not produce product. The additional steric hindrance may have contributed to this reactivity
pattern. Finally, nitrogen containing boronic acids were evaluated. Para-pyridineboronic acid
yielded no product, which could be due to the lone pairs on the nitrogen competitively reacting
with the metal center, or it could be due to the electron-poor nature of the aryl group. Finally, 4-
cyanophenylboronic acid was slow to react, and we were able to monitor the reaction proceeding
over 18 hours. The electron withdrawing nature of this functional group is the likely cause of the
slow reactivity, consistent with the prior observations.

In our original report, a Pd : ligand ratio of 1 : 1.5 was used; this was empirically
determined, and we sought to evaluate this ligand concentration in a similar manner as the nature
of the boronic acid. Intriguingly, between 0.5 — 1.5 equivalents of ligand, the reaction was close
to complete at the first time point evaluated (Figure 2.3). However, at 2 and 2.5 equivalents, the
initial reactivity drops off substantially, but in both cases by 18 hours the overall reactivity is
unperturbed. This may be due to phosphine oxide forming over time in the open-to-air system.
The continuous generation of phosphine oxide will eventually lower the concentration of
phosphine ligand accessible to the Pd center to the desired ligand ratio for reactivity. Without

ligand this reaction is not productive, but under 2 equivalents (to Pd) we observe the desired
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reactivity. These observations are consistent with a mono-phosphine Pd species as active, as we

see detrimental reactivity under conditions that would favour a doubly ligated Pd center.

O
0] Pd(OACc), (2 mol%)
B(OH)2  p(0-OMePh); (x equiv. to Pd) ‘
+ _—
Acetone/H,0 (0.5 M, 10:1 v/V)
OAc
1 equiv. 1.5 equiv.

0.5 equiv. P(0-OMePh); 1.0 equiv. P(0-OMePh), 1.5 equiv. P(0-OMePh), 2.0 equiv. P(0-OMePh), 2.5 equiv. P(o-OMePh),

Yield / %

Yield / %
Yield / %
Yield / %
Yield / %

18 0.5h 18 05 2 18 05 2 18

2 18
Time /h Time / h Time /h

2
Time /h

2
Time/h

Figure 2.3: Monitoring of reactions between enol carboxylates and 4-tolylboronic acid with varying ligand

concentrations. *H NMR solution yields determined using 1,3,5-trimethoxybenzene as internal standard.
As these reactions proceeded open to air, the nature of this relationship between
atmosphere and Pd reactivity was then explored (Table 2.1). We found in all cases, regardless of
solvent, reactions conducted open to air outperformed those under a N; atmosphere at room

temperature. In reactions with Pd(PCys),, a Pd(0) source that readily oxidizes to Pd(Il) when

exposed to air, the same pattern was observed.
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Table 2.1: Reactions between enol carboxylates and phenylboronic acid with varying solvents and atmospheres. *H

NMR solution yields determined using 1,3,5-trimethoxybenzene as internal standard.

(0]
B(OH)2  Pd(PCys), (6.7 mol%) ‘
+ '
©/ solvent (0.4 M)
OAc rt, N, or under air O
1 equiv.

0]

1 equiv.

Entry Solvent  Atmosphere ayield/ %
1 THF N> 33
2 THF open 39
3 d-benzene N> 12
4 d-benzene open 25
5 d-acetone N> 62
6 d-acetone open 84

We then explored the possibility of aryl halides providing a competing reaction pathway.

If this reaction indeed proceeded through a Pd(0)/Pd(ll) reaction mechanism, one would expect

competitive reactivity with aryl halides present within the system. Both the enol carboxylate and

the phenylboronic acid were functionalized with a respective aryl halide. In reactions with or

without a halogenated phenylboronic acid, the functionalized enol carboxylate still performed

the desired reaction, albeit with lower yields (Table 2.2). Importantly, we observe no evidence of

reaction at the Ar-X units. The previous report found improved isolated yields by utilizing an

alternative solvent (toluene), but the reaction was still conducted open to air.?’
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Table 2.2: Reactions between functionalized enol carboxylate and phenylboronic acid or 3-chlorophenylboronic acid.

1H NMR solution yields and conversion determined using 1,3,5-trimethoxybenzene as internal standard.

o}
Pd(OAC), (4 mol%)

o]
‘ R B(OH)2  p(0-OMePh)s (6 mol%) ‘
+ -
Br OAc Acetone/H,0 (10:1 vAv) Br
0.5 M, rt, under air
R=H,Cl

o

1 equiv. 1.25 equiv.
Entry R yield /%  conversion /%
1 H 17 39
2 Cl 29 54

Attention was then turned to address the nature of the Pd center. We hypothesized that
an arylated Pd center would turn-over in the presence of the enol carboxylate to produce product.
The arylated Pd center was produced by reacting phenyl triflate with Pd(PCys). (Equation 2.1).
This Pd center could also be produced by oxidative addition of Pd(PCys), with bromobenzene
followed by a ligand exchange using Ag(OTf) (Appendix A, Section A2). Our hypothesis proved
false, as no product was produced when the enol carboxylate was introduced to the system
containing the arylated Pd center. Interestingly though, with the addition of both enol carboxylate
and phenylboronic acid, the reaction was productive. This leads us to believe that the boronic
acid functional group is critical to this reaction. It could either serve as a reducing agent to
generate Pd(0) in a traditional mechanism, or help to generate a Pd(ll) cation by acting as a Lewis

acid in a Pd(Il)-only mechanism.

OTf THF or dg-acetone Cy3P"»,, _OTf 15¢e uivOAC ‘

2.1) *  Pd(PCys)y —— N — O
1 equiv. N, atm. ©/ PCys; B(OH),

1.2 equiv. ©/

15 equiv.

only formed upon addition
of phenylboronic acid
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2.4.2 Analysis of Pd(Il) vs Pd(0)/Pd(Il) Mechanisms

Given the feasibility of both mechanistic types, especially in light of the reported
computational studies,?®3! and our own proposals of Pd(0)/(ll) mechanisms in related
reactions,”® we sought to assess the feasibility of a Pd(0) pathway. We assessed a number of
catalyst systems for their ability to generate both the coupling product (3a) and biphenyl (4) as a
byproduct (Table 2.3 — additional data in Appendix A, Table Al). Biphenyl, as proposed by Zhao,
Zhang, and Wang, would be generated upon reduction of Pd(Il), which may indicate a Pd(0)/(Il)
pathway. Reactions were conducted under previously reported conditions, open to air at room

temperature in a mixed acetone/water solvent system.
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Table 2.3: Reactions between an enol carboxylate, phenyl boronic acid and various Pd precatalysts.

(0]
io . ©/B(OH)2 P(Tfl\::g;z)?(? ﬂZTo)/o) g ‘ . O
additive _ O O
OAc 2a Acetone/water (10:1 v/v)
1 1.5 equiv. 0.5 M, rt, under air, 18 h 3a 4
Entry Pd Source Additive  3a° 4b
1° Pd(OAc), - 29 3
2 Pd(OAc), - 63 9
3 Pd(OAc), PhOTF 79 1
4 [Pd(P(0-MeOPh)s)(u-OAc)(Ph)l, ) 87 6
Pd,dbas*CHCl; - 66 13
67 Pd(OAc), - 0 5
7¢ Pd(OAc), - - 7
8 none - 0 0

%Yjelds of 3a are obtained by 1H NMR spectroscopy by relative integration vs. internal standard,
1,3,5-trimethoxybenzene (TMB). “Yields of 4 are obtained by GCMS analysis by comparison to a calibration

curve generated using authentic 4. °1 hour reaction time. “No P(o-MeOPh); added. ¢No 1 added.

Under standard conditions, we observe the formation of 3a, with 29% formed after 1 h
and 63% after 18 h. Alongside this cross-coupling product, we do observe 4 in small but significant
amounts (entries 1-2). This is consistent with reduction of Pd(ll) by 2, generating 4 by oxidative
homocoupling. To further probe the catalytic efficacy of an in situ generated Pd(0) species, we
added 1 equiv of phenyl triflate (PhOTf) as a Pd(0) trapping reagent (entry 3). PhOTf should
undergo rapid oxidative addition to Pd(0),3¢ especially relative to the enol acetate, serving as a
competitive inhibitor. This should slow/shut down the enol acetate cross-coupling, and/or
produce significantly more biphenyl through competitive Suzuki coupling. To our surprise, PhOTf
has essentially no effect, with both 3a (79%) and 4 (11%) formed as observed with no PhOTf. We
also tested the possibility of direct Suzuki coupling between 2 and PhOTf under the same reaction

conditions, and observe <10% biphenyl. Furthermore, [Pd(P(o-MeOPh)s3)(u-OAc)(Ph)]2,3” which
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has a bridging acetate X-type ligand, gives 87% of the cross-coupled product 3a, along with ~6%
of 4.

The persistent formation of biphenyl as a byproduct led us to examine the use of a Pd(0)
source. With Pd>dbaseCHCIs replacing Pd(OAc),, we observe essentially identical results, including
the formation of biphenyl (entry 5), despite the fact that no oxidative homocoupling would be
required to reduce Pd(Il) to Pd(0). Notably, we also observe biphenyl as a byproduct when
Pd(OAc): is used without added phosphine, though there is no cross-coupling reactivity (entry 6).
Biphenyl is also generated in the absence of enol acetate 1 (entry 7),3 but neither 3a or 4 are
observed with no added Pd (entry 8).

While these experiments do confirm the presence of biphenyl, which is consistent with
Pd(0) formation as proposed by Zhao, Zhang, and Wang,3° the retention of catalytic activity in the
presence of PhOTf led us to consider that a cationic Pd(Il) mechanism could still be operative.
Attempts to probe catalyst speciation by 3!P NMR spectroscopy were inconclusive; therefore, we
used electrospray ionization mass spectrometry (ESI-MS) with a charge-tagged arylboronic acid
to explore potential reaction intermediates.?® This technique was chosen because it softly ionizes
reaction intermediates resulting in minimal fragmentation. For these studies, a charge-tagged
boronic acid was implemented to aid in the identification of low concentration species.

The reaction was probed both sequential addition and in a single pot method. However,
specific speciation was elucidated through sequential addition. These studies were conducted in
the order of Pd, ligand, boronic acid and alkenyl carboxylate (Full reaction scheme for ESI-MS

experiments: Equation 2.2).
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o}
0 Pd(OAC), (20 mol%)

PFg B(OH)2  p(0-OMePh); (30 mol%) ‘
+ > r
(2.2) PhsPZ. Acetone/H,0 (10:1 v/v) PFe
i +
1 OAc 2b 5.5 mM, rt, under air 3b O PPh,

1.5 equiv.

When Pd(OAc); was mixed with 1.5 equivalents of P(o-OMePh); in 10:1 (v/v) acetone/H,0
solution, we observed a singly-charged double-ligated Pd species with a single acetate (Figure

2.4).

Acetone/H,0 (10:1 viv)
5.5 mM, rt, under air
Pd(OAc), + P(0-OMePh)s »  Pd(OAc)(P(0-OMePh);),

1 equiv 1.5 equiv.

0.8

Pd(OAc)(P(o-OMePh);r o

0.4

0.2

0.0
864 866 868 870 872 874 876

Figure 2.4: Sequential addition of P(o-OMePh)s; to solution containing Pd(OAc),. Observed (trace) and calculated

(bars) m/z isotope patterns.

Upon addition of the aryl boronic acid, the single acetate group was replaced with
the aryl group producing a double charged Pd species (Figure 2.5), likely forming
(AcO)B(OH)2 as a result. When the boronic acid and alkenyl carboxylate were switched,
we found that after the addition of alkenyl carboxylate the reaction did not proceed
considerably, likely because an oxidative addition of these substrates have been seen to
require elevated temperatures.® Only with the addition of the boronic acid did we observe

a significant change in speciation.
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Acetone/H,0 (10:1 v/v)

PFs BOH)z 55 mM, rt, under air
Pd(OAc)(P(o-OMePh)3), + Ph P+ o Pd(CegH4CHoPPh3)(P(0-OMePh)s),
3

1.0
0.8
0.6
2+
Pd(CeH4CH2PPh3)(P(o-OMePh)£|

0.44

0.2

0.0
579 580 581 582 583 584 585

Figure 2.5: Sequential addition of a charge-tagged aryl boronic acid to a solution containing Pd(OAc), and P(o-

OMePh)s. Observed (trace) and calculated (bars) m/z isotope patterns.
When the alkenyl carboxylate was added we observed the doubly charged singly-ligated
Pd species bound to an alkenyl carboxylate and an aryl group (Figure 2.6a), we did not observe
the single charged version of this complex. This structure was verified by using collision induced
dissociation (CID) where a low voltage (5V) was applied. We observe dissociation of the alkenyl

carboxylate to generate a doubly charged, mono-phosphine Pd aryl species (Figure 2.6b).
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Figure 2.6: a) Sequential addition of an enol carboxylate to a solution containing Pd(OAc),, P(o-OMePh)s, and a
charge-tagged aryl boronic acid. Observed (trace) and calculated (bars) m/z isotope patterns. b) Collision induced

dissociation of the formed intermediate.

These findings allow us to propose a new catalytic cycle (Figure 2.7) where Pd(OAc),
coordinates two phosphines, replacing a single acetate (l.), followed by the boronic acid
transmetalating to remove the acetate (ll.). This compound then coordinates to the alkene of the
alkenyl carboxylate (lll.), before syn-carbopalladation to produce a C-bound Pd-enolate (IV.). This
then epimerizes to bring the Pd and OAc group into syn conformation (IV".), which then eliminates

to close the catalytic cycle. We believe that the turnover limiting steps are the coordination and
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syn-carbopalladation to the alkene, because the short-lived species IV and IV’ were not observed

in the ESI-MS analysis.

0
o ) Pd(OAC), (20 mol%)
. PR B(OH)2  p(o-OMePh); (30 mol%) ‘
Phyp? Acetone/H,0 (10:1 vv) 0 PFe
OAc 5.5 mM, rt, under ai +
1 2 m under air 3b PPhs
1.5 equiv.
JJJ
\/ Ar-8(0H), |

—[Pd”]—OAc

Figure 2.7: Proposed cationic Pd(ll) cycle with observed (trace) and calculated (bars) m/z isotope patterns.
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2.5 Conclusion

In conclusion, we have proposed a cationic Pd(ll) only catalytic cycle for a base-free, open
to air, palladium cross-coupling reaction through the use of hetero-nuclear NMR and in situ ESI-
MS. While the computationally-proposed Pd(0)/(ll) could be occurring,®® we have shown
experimental evidence of an alternative pathway that we believe dominates reactivity. Using this
mechanistic information to guide decisions on expanding the substrate scope and designing new

Pd catalysts is ongoing within our group.
2.6 Experimental

2.6.1 General Considerations

All solvents and common organic reagents were purchased from commercial suppliers and
used without further purification. Pd(OAc)2 and Pd(PCys), was purchased from Strem Chemicals
and used as received. PdPhBr(P(o-OMePh)s) and [PdPh(u-OAc)(P(o-OMePh)s)]. were prepared
according to literature.3” Pd,dbaseCHCl3 was prepared using the Zalesskiy and Ananikov
method.*® Phenyl trifluoromethanesulfonate was synthesized using literature procedures,*! and
characterized.*? 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate,*3 (4-
Boronobenzyl)triphenylphosphonium hexafluorophosphate,®* and 3'-bromo-5-oxo-1,2,5,6-
tetrahydro-[1,1'-biphenyl]-3-yl acetate?’” were synthesized using literature procedures. All
phosphine ligands were purchased from Strem Chemicals and used as received. Anhydrous
solvents (SureSeal) were purchased from MilliporeSigma and used as received.

Isotope patterns were simulated using ChemCalc free-to-use software (chemcalc.org),*

and were overlayed with the experimental data.
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All air-free manipulations were performed under a dry nitrogen atmosphere using an
MBraun glovebox.

All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a
Bruker AVANCE Neo 500 MHz spectrometer. All *H and 3C NMR chemical shifts are calibrated to
residual protio-solvents and all 3'P NMR chemical shifts are calibrated to external standards. All
NMR spectroscopic data is processed using Bruker TopSpin 4.07.

Gas-Chromatography Mass-Spectrometry (GC-MS) analysis was conducted on a Finnigan
Trace GC Ultra with DSQ mass spectrometer.

Electrospray-lonization Mass-Spectrometry (ESI-MS) analysis was conducted on a Waters
Acquity triple quadrupole detector. The capillary voltage was held at 3 kV, cone voltage at 13V,
extraction cone voltage at 2 V, and RF lens at 0.3 V. The desolvation gas flow rate 150 L/h, cone
gas flow 150 L/h, source temperature 70 °C, desolvation temperature 150 °C. The mass range was
set to m/z 50-1200; scan duration was 1 second; LM and HM resolution were set to 15.0. The
mass range was narrowed and the LM and HM resolutions increased to 17.0 to obtain isotope

pattern information.

2.6.2 Preliminary Studies

Monitoring of reactions with various arylboronic acids:

Pd(OAC), (2 mol%)

(0]
xBOH):2  p(0-OMePh); (3 mol%)
+ Ry e
= Acetone/H,0 (0.5 M, 10:1 v/v) 2
OAc R+ P

1 equiv. 1.5 equiv.
A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (0.60 mmol,

109.0 mg), aryl boronic acid (0.90 mmol), Pd(OAc); (0.012 mmol, 2.7 mg), P(o-OMePh)sz (0.018
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mmol, 6.3 mg) and 1,3,5-trimethoxybenzene (0.06 mmol, 10.1 mg). 1.2 ml of 10:1 (v/v)
Acetone/H,0 was added to each vial and the solution was allowed to stir (500 rpm) at room
temperature. At 0.5 h, 2 h, and 18 h 0.4 ml of the reaction solution was removed to a separate
vial and dried immediately using a Genevac EZ-2 (Aqueous setting, 45C). Yield was determined
using *H-NMR in CDCl; with 1,3,5-trimethoxybenzene as an internal standard: 1-(2’-tolyl)-5,5-
dimethylcyclohex-1-en-3-one,* 1-(3’-tolyl)-5,5-dimethylcyclohex-1-en-3-one,* 1-(4’-tolyl)-5,5-
dimethylcyclohex-1-en-3-one,* 1-(2’-methoxyphenyl)-5,5-dimethylcyclohex-1-en-3-one,?’” 1-(3’-
methoxyphenyl)-5,5-dimethylcyclohex-1-en-3-one,* 1-(4’-methoxyphenyl)-5,5-
dimethylcyclohex-1-en-3-one.*®
1-(4’-cyanophenyl)-5,5-dimethylcyclohex-1-en-3-one:

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (0.64 mmol,
116.3 mg), 4-cyanophenyl boronic acid (0.96 mmol, 140.7 mg), Pd(OAc), (0.013 mmol, 2.9 mg),
and P(0-OMePh)s (0.019 mmol, 6.7 mg). 1.2 ml of 10:1 (v/v) Acetone/H,0 was added to the vial
and the solution was allowed to stir (500 rpm) at room temperature overnight. The compound
was isolated using a Biotage Selekt instrument with a hexanes/ethyl acetate gradient (0 — 40%,
eluting at 30%).
'H NMR (500 MHz, CDCls, 292 K, ppm): § 7.69 — 7.65 (m, 2H), 7.61 — 7.56 (m, 2H), 6.38 (t,J = 1.5
Hz, 1H), 2.60 (d, J = 1.5 Hz, 2H), 2.33 (s, 2H), 1.11 (s, 6H). 3C NMR (126 MHz, CDCls, 292 K, ppm):
6 199.48, 155.18, 143.56, 132.51, 126.80, 126.34, 118.32, 113.20, 50.85, 42.10, 33.83, 28.32.

HRMS: Calc’d for C1sH1sNO [M+H]+: 226.12264; found: 226.12270.
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Monitoring of reaction with varying ligand concentrations:

0
O Pd(OACc), (2 mol%)

B(OH)2  p(0-OMePh), (x equiv. to Pd) ‘
i -
Acetone/H50 (0.5 M, 10:1 v/v)
OAc
1.5 equiv.

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (0.60 mmol,

1 equiv.

109.0 mg), 4-tolylboronic acid (0.90 mmol, 122.0 mg), Pd(OAc), (0.012 mmol, 2.7 mg), P(o-
OMePh); (0.006 mmol, 2.1 mg; 0.012 mmol, 4.2 mg; 0.018 mmol, 6.3 mg; 0.024 mmol, 8.4 mg;
or 0.030 mmol, 10.5 mg) and 1,3,5-trimethoxybenzene (0.06 mmol, 10.1 mg). 1.2 ml of 10:1 (v/v)
Acetone/H,0 was added to each vial and the solution was allowed to stir (500 rpm) at room
temperature. At 0.5 h, 2 h, and 18 h 0.4 ml of the reaction solution was removed to a separate
vial and dried immediately using a Genevac EZ-2 (Aqueous setting, 45C). Yield was determined
using *H-NMR in CDCls with 1,3,5-trimethoxybenzene as an internal standard. #°

Open to air vs inert atmosphere reactions:

0]
o]
B(OH)2  Pd(PCys), (6.7 mol%)
+ ’
solvent (0.4 M)
OAc rt, N, or under air O
1 equiv. 1 equiv.

In an air-free environment a NMR tube* was charged with 5,5-dimethyl-3-oxocyclohex-1-
en-1-yl acetate (41.0 mg, 0.22 mmol), phenyl boronic acid (27.4 mg, 0.22 mmol), Pd(PCys). (10.0
mg, 0.015 mol, 6.7 mol%), and solvent (0.4 M) (Table 2.1). The tube was either sealed and brought
out of the glovebox or brought out of the glovebox and opened to expose the contents to air
(Table 2.1). After 18 hours, the yield was determined using H-NMR in CDCls with 1,3,5-

trimethoxybenzene as an internal standard.?’
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*)-young tubes used for N, atmosphere reactions.

Competing oxidative addition pathways:

(e}
Pd(OAc), (4 mol%)

(0]
‘ R B(OH)2  p(0-OMePh); (6 mol%) ‘
N
Br OAc Acetone/H,0 (10:1 v/v) Br
0.5 M, rt, under air
R=H,Cl

1 equiv. 1.25 equiv.

R

®

A 1-dram vial was charged with 3'-bromo-5-ox0-1,2,5,6-tetrahydro-[1,1'-biphenyl]-3-yl
acetate (100.0 mg, 0.32 mmol), (3-chloro)phenyl boronic acid (0.40 mmol), Pd(OAc). (2.9 mg,
0.013 mmol), P(0-OMePh)s (6.8 mg. 0.019 mmol), and 10:1 acetone/water (v/v) (0.5 M). The vial
was capped and allowed to stir at room temperature for 18 h. The reaction was dried on a
Genevac EZ-2 (Low BP, 30 °C) before yield was determined using *H-NMR in CDCls with 1,3,5-
trimethoxybenzene as an internal standard.?’

Air-free chemistry:

All reactions were performed air-free, as detailed in Section 2.6.1.

oTf THF or dg-acetone ~ C¥sP.  OTf _OAc ‘
+ : 15 equiv.
Pd(PCys), > Pd\ - O

1 equiv. Nz atm. ©/ PCys B(OH),
1.2 equiv. ©/

15 equiv.

A J-young tube was charged with phenyl triflate (4.1 mg, 0.018 mol) and Pd(PCys), (10.0
mg, 0.015 mol) in both THF and d-acetone (0.6 ml, 0.4 M). Subsequently 5,5-dimethyl-3-
oxocyclohex-1-en-1-yl acetate (41.0 mg, 0.22 mol) and (if desired) phenyl boronic acid (27.4 mg,
0.22 mol) were added to the J-young tube in an air-free setting and monitored over 18 h. Product

was only observed in reaction with phenyl boronic acid present.
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2.6.3 Analysis of Pd(Il) vs Pd(0)/Pd(Il) Mechanisms

Monitoring of biphenyl (GC-MS):

0]
) X mol% [Pd]
B(OH)2  y mol% P(0-OMePh), ‘
+ +
©/ solvent (0.5 M) O
OAc additive O
1 equiv. 1.5 equiv. n,zh ayield b yield

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (50.0 mg,
0.27 mmol), phenyl boronic acid (50.2 mg, 0.41 mmol), [Palladium] (x mol%), P(o-OMePh)s (y
mol%), additive and solvent (0.5 M). The vial was capped and allowed to stir for z h. At the
appropriate time, an aliquot was taken for GC-MS analysis to determine the yield of b and the
reaction was dried on a Genevac EZ-2 (Low BP, 30 °C) before yield of a was determined using H-
NMR in CDClz with 1,3,5-trimethoxybenzene as an internal standard.

Electrospray lonization Mass Spectrometry (ESI-MS):

(0] B(OH), 0
20 mol % Pd(OAc),
7@\ + 30 mol % P(0-OMePh); ‘
Acetone/H,0 (10:1 v/v, 5.5 mM)'
OAc o ® r2t under air O ®
1 equiv PFs~PPhg PPhy
1.5 equiv

To a stirred solution of Pd(OAc); (2.5 mg, 0.011 mmol) in 7.0 mL solvent (10:1
acetone/water (v/v)), sequentially the following was added: P(o-OMePh); (5.8 mg, 0.017 mmol)
in 1 mL solvent, (4-boronobenzyl)triphenylphosphonium hexafluorophosphate (44.6 mg, 0.082
mmol) in 1 mL solvent, and finally 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (10.0 mg, 0.055
mmol) in 1 mL solvent to obtain a final concentration of 5.5 mM in alkenyl carboxylate. Additions

were only completed when new speciation formation had plateaued. Specific species (see
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Appendix A, Figure A3 for example) were subject to collision induced dissociation (CID) to aid in

identification.
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Chapter 3: Base-Free Palladium-Catalyzed Borylation of Enol

Carboxylates and Further Reactivity Toward Deboronation and

Cross-Coupling

This chapter, excluding section 3.1, have been reproduced from:
Gaube, G.; Fernandez, N.P.; Leitch, D.C., An Evaluation of Palladium-Based Catalysts for the
Base-Free Borylation of Alkenyl Carboxylates, New Journal of Chemistry, 2021, 45, 20095-

20098, (DOI: 10.1039/D1NJ04008A), and Gaube, G.; Miller, D.L.; McCallum, R.A.; Fernandez,

N.P.; Leitch, D.C., Base-Free Palladium-Catalyzed Borylation of Enol Carboxylates and Further
Reactivity Toward Deboronation and Cross-Coupling, ChemRxiv 2024, DOI: 10.26434/chemrxiv-

2024-5miml.

3.1 Preface

Contributions: Douglas L. Miller conducted catalyst screening with substrates 2e-2g, aided
in protodeboronation screening, and synthesized starting materials under supervision of Gregory
Gaube. Rowan A. McCallum conducted catalyst screening with substrates 2b and 2c, synthesis
optimization of 3,4-diethylhexane-3,4-diol, and reactions of 2b-2g with B,EPin, under supervision
of Gregory Gaube. Nahiane Pipaon Fernandez conducted synthesis of 4e-4g. All other
experimental work and characterization was conducted by Gregory Gaube.

3.2 Abstract

A series of base-free Pd-catalyzed borylation procedures are reported for a number of
alkenyl carboxylates. High-throughput experimentation was used to discover and optimize these
reactions using in situ generated catalyst systems. With lactone or lactam substrates, the resulting

alkenyl pinacol boronates are hydrolytically unstable, undergoing protodeboronation under acidic
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and basic aqueous conditions. Optimization of this protodeboronation resulted in a mild, two-
step reduction of the C—O bond, achieving net-deoxygenation while leaving the alkene intact. In
contrast, use of an alternative tetraalkoxydiboron source — B,EPin, — was successful in catalysis,
and offered improved stability of the resulting organoboron species. This enables further

reactivity, such as cross-coupling, without competing protodeboronation.

3.3 Introduction

Installation of boron-based functional groups is a valuable methodology, particularly in
the context of metal-catalyzed cross-coupling.l™”” Although numerous reactions utilize
organoboron intermediates, Suzuki-Miyaura coupling is the most widespread, as it remains one
of the most reliable methods for forming C—C bonds.®™2¢ Accordingly, a plethora of methods to
install a suitable boron-based unit are known.'’"2! Since seminal work from Miyaura,?? Pd-
catalyzed borylation of organohalides and pseudo halides (such as triflates) is often used achieve
this,?324 typically with a tetraalkoxydiboron source (such as B,Pin; or an alternative)?® and a weak
base (such as KOAc or other carboxylate bases)?®~% to complete the catalytic cycle. Importantly,
the vast majority of these reactions rely on the aforementioned halide or triflate electrophiles to
accomplish this transformation.

Two ways to improve Pd-catalyzed borylation are to utilize alternative, non-halide
electrophiles, and to eliminate the need for insoluble inorganic bases. For the former, simple
oxygen based leaving groups such as alkoxyl or carboxyl are advantageous from an
accessibility/installation standpoint;?®3° however, the required C—O activation is kinetically
difficult,®! limiting the reported examples of C—O borylation to select systems based on Rh,32734

Ni,>>73° and Fe (Figure 3.1a).%%*! For the latter, conditions that use homogeneous bases, or no
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base at all, would greatly improve reliability and scalability of these reactions, an important

consideration in pharmaceutical process chemistry.42-44

a) Previous work: Rh, Ni, and Fe catalysis for C-O borylation

R OR , R" ([B]
Rh, Ni, Fe
=+ ((RO),BHB(OR); =

b) Pd-catalysis for C-O activation: Pd(0)/(Il) or Pd(ll) mechanisms

R'  OAG/OPiv R" (A7)
=+ (A-BOH), — &’

R2 RS R? RS

* easily accessible alkenyl carboxylates < air/moisture tolerant
» commercially available boronic acids  base, oxidant, and halide-free
* broad scope; heterocycles » room temperature reactivity

c) This work: Pd-catalyzed C-O borylation

R =Me R?
. o @] [Pd] sat. NaHCO;
Rf R 7 Methods — <
j: B-8| :t [Pd] (Ar-Br

* 12 alkenyl carboxylate substrates evaluated with 4 catalyst systems
* base-free borylation with both OAc and OPiv leaving groups

* both B,Pin, and B5,EPin, suitable as boron sources

* reactivity enables net deoxygenation or cross-coupling

Figure 3.1: a) Prior catalytic strategies for C—O borylation; b) C—O activation in C—C bond formation with arylboronic
acids; c) an evaluation of catalytic systems for borylation involving C—0 activation, including comparable reactivity

of two systems with both BPin and BEPin synthetic handles.
In both cases, carboxylate leaving groups offer several advantages.*® They are easily
installed by simple acylation, and the intermediacy of a Pd(Il) carboxylate after C-O oxidative

addition means that exogenous base should not be required. However, since carboxylates
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contain two C-O bonds for Pd(0) to react with, an additional selectivity hurdle needs to be
overcome. Accordingly, to the best of our knowledge there is a single, Rh-based catalytic system
able to effect borylation with carboxylate-based electrophiles.3?

While the Newman group has selectively activated the acyl C—O bond using Pd catalysis,>!
a 2020 publication by our lab has shown that Pd(0) can selectively insert into the desired
aryl/alkenyl C—O bond in heteroaryl and alkenyl carboxylates.*® This was then applied to Pd-
catalyzed reactions of alkenyl carboxylates and phenyl boronic acids without the use of a base
(Figure 3.1b).*” We have since expanded this reactivity to tandem C—O/C—H activation for base-
free direct alkenylation.*®

We have investigated several methods of Pd-catalyzed Miyaura borylation of alkenyl
carboxylates (Figure 3.1c), including using an air-stable Pd precatalyst (°MPDAB-Pd—MAH)
recently developed within our group.*® We have also investigated the protodeboronation of
alkenyl boronate esters derived from y-lactones and y-lactams. Using the standard BPin group,
protodeboronation is readily achieved using biphasic hydrolysis under mildly basic conditions.
Optimization of this deboronation results in a net reductive deoxygenation of the precursor
enols, using conditions that leave the C=C bond intact. In contrast, use of the recently reported
B2EPin, under our catalytic conditions gives stable organoboron compounds that can be used

further.”®
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3.4 Results and Discussion

3.4.1 Borylation Conditions for Multiple Substrate Classes

Our prior work on Pd-catalyzed Suzuki coupling with alkenyl carboxylates yielded two
viable catalytic systems, both of which operate base-free.*” One in situ system with Pd(OAc), and
tris(ortho-methoxyphenyl)phosphine functioned open to air, at room temperature, and in the
presence of water, potentially through a redox-neutral Pd(ll)-based mechanism.>13 The other
system involves a single component Pd(0) catalyst, Pd(PCys);, which functioned at higher
temperatures, through a more typical Pd(0)/(ll) mechanism.*’ To determine if additional
Pd/ligand combinations would yield product in a base-free Miyaura borylation, we conducted a
series of microscale high-throughput screening experiments against multiple classes of alkenyl

carboxylate electrophiles (Figure 3.2).
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Figure 3.2: Catalyst screening for the borylation of 1a, 2b-2g. Yield determined by H NMR spectroscopy

using 1,3,5-trimethoxybenzene internal standard.

Our screening approach was two-pronged. First, dimedone-derived alkenyl acetate 1a was
reacted with B,Pin; at elevated temperature with twenty in situ catalyst combinations involving
four Pd precatalysts and five ligands. Of the 4 Pd sources, two were Pd(ll), and two were Pd(0),
including ®MPDAB-Pd-MAH.*° These precatalysts were assessed with five ligands: P(o-OMePh)s
and PCys (both successful in the prior Suzuki coupling method),*” as well as SPhos, dppf and
XPhos. Control experiments without Pd yielded no product (Appendix B: Figure B1). We also

evaluated a single component Pd precatalyst, Pd(PCys), (Figure B1).>* Many combinations yielded
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product, but generally Pd(Il) sources outperformed Pd(0) sources. Pd(OAc). and SPhos was the
best in situ combination (62% solution yield), and was taken forward in further optimization. The
single component Pd(PCys); also yielded comparable product formation.

The second set of screens was done for six y-lactone, and y-lactam alkenyl pivalate
substrates (2b-2g). The choice of pivalate as opposed to acetate was informed by further
exploration of the dimedone-based system (vide infra). We opted to explore electronic effects by
changing the para substituent on the phenyl ring at the a position. The aryl was either
unsubstituted (-H) or substituted with an electron-withdrawing (-CFs) or electron-donating (-
OMe) group. The resulting 6 compounds were evaluated with the same twenty in situ
combinations of Pd and ligands (Figure 3.2). Many combinations facilitated borylation; however,
in contrast to 1a, the lactone and lactam substrates generally preferred Pd(0) over Pd(Il) sources.
Control experiments with no catalyst again yielded no borylated product. With respect to ligand
effects, every Pd source when combined with PCys facilitated borylation to some extent. Notably,
lactone substrates (2b-d) have generally higher reactivity than their lactam counterparts (2e-g):
XPhos and SPhos performed reasonably well with the former set, but were generally ineffective
for the latter set. Taken holistically, these results reveal that the combination of "PDAB-Pd-MAH
and PCys performed well among all six substrates, with solution yields of the organoboron
products between 61-98%.

Moving ahead, full factorial multivariate optimization was chosen to quickly obtain
improved conditions for the Pd(OAc)2/SPhos in situ system (Figure 3.3). Three variables were
chosen for evaluation: concentration of Pd, concentration of ligand, and concentration of B;Pin,.

Notably, excess ligand (3 equiv. to Pd) reduced yield with both the 4 and 10 mol% Pd(OAc)
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reactions. This is consistent with a monoligated Pd(0) species as the active catalyst. In all cases,
increasing the B2Piny in the reaction mixture improved vyields of 3a, while only marginally
increasing the conversion; the mass balance is dimedone, formed by hydrolysis of 1a. The best
conditions are with 0.2 M 1a, 10 mol% Pd(OAc)2, 15 mol% SPhos, and 2 equiv B,Piny, giving 71%

solution yield, but only 89% conversion.

(e}
/ Pd(OAc), (x mol%)
\ SPhos ( ymol%)
toluene (0.2-0.8 M) I$/O
1a (R =Ac) Z equiv 100 C 18h 3a o
(R = Piv)

(O 2 0 8 mmol)
(]
N
& I
)
<
S
Q
4.0

1a 0.2 7.5

10.0
0.2 | 100 89 TON=7
04 5.0 >908 =
1a 1.5 2.0 TON=13
0.6 3.3 >08 TON =18
0.8 2.5 >98 TON =18
2a 0.8 25 1.5 20 |>98 | 72 |TON =29

Figure 3.3: Multivariate optimization of the borylation of 1a. Conversion and yield determined by *H NMR

spectroscopy using 1,3,5-trimethoxybenzene internal standard.

While this result was satisfactory in yield, the high Pd loading and corresponding low

79



turnover number (TON = 7) and incomplete conversion were concerning. Furthermore, increasing
[1a] while maintaining constant [catalyst] did lead to higher TON (up to 18), but also led to
diminished yields of 3a due to increased hydrolysis of 1a to dimedone. To correct this, we
evaluated the more sterically-hindered, electron-rich alkenyl pivalate derivate 2a at a
concentration of 0.8 M. This greatly improved the yield of 3a (72% solution yield), the mass
balance, and the TON (29).

Full factorial multivariate optimization was also performed for substrates 2b-g with the
PMPDAB-Pd-MAH/PCys in situ system. A simplified 2 factor, 2 level design, in catalyst loading and
B2Pin, equivalents was conducted (Figure 3.4). The Pd:PCys ratio was held steady at 2. We found
that the best conditions are dependent on the motif. Consistent with initial screening, y-lactams
are less reactive, requiring both higher catalyst loading (5 mol%) and 2.0 equiv. B,Pin; (92-98%
solution yields) (Method D). In an effort to reduce B,Pin;, an additional data point (5 mol% [Pd]
and 1.6 equiv. B2Pin;) was collected for 2e-g; however, this resulted in reduced yield for 2f. The y-
lactones 2b-d had similar results with 2.0 mol% [Pd] and 2.0 equiv B;Pin;, and 3.5 mol% [Pd] and
1.6 equiv ByPiny; the latter was chosen as Method E because excess B,Pin, has been found to

hamper purification in further steps.>>
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Figure 3.4: Full factorial optimization of the borylation of 2b-2g. Yield was determined by *H NMR
spectroscopy using 1,3,5-trimethoxybenzene internal standard. Grey cells indicate reactions not performed under

these conditions.

After these two targeted optimizations, we wanted to evaluate the utility of these
procedures against the two methods our group had used previously for C—O activation in Suzuki
coupling. For this assessment, we prepared twelve alkenyl carboxylates, including six main motifs
with both acetate and pivalate leaving groups. Specifically, these are the previously described
dimedone-derived substrates (1/2a), the y-lactones (1/2b) and y-lactams (1/2e), along with
cyclopentanone derived substrates (1/2h), coumarins (1/2i) and pyrones (1/2j). These substrates
were subjected to six reaction conditions, with Methods A-D shown in Figure 3.5 (two additional
Methods F & G shown in Appendix B - Figure B2). Method A was previously used in Pd(ll) catalyzed

C-O activation cross-coupling, Method B is the Pd(OAc)./SPhos system optimized for 1/2a,
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Method C was previously used for Pd(0) catalyzed C—O activation cross-coupling, and Method D
is the ®"MPDAB-Pd-MAH/PCys system (5 mol% loading) optimized for 2e-2g.

Overall, alkenyl pivalate substrates performed uniformly better than their alkenyl acetate
counterparts, which points to product decomposition back to the corresponding enol being a
significant issue with the acetate leaving group. Among the moderate yields that were obtained
with an acetate leaving group, Pd(0) sources generally fared better than Pd(ll) sources.

For the formation of 3a, Method B proved to be best, which is consistent with our
multivariate optimization; however, this method appears to be specific to the dimedone motif, as
these conditions failed to borylate the similar cyclopentenone 1/2h, and provided low yields for
the other motifs. Method D proved to be best for the formation of 3b and 3e from the
corresponding pivalates; however, Method C (which uses the same PCys ligand) gave similar,
albeit slightly lower vyields with higher catalyst loading. Furthermore, while Pd(PCys), is
commercially available, its air sensitivity is a practical limitation; "MPDAB-Pd-MAH is air stable. For
the formation of 3h from the corresponding pivalate, Method A was best, which is again specific
to this motif. Finally, formation of 3i and 3j was best using Method C. Given the success of PCys-
based systems, we also evaluated Pd(OAc),(PCys); as a single component Pd(ll) source. This
complex has been observed to reduce in situ to Pd(PCys)2 in the presence of B2Piny;** however,
this ultimately proved inferior to Pd(PCys), (Methods F & G, Appendix B - Figure B2).

Although the specific mechanistic reasons for the success/failure of these various
methods for each substrate class are not yet clear, what is clear is the importance of including
substrate identity as a variable when evaluating new synthetic methods.>® Each of the alkenyl

pinacol boronate compounds were characterized (NMR, HRMS) without purification, as attempts
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to use column chromatography or selective extractions led to product decomposition (vide infra)
and/or pinacol-containing impurities remaining; this latter issue is a known problem when

synthesizing BPin-containing molecules.!

R o O
+ B-B, Method A, B, C, or D 0
OAc/ 6o O > ‘ 7<<
X equiv 3a-b, e, h-j

OPiv 18 h reaction time

(0.120 or 0.878 mmol)

Method A: Pd(OAc), (4 mol%) / P(o-OMePh); (6 mol%), x = 1.1, acetone/water (10:1, 0.6 M), rt
Method B: Pd(OAc), (2.5 mol%) / SPhos (3.8 mol%), x = 1.1, toluene (0.8 M), 100 °C

Method C: Pd(PCys), (10 mol%), x = 1.1, toluene (0.2 M), 100 °C

Method D: PMPDAB-Pd-MAH (5 mol%) / PCys; (10 mol%), x = 2.0, toluene (0.2 M), 100 °C
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Figure 3.5: Comparison of Pd-catalyzed methods for base-free Miyaura borylation of alkenyl acetate and
pivalate substrates. Substrate loading: 0.12 mmol for Methods A, C-D, 0.88 mmol for Method B. Yields determined

by *H NMR spectroscopy using 1,3,5-trimethoxybenzene
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As borylated compounds are usually targeted as synthetic intermediates, we chose to
assess the newly formed alkenyl pinacol boronates in preparative scale Suzuki cross-coupling
reactions. Enol pivalates 2a, b, e, h-j were first borylated at a 1 mmol scale via the best Method
from Figure 3.5 (2b and 2e borylated using Method C) to obtain the respective organoboron
compounds 3a, b, e, h-j. These were then subject to a typical (and unoptimized) Suzuki cross-
coupling protocol, allowing the isolation of the arylated product 5a, h-jin moderate yields (Figure
3.6). However, coupling reactions with 3b and 3e resulted in low yields of the respective arylated
products: coupling of 3b resulted in a negligible yield (<2% isolated) and 4b observed as the major
product, and 3e resulted as an inseparable mixture of arylated and deboronated products (49%

yield of a 3.33 : 1 mixture of 5e and 4e).

0]

R Pd(OAC), (2 mol%) Q
XPhos (3 mol%) X
7<< Toluene (0.2M)
3a, 3h-j 80°C,18h 5a, 5h-j
(1.0 mmol) 1.0equiv k.po, (2.0 equiv) in HyO
0
)
0, 0,
45% 24% 16%
0 0
Ph Ph  Protodeboronation
o | BnN | products observed
H H with 3b and 3e
4b de

Figure 3.6: Suzuki cross-coupling of prepared alkenyl boronates. Yields are for isolated compounds over

two steps after column chromatography.
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3.4.2 Protodeboronation as a Means of Net-Deoxygenation

Observation of 4b and 4e led us to investigate the stability of the corresponding boronates
3b and 3e to simple aqueous work-up procedures. We discovered that these alkenyl boronates
are extremely sensitive to even mild aqueous base, undergoing significant deboronation after a
saturated NaHCOs3 wash. This is consistent with the deboronation observed during attempted
Suzuki coupling, which uses an aqueous base.

Boronic ester functional groups are often used as a more robust alternative to the boronic
acid.>’®° The Lloyd-Jones group has completed a thorough investigation of the
protodeboronation of (hetero)arylboronic esters, where they conclude that factors leading to
deboronation are multi-faceted, with several operative mechanisms that depend on if the
solution pH is close to the pK, of the boronic ester.>’

While the observed deboronation renders these compounds unsuitable for standard
Suzuki cross-coupling, it does result in a net-deoxygenation process. Overall, the corresponding
enol pivalates — readily generated by standard condensation chemistry — are acylated, borylated,
and then deboronated to effectively replace —OH with —H. Furthermore, this reduction is
selective, leaving other reducible groups (C=C and C=0) intact. After reviewing the literature for
other cases where alkenyl carboxylates were deoxygenated, we identified a single report where
a 6-lactone was deoxygenated through a process involving harsh acidic conditions and multiple
steps.®! Others have utilized the limited stability of boronic esters to deboronate selectively,®? but
use of deboronation as a desired synthetic method remains underdeveloped.

This led us to optimize the protodeboronation conditions for the set of six y-lactone and

y-lactam boronates, as many biologically active molecules contain the y-lactone and y-lactam
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motif.63% Furthermore, the resulting deoxygenated y-lactones would be valuable coupling
partners in asymmetric allylic alkylation (AAA) chemistry,®” while the unsubstituted y-lactams
have been used in Michael additions.®®

Using Method D to borylate the 2b-g to generate 3b-g, five aqueous solutions of varying
pH and ionic strength were tested for protodeboronation under biphasic conditions (toluene as
the organic solvent) (Figure 3.7). The solutions were basic (saturated Na>COs, saturated NaHCO3),
neutral (saturated NaCl, H,0), and acidic (5% HCI). Very little deboronation was found to occur
with the saturated NaCl and 5% HCI solutions, while neutral H,0 led to increased formation of
4b-g. Under basic conditions, much higher extents of deboronation are observed, as measured
by the ratio between 3 and 4 by NMR spectroscopy. However, when determining solution yields
for all products with an internal standard, we observed a discrepancy with the mass balance.
When using Na,COs, the amount of product was significantly reduced for both the y-lactones and
lactams. Use of saturated NaHCOs led to missing mass balance specifically for the y-lactones,
which we suspected was due to product partitioning between the aqueous and organic phases.
Acidification of the aqueous solutions and extraction with ethyl acetate confirmed this, as we
recovered additional deboronated product. Accordingly, treatment with saturated NaHCOs was
found to yield the best deboronation results for both y-lactones and y-lactams, but required a

back extraction for the y-lactones to achieve high yields.
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Figure 3.7: Protodeboronation of alkenyl boronates using aqueous solutions. Yields are represented as

ratios of protodeboronated product : alkenyl boronate starting material, determined by *H NMR spectroscopy.

Upon scaling up this procedure, we observed incomplete deboronation, likely due to the
decreased interfacial surface area to volume ratio in this biphasic reaction. We then decided to
stir the biphasic solution overnight at 40 °C, which remedied this problem. This two-step method
was then applied to a scope of y-lactones and y-lactams which resulted in moderate isolated
yields for the y-lactones (37-52%) and good isolated yields for the y-lactams (75-82%) (Figure

3.8).
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Figure 3.8: Protodeboronation of alkenyl pivalate substrates. Yields are for isolated compounds over two

steps after column chromatography.

3.4.3 Achieving Stability with An Alternative Boronic Ester, BEPin;

The instability of the boronates 3b-g, while advantageous in the deoxygenation sequence,
is clearly a liability for achieving other transformations of the organoboron group. To alleviate
this, we sought alternative boronate groups that would be more robust toward
protodeboronation. In particular, a recent account of arylboronic esters based on 3,4-diethyl-
hexa-3,4-diol (“ethylpinacol” EPin)>° caught our attention due to improved stability during column
chromatography. The ethyl groups (which replace the methyls of the standard BPin) are
hypothesized to sterically block the empty 2p orbital on the boron, reducing the likelihood of

deboronation due to attack on the boron. Notably, while B2EPin; is reported to function in a

88



standard Pd-catalyzed Miyaura borylation, its reactivity in more complex setting has yet to be
evaluated.

We began by synthesizing B2EPin;, where we improved the reported literature yield with
arevised work-up and isolation procedure for 3,4-diethyl-hexa-3,4-diol (See Appendix B). We then
tested B,EPin; as a drop-in replacement for B;Pin; in our optimized borylation methods for y-
lactones and y-lactams (2b-g) (Figure 3.9). In all cases, the desired product (6b-g) was generated
in moderate to good solution yields. y-Lactones 2b-d gave comparable yields (80-81%) to their
BPin counterparts; however y-lactams saw an overall decrease in yield (48-83%, 65% average).
Importantly, all six alkenyl-BEPin products are more stable to aqueous work-up, and to column
chromatography, which is a marked improvement on their BPin counterparts. We do note that
while protodeboronation is suppressed for these compounds, it is not completely eliminated (see
Appendix B).

Finally, in an effort to test the reactivity of the BEPin group for cross-coupling, y-lactone
6d was subjected to Suzuki-Miyaura coupling using the same generic procedure from Figure 6
(eq. 1). This proved effective; however, two tetraethyl pinacol derived impurities remained in the
crude reaction mixture. We found that treating the crude mixture with B,(OH)1 enabled removal
of tetraethyl pinacol itself through re-forming B2EPin;, which is separable by chromatography. The
second impurity, which we suspect is a different boron-complexed EPin species, partially coelutes
during chromatography (resulting in a reduced isolated yield). Further efforts are underway to
develop stable boron reagents that are compatible with this chemistry, while suppressing

deboronation and enabling straightforward purification.
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Figure 3.9: Base-free Miyaura borylation of alkenyl pivalates. Yields determined by H NMR spectroscopy

using 1,3,5-trimethoxybenzene as internal standard.
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' " K3POy4 (2.0 equiv) in H,O
6d 5d: 55% yield
0.25 mmol

3.5 Conclusion

In summary, we have explored the base-free Pd-catalyzed borylation of several classes of
alkenyl carboxylates. Depending on the substrate structure, different catalyst systems are
required to achieve high yields. We also observe protodeboronation as a significant

decomposition pathway for certain alkenyl boronates after even mild aqueous base treatment.
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For y-lactone and y-lactam substrates, this can be exploited in a mild, net-deoxygenation of the
precursor enols, leaving the C=C and C=0 bonds intact. Using a more sterically-encumbered boron
source — B;EPin, — leads to greater stability, enabling downstream reactivity such as cross-
coupling. Further investigations on the reactivity of these alkenyl boronates, and improved

catalytic systems for C—O activation, are currently underway.
3.6 Experimental

3.6.1 General Considerations:

All solvents and chemicals were purchased from commercial suppliers and used without
any further purification. All air-free manipulations were performed under a nitrogen atmosphere
using an MBraun glovebox. Palladium (IlI) acetate, bis(tricyclohexylphosphine) palladium (0),
Dichloro 1,1'-bis(diphenylphosphino)ferrocene palladium (IlI) dichloromethane, P(o-OMePh)s,
XPhos, SPhos, and dppf were purchased from Strem Chemicals and stored under inert
atmosphere. B;Pin, was purchased from AK Scientific and stored under inert atmosphere.

High-throughput screening experiments were performing using sealable aluminum
reaction blocks obtained from Analytical Sales Inc. Heating/stirring was achieved using rare-earth
magnetic tumble stirrers obtained from V&P Scientific.

All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a
Bruker AVANCE Neo 500 MHz spectrometer. All H and 3C chemical shifts are calibrated to
residual protio-solvents. All data is processed using Bruker TopSpin 4.07. HRMS data was acquired

on a Thermo Scientific Ultimate 3000 ESI-Orbitrap Exactive Plus.
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3.6.2 Screening Procedures:

Catalyst Screening (Figure 3.2)

Pd catalyst dispensing: Catalyst precursors were added to 1 mL glass shell vials according
to the screening design. Pd(OAc); and Pd;(dba)s;*CHCIs; were dispensed as stock solutions (0.06 or
0.03 M respectively ) in dichloromethane into 5 x 1 mL vials (1.3 mg, 0.0057 mmol and 2.6 mg,
0.0029 mmol respectively). "MPDAB-Pd-MAH and [Pd(acetanilide)OAc]. were dispensed as stock
solutions (0.06 or 0.03 M respectively) in acetone into 5 x 1 mL vials (2.7 mg, 0.0057 mmol and
1.7 mg, 0.0029 mmol respectively). Solvent was then evaporated using a Genevac EZ-2 (Medium
BP setting, no heat). These vials were then brought in the glovebox. Pd(PCys). (3.8 mg, 0.0057
mmol) was added as a solid inside the glovebox.

Ligand, substrate, reagent, and standard dispensing: A 100 pL aliquot of toluene stock
solutions of each ligand (P(o-OMePh)s;, SPhos and XPhos: 0.114 M, or dppf: 0.057 M) was
dispensed to each vial as required. A 100 pL aliquot of toluene stock solutions containing
substrate (one of 1a, 2b-2g) (0.57 M) and 1,3,5-trimethoxybenzene (0.057 M) was dispensed to
each vial as required. A 100 pL aliquot of a toluene stock solution of B,Pin; (0.90 M) was dispensed
to each vial, followed by an additional 100 uL of toluene.

Therefore, the reactions are performed at 0.145 M in substrate (1a, 2b-2g) and 0.218 M
in B2Piny, and (with respect to substrate 1a, 2b-2g) 10 mol% Pd,a 2:1 P to Pd ratio, and 10 mol%
1,3,5-trimethoxybenzene (internal standard) in 400 pL toluene.

The reaction plate was sealed, removed from the glovebox, and stirred for 18 hours at 100
°C. The yields are determined by *H NMR spectroscopy via relative peak integrations versus the

internal standard. Additional control experiments can be found in Figure B1.
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Full Factorial Screening 1a (Figure 3.3)

Pd(OAc)2 was dispensed as a stock solution (0.08 M) in dichloromethane into 9 x 2 mL vials
(1.8 mg, 0.008 mmol, or 3.4 mg, 0.015 mmol, or 4.6 mg, 0.02 mmol). Dichloromethane was then
evaporated using a Genevac EZ-2 (Medium BP setting, no heat). These vials were then brought
into the glovebox. A stock solution of SPhos (0.081 M, or 0.046 M) in toluene was dispensed to
each plate (150, 300, 375, 750 uL or 500 pL respectively). A stock solution of 1a (2.0 M) and 1,3,5-
trimethoxybenzene (0.2 M, internal standard) in toluene was dispensed to each vial (100 pL). A
stock solution of B,Piny (2.23 M, 1.52 M, or 1.62 M) in toluene was dispensed to each vial (100,
200, or 250 pL respectively) . Toluene was then dispensed to each vial to reach a total volume of
1.1 mL. The vials were sealed using Teflon-lined aluminum crimp caps, removed from the
glovebox, and stirred for 18 hours at 100 °C. The conversion and yield are determined by *H NMR
spectroscopy via relative peak integrations versus the internal standard.
Substrate Concentration Study 1a (Figure 3.3)

Inside the glovebox, 4 x 1 dram vials were charged with Pd(OAc)2 (4.9 mg, 0.022 mmol)
and SPhos (13.5 mg, 0.033 mmol). A separate set of 4 x 1 dram vials were charged with 1a (40
mg, 0.22 mmol; 80 mg, 0.44 mmol; 120 mg, 0.66 mmol; or 160 mg, 0.88 mmol) and 1,3,5-
trimethoxybenzene (internal standard; 3.7 mg, 0.022 mmol; 7.4 mg, 0.044 mmol; 11.1 mg, 0.066
mmol; 14.8 mg, 0.088 mmol). 4 x 2 mL vials were charged with B,Pin; (111.5 mg, 0.44 mmol;
223.0 mg, 0.88 mmol; 334.5 mg, 1.32 mmol; or 445.9 mg, 1.76 mmol). The solids in the
Pd(OAc),/SPhos vials were dissolved in 1.1 mL toluene, and transferred to the vials with 1a and
1,3,5-trimethoxybenzene. Dissolution was ensured prior to transfer of these solutions to the 2 mL

vials containing B;Pin,. Therefore, the reaction concentrations are 0.2 M, 0.4 M, 0.6 M, and 0.8
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M with respect to 1a, with 2.0 eq. B,Piny, 0.1 equiv 1,3,5-trimethoxybenzene, Pd(OAc)2 (2.5 mol%,
3.33 mol%, 5 mol%, and 10 mol%), and SPhos (3.75 mol%, 5.00 mol%, 7.5 mol% and 15 mol%).
The reaction vials were sealed using Teflon-lined aluminum crimp caps, removed from the
glovebox, and stirred for 18 hours at 100 °C. The conversion and yield are determined by *H NMR
spectroscopy via relative peak integrations versus the internal standard.

Full Factorial Screening 2b-2g (Figure 3.4)

Under ambient atmosphere, for 2b - 2d: five 2 mL vials, and 2e - 2g: six 2 mL vials were
charged with ®™PDAB-Pd-MAH (2.0, 3.5, 5.0 mol%; 2.5, 4.3, 6.1 umol; 1.2, 2.0, 2.9 mg respectively)
by dispensing as an acetone solution (0.03 M). The solutions were evaporated to dryness using a
Genevac EZ-2 (Low BP setting, no heat) before bringing the vials into the glovebox. Under N»
atmosphere, vials were charged with 300 uL stock solution (pre-mixed: 6.5 equiv of 0.12 mmol
substrate 2b — 2g, and 6.5 equiv of 0.012 mmol 1,3,5-trimethoxybenzene in 1.950 mL). For each
B,Pin2 concentration level (1.2, 1.6, and 2.0 equiv; 0.15, 0.20, 0.25 mmol; 37.5, 50.0, 62.4 mg
respectively) were dispensed as 200 L stock solutions (0.75, 1.00, or 1.25 M respectively). Finally,
PCys (4.0, 7.0, 10.0 mol%; 5.0, 8.6, 12.2 umol; 1.4, 2.4. 3.4 mg respectively) was dispensed as 100
uL stock solutions (0.05, 0.86, 1.22 M respectively). The vials were sealed with crimp caps,
removed from N; atmosphere, and stirred for 18 hours at 100 °C. Final yields were determined
by 'H NMR via relative peak integrations versus the internal standard.

Evaluation of Methods A-G (Figure 3.5 and Figure B2)
Method A:
Under ambient atmosphere, a 1 dram vial was charged with the respective alkenyl

carboxylate precursor (0.120 mmol), B2Pin; (33.5 mg, 0.132 mmol), Pd(OAc). (0.7 mg, 0.003
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mmol), P(0-OMePh)s (1.6 mg, 0.005 mmol), 1,3,5-trimethoxybenzene (2.0 mg, 0.012 mmol), and
10:1 acetone:water (v/v) (0.6 M in alkenyl carboxylate). The reaction mixture was stirred at room
temperature, open to air for 18 hours. The solutions were then evaporated to dryness, and NMR
spectroscopic analysis conducted in CDCl3 (0.6 mL).

Method B:

In the glovebox, a 2 mL vial was charged with the respective alkenyl carboxylate precursor
(0.878 mmol), B,Pin; (245.3 mg, 0.966 mmol), Pd(OAc), (4.9 mg, 0.022 mmol), SPhos (13.5 mg,
0.033 mmol), 1,3,5-trimethoxybenzene (14.8 mg, 0.088 mmol), and toluene (0.8 M in alkenyl
carboxylate). The reaction mixture was stirred at 100 °C for 18 hours. The solutions were then
evaporated to dryness, and NMR spectroscopic analysis conducted in CDCl3 (0.6 mL).

Method C:

In the glovebox, a J. Young NMR tube was charged with the respective vinyl carboxylate
precursor (0.120 mmol), B2Pin; (33.5 mg, 0.132 mmol), Pd(PCys), (8.0 mg, 0.012 mmol), 1,3,5-
trimethoxybenzene (2.0 mg, 0.012 mmol), and ds-toluene (0.2 M in alkenyl carboxylate). The
tubes were immersed in an oil bath set to 100 °C for 18 hours. 'H NMR spectra were then
obtained. These samples were then evaporated to dryness and NMR spectroscopic analysis was
conducted in CDCls (0.6 mL) for consistency with Methods A and B.

Method D:

In the glovebox, a 1 dram vial was charged with the respective alkenyl carboxylate
precursor (0.120 mmol), B2Pinz (60.9 mg, 0.240 mmol), °™PDAB-Pd-MAH (2.8 mg, 0.006 mmol),

PCys (3.4 mg, 0.012 mmol), 1,3,5-trimethoxybenzene (2.0 mg, 0.012 mmol), and toluene (0.6 M
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in alkenyl carboxylate). The reaction mixture was stirred at 100 °C for 18 hours. The solutions
were then evaporated to dryness, and NMR spectroscopic analysis conducted in CDCl3 (0.6 mL).

Method F & G:

In the glovebox, a 1 dram vial was charged with Pd(PCys)2(OAc). (17.3 mg, 0.022 mmol),
B,Pinz (61.5 mg, 0.242 mmol) and toluene (1.1 mL, 0.2 M in alkenyl carboxylate). The vials were
removed from the glovebox and stirred for 10 minutes at 100 °C (Method F), or 16 hours at 70°C
(Method G). The vials were returned to the N, atmosphere and charged with the respective
substrate (0.22 mmol) and 1,3,5-trimethoxybenzene (3.7 mg, 0.022 mmol). The vials were then
removed from the glovebox and stirred for 18 hours at 100 °C. The conversion and yield are
determined by 'H NMR spectroscopy.

Protodeboronation Screening (Figure 3.7)

Compounds 2b-2g were borylated at 0.5 mmol scale using the optimal borylation
conditions detailed in Section 2.4. Only those with substrate conversions >95% were taken
forward.

The alkenyl boronates were diluted in toluene (5.0 mL, 0.1 M), and 1.0 mL of the reaction
solution was dispensed into 5 separate 1-dram vials. Into these vials 1.0 mL of either saturated
Na,COs, saturated NaHCOs3, saturated NaCl, H,0, and 5% aqueous HCl were dispensed. These vials
were sealed and stirred vigorously for 1 hour. The aqueous layer was removed using a Pasteur
pipette, and the organic layer was dried with MgSOa. The solutions were filtered and evaporated
to dryness before *H NMR spectroscopy analysis conducted in CDCls. %Conversion is reported as

[deboronated product] / [deboronated product + starting material] * 100%.
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3.6.3 Synthesis of Starting Materials:

Starting Materials: Compounds prepared using literature procedures: 1a (1-acetyloxy-5,5-
dimethylcyclohex-1-en-3-one),*® 1b (5,5-dimethyl-3-oxocyclohex-1-en-1-yl pivalate),®® 2i (4-
) 70

pivalyloxybenzopyran-2-one

General Synthesis 1: (Lactones)

(0]
Br o
/\QJK/ NEtg, THF )J\/O KOBu, THF
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Figure 3.16: General Synthesis 1 (Lactones)

Step 1: A round bottom flask was charged with substituted phenyl acetic acid (1.0 equiy,
[12.0 mmol]), triethyl amine (1.0 equiv, [1.22 g, 1.68 mL]), and THF (0.65 M [18.5 mL]). To the
stirred solution ethyl bromoacetate (1.0 equiv, [2.01 g, 1.33 mL]) was added dropwise via syringe.
The reaction was then stirred at 70 °C overnight. The reaction mixture was transferred to a
separatory funnel and diluted with ethyl acetate (~2x (v/v) dilution [40 mL]), and H20 (~2x (v/v)
dilution [40 mL]). The organic phase is washed 3x with H,0 [40 mL]. The collected organic phase
is dried with MgSQy, filtered, and evaporated to dryness.

Step 2: We found in order to optimize the yield of this reaction, that the maximum scale
this step could be performed at was 3.5 mmol scale. Thusly this reaction was performed at larger

scale in multiple 4-dram vials. Potassium tert-butoxide (1.2 equiv) was evenly divided among the
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appropriate number of 4-dram vials. THF (0.375 M) was dispensed into each vial. The
esterification product synthesized in Step 1 was dissolved in THF (1/4 of previous amount in
solution — net result is 0.3 M solution) and added dropwise evenly to the 4-dram vials. The 4-
dram vials were sealed (with Teflon lined lids) and allowed to stir vigorously at 110 °C for 48
hours. The reaction mixtures were evaporated to dryness and resuspended in 1 M NaOH. The
combined reaction mixtures were washed twice with hexanes. The aqueous phase was acidified
slowly using 1 M HClI, until the product had fully precipitated out of solution. The product was
collected by filtration, washing with hexanes. DMSO-dg used for *H NMR spectroscopy analysis.
Step 3: A round bottom flask was charged with the cyclized product from Step 2 (1.0
equiv), DIPEA (1.2 equiv), and DCM (0.3 M). Trimethylacetyl chloride (1.1 equiv) was added
dropwise to the stirred solution and allowed to stir overnight at room temperature. The resulting
organic phase was washed 3x with 1M HCI, 3x with saturated sodium bicarbonate, and dried with
MgSOa, before filtering and evaporating to dryness. The resulting oil was then triturated with

hexanes to yield a colourless solid that can be analyzed by 'H NMR spectroscopy in CDCls.

2b (4-pivalyloxy-3-phenylpyran-3-en-2-one)
0]

(@)
/
OPiv

2b was synthesized using General Synthesis 1, detailed above. Step 1 was performed at

16.5 mmol scale [phenylacetic acid: 2.25 g], to produce 1.66 g, 39 % yield after Step 3.
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IH NMR (500 MHz, CDCls, 292 K, ppm): & 7.84 (d, J=7.3 Hz, 2H), 7.46 (t, J=7.7 Hz, 2 H), 7.39
(t, J=7.6 Hz), 5.29 (s, 2H), 1.37 (s, 9H). 13C NMR (126 MHz, CDCls, 292 K, ppm): § 174.0, 170.8,
163.9, 128.7, 128.4, 128.2, 127.9, 110.6, 67.6, 39.6, 26.9. HRMS: Cal'd for CisH1;04 [M+H]*:
261.11269; found: 261.11212.
2c (4-pivalyloxy-3-(4-trifluoromethyl)phenylpyran-3-en-2-one)

9 CF3

Q)

OPiv

2c was synthesized using General Synthesis 1, detailed above. Step 1 was performed at
12.0 mmol scale [4-(trifluoromethyl)phenylacetic acid: 2.45 g], to produce 1.89 g, 48 % yield after
Step 3.

'H NMR (500 MHz, CDCls, 292 K, ppm): § 7.95 (d, ) = 8.2 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H),
5.31 (s, 2H), 1.35 (s, 9H).1*3C NMR (126 MHz, CDCls, 292 K, ppm): § 173.8, 170.4, 165.6, 131.6,
130.5 (g, ) = 32.7 Hz), 128.6, 125.4 (q, 3.7 Hz), 124.0 (q, ) = 272.7 Hz), 109.1, 67.8, 39.7, 26.9. °F
NMR (282 MHz, CDCls, 292 K, ppm): § -62.9. HRMS: Calc’d for C16H15F304 [M+Na]*: 351.08146;
found: 351.08148.
2d (3-(4-methoxyphenyl)-4-pivalyloxypyran-3-en-2-one)

O
o\

Q)

OPiv
2d was synthesized using General Synthesis 1, detailed above. Step 1 was performed at
12.0 mmol scale [4-(methoxy)phenylacetic acid: 2.0 g], to produce 1.35 g, 39 % vyield after Step

3.
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1H NMR (500 MHz, CDCls, 292 K, ppm): & 7.66 (d, J = 8.9 Hz, 2H), 6.78 (d, J = 9.0 Hz, 2H),
5.01 (s, 2H), 3.63 (s, 3H), 1.20 (s, 9H). 3C NMR (126 MHz, CDCls, 292 K, ppm): & 173.8, 170.8,
162.6, 159.5, 129.3, 120.4, 113.6, 109.4, 67.3, 55.0, 39.3, 26.7. HRMS: Calc’d for C1H150s

[M+Na]*: 313.10464; found: 313.10466.

General Synthesis 2: (Lactams)
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Figure 3.17: General Synthesis 2 (Lactams)
Step 1: A round bottom flask was charged with N-benzyl glycine ethyl ester (1.0 equiv
[1.74 g, 1.64 mL]), DIPEA (1.5 equiv [1.74 g, 2.35 mL]), and toluene (0.5 M [18.0 mL]). The
substituted phenylacetyl chloride (1.0 equiv [9.0 mmol]),”* was dissolved in toluene (equal
amount to what is previously in solution — net result is 0.25 M solution [18.0 mL]), and added
dropwise to the stirred reaction. The stirred solution was then heated to 60 °C for 2 hours, then
allowed to stir overnight at room temperature. The reaction mixture was washed with a solution

of 50% saturated NH4Cl and 50% H,0 [30 mL], then H,O [30 mL], and then saturated aqueous
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NaCl solution [30 mL]. The organic layer was dried with MgSOa, filtered and evaporated to
dryness. The crude product was taken forward in the next step.

Step 2: We found in order to optimize the yield of this reaction, that the maximum scale
this step could be performed at was 3.5 mmol scale. Thusly this reaction was performed at larger
scale in multiple 4-dram vials. Potassium tert-butoxide (1.2 equiv) was evenly divided among the
appropriate number of 4-dram vials. THF (0.375 M) was dispensed into each vial. The alkylated
amine synthesized in Step 1 was dissolved in THF (1/4 of previous amount in solution — net result
is 0.3 M solution) and added dropwise evenly to the 4-dram vials. The 4-dram vials were sealed
(with Teflon lined lids) and allowed to stir vigorously at 110 °C for 48 hours. The reaction mixtures
were evaporated to dryness and resuspended in 1 M NaOH. The combined reaction mixtures
were washed twice with hexanes. The aqueous phase was acidified slowly using 1 M HCI, until
the product had fully precipitated out of solution. The product was collected by filtration,
washing with hexanes. DMSO-ds used for *H NMR spectroscopy analysis.

Step 3: A round bottom flask was charged with the cyclized product from Step 2 (1.0
equiv), DIPEA (1.2 equiv), and DCM (0.3 M). Trimethylacetyl chloride (1.1 equiv) was added
dropwise to the stirred solution and allowed to stir overnight at room temperature. The collected
organic phase was washed 3x with 1M HCI, 3x with saturated sodium bicarbonate, and dried with
MgSO0a, before filtering and evaporating to dryness. The resulting oil was then triturated with

hexanes to yield a colourless solid that can be analyzed by 'H NMR spectroscopy in CDCls.

101



2e(4-pivalyloxy-1-benzyl-3-phenylpyrrolidin-3-en-2-one)

@)

S
OPiv

2e was synthesized using General Synthesis 2, detailed above. Step 1 was performed at
15.0 mmol scale [phenylacetyl chloride: 2.32 g], to produce 4.46 g, 63 % yield after Step 3.

'H NMR (500 MHz, CDCls, 292 K, ppm): § 7.83 (d, J=7.6 Hz, 2H), 7.46-7.29 (m, 8H), 4.73
(s, 2H), 4.27 (s, 2H), 1.30 (s, 9H). 3C NMR (126 MHz, CDCl3, 292 K, ppm): § 174.8, 168.9, 157.1,
137.1,129.4,128.8, 128.6, 128.3, 128.2, 128.1, 127.7, 117.8, 49.2, 45.9, 39.4, 26.9. HRMS: Cal’d

for C22H24NOs [M+H]*: 350.17562; found: 350.17489.

2f (1-benzyl-4-pivalyloxy-3-(4-trifluoromethylphenyl)pyrrolidin-3-en-2-one)

@)

S
OPiv

2f was synthesized using General Synthesis 2, detailed above. Step 1 was performed at

CF3

9.0 mmol scale [4-(trifluoromethyl)benzeneacetyl chloride: 2.0 g], to produce 1.65 g, 44 % yield
after Step 3.

'H NMR (500 MHz, CDCI3, 292 K, ppm): § 7.96 (d, J = 8.2 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H),
7.33 (m, 5H), 4.71 (s, 2H), 4.30 (s, 2H), 1.29 (s, 9H). 3C NMR (126 MHz, CDCI3, 292 K, ppm): §
174.5, 168.4, 158.8, 136.9, 133.2, 129.9 (q, ) = 32.6 Hz), 129.0, 128.9, 128.3, 127.9, 125.2 (q, ) =
3.8 Hz), 124.2 (g, ) = 272.3 Hz), 49.5, 46.0, 39.6, 27.0. 1°F NMR (282 MHz, CDCI3, 292 K, ppm): §

-62.7. HRMS: Calc’d for C23H2:F3sNOs [M+Na]*: 440.14440; found: 440.14441.
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2g (1-benzyl-4-pivalyloxy-3-(4-methoxyphenyl)pyrrolidin-3-en-2-one )

O

SR
OPiv

2g was synthesized using General Synthesis 2, detailed above. Step 1 was performed at

N

9.0 mmol scale[4-(methoxy)benzeneacetyl chloride: 1.66 g], to produce 2.13 g, 62 % yield after
Step 3.

'H NMR (500 MHz, CDCls, 292 K, ppm): § 7.85 (d, J = 8.8 Hz, 2H), 7.27 (m, 5H), 6.95 (d, J
= 8.8 Hz, 2H), 4.67 (s, 2H), 4.21 (s, 2H), 3.77 (s, 3H), 1.27 (s, 9H). 3C NMR (126 MHz, CDCls, 292
K, ppm): 6 174.4, 168.9, 159.2, 155.8, 136.9, 129.7, 128.5, 127.9, 127.4, 121.8, 117.0, 113.4,

54.9, 48.9, 45.6, 39.1, 26.7. HRMS: Calc’d for C23H2sNO4 [M+H]*: 380.18564; found: 380.18571.

2h 1-pivalyloxycyclopent-1-en-3-one:

@)

OPiv
A 250 mL round bottom flask was charged with 1,3-cyclopentandione (3.0 g, 30.58 mmol),
and DCM (60 mL). While stirring, DIPEA (10.65 mL, 61.16 mmol) was added. The round bottom
flask was then submerged in an ice bath and trimethylacetyl chloride (3.84 mL, 31.19 mmol) was
added dropwise over 20 minutes. The round bottom flask was removed from the ice bath and
allowed to stir at room temperature overnight. The solution was filtered through a frit, washed
three times with 1M HCl and reduced to dryness resulting in a brown oil. The crude product was

then isolated by column chromatography using a hexanes/ethyl acetate solvent system on a
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Biotage Selekt instrument. A dark orange oil was collected that solidified upon freezing. Dark
orange oil (3.98 g, 73% vyield).

'H NMR (500 MHz, CDCls, 292 K, ppm): & 6.23 (s, 1H), 2.80-2.76 (m, 2H), 2.50-2.46 (m,
2H), 1.33 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 6 206.8, 180.1, 174.0, 116.4, 39.6, 33.3,

28.7, 26.8. HRMS: Cal’d for C10H1503 [M+H]*: 183.10212; found: 183.10157.

2j 4-pivalyloxy-6-methyl-2-pyrone:
0
T |
N 0piv

A 500 mL round bottom flask was charged with 6-methyl-4-hydroxypyrone (10 g, 79.3
mmol) and DCM (150 mL). While stirring, DIPEA (18.0 mL, 103 mmol) was added. The round
bottom flask was then submerged in an ice bath and trimethylacetyl chloride (10.0 mL, 81.3
mmol) was added dropwise over 10 minutes. The round bottom flask was removed from the ice
bath and allowed to stir at room temperature for two hours. The reaction mixture was washed
with 1M HCI, dried using MgSQs, filtered, and evaporated to dryness. A colourless oil was
collected that solidified upon freezing. Colourless oil, (15.0 g, 90% vyield).

'H NMR (500 MHz, CDCls, 292 K, ppm): 6 5.93 (dd, J=2.0, 0.5, 1H), 5.86-5.84 (m, 1H), 2.19

(s, 3H), 1.25 (s, 9H). 3C NMR (126 MHz, CDCls, 292 K, ppm): § 174.7, 163.8, 163.6, 163.2, 101.4,

101.1, 39.5, 26.8, 20.1. HRMS: Cal’d for C11H1504 [M+H]*: 211.09704; found: 211.09647.
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3.6.4 Palladium Precatalysts
Compounds prepared using literature references: Pdz(dba)s-CHCls,”2 °"MPDAB-Pd-MAH,*

Pd(PCys)2(OAc)2,>* [Pd(acetanilide)OAc],.”3

3.6.5 3,4-Diethylhexane-3,4-diol Synthesis

Caution: Read appropriate SDS before conducting this synthesis. Reaction should be
performed in a fume hood. HCl gas is formed, the open neck of the flask should point towards
the back of the fume hood.

This synthesis was adapted from literature,’* with some modifications.

0] Mg (2 equiv.) H H
HH TiCl, (1.2 equiv.) Q9
THF 0.4 M)
Otort,18 h

A two-necked round bottom flask was charged with Mg turnings (1.92 g, 78.95 mmol, 2
equiv), this was flushed with N> thoroughly before 60 mL anhydrous THF added to flask. The flask
was then cooled to 0 °C. While under constant N; flow (through septum on one neck of flask —

other neck of flask open and pointing into back of fume hood) TiCls (5.2 mL, 47.37 mmol, 1.2

equiv) was added dropwise (through septum with N2). Once complete, another 30 mL anhydrous
THF was used to wash contents down in flask. After 30 mins, 0 °C was maintained, and 3-
pentanone (4.2 mL, 39.48 mmol, 1 equiv) was added dropwise slowly. The reaction mixture was
allowed to stir overnight and allowed to reach room temperature. The reaction was then
guenched slowly with saturated Na,COs solution (~¥150 mL). Once gas evolving ceased, the

reaction mixture was filtered through a pad of silica under vacuum. Dichloromethane (~400 mL)
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was used to wash product through while constantly manually stirring with a spatula. The eluent
was then extracted with diethyl ether, creating a triphasic mixture. Both organic layers were
removed, dried with MgSO0, filtered and evaporated to dryness to yield the final product (1.88g,
55% yield).

B,EPin, was then synthesized according to the literature protocol.>®

3.6.6 Synthesis of Alkenyl Pinacol Boronates

General Synthesis 3: (Borylation)

Method D:

In the glovebox, a 1 dram vial was charged with the respective lactam alkenyl carboxylate
precursor (0.50 mmol), B2Pin; (253.9 mg, 1.00 mmol), "PDAB-Pd-MAH (11.7 mg, 0.025 mmol),
PCys (14.0 mg, 0.05 mmol), and toluene (2.5 mL, 0.2 M in alkenyl carboxylate). The reaction
mixture was stirred at 100 °C for 18 hours. The solutions were then evaporated to dryness, and
NMR spectroscopic analysis conducted in CDCls (0.6 mL).

Method E:

In the glovebox, a 1 dram vial was charged with the respective lactone alkenyl carboxylate
precursor (0.50 mmol), B2Pinz (203.2 mg, 0.80 mmol), °MPDAB-Pd-MAH (8.2 mg, 0.018 mmol),
PCys (9.8 mg, 0.035 mmol), and toluene (2.5 mL, 0.2 M in alkenyl carboxylate). The reaction
mixture was stirred at 100 °C for 18 hours. The solutions were then evaporated to dryness, and
NMR spectroscopic analysis conducted in CDCl; (0.6 mL).

Characterization data

The following are known compounds; spectroscopic data matches previous reports:

3a (1-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)-5,5-dimethylcyclohex-1-en-3-one)”>
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3h (1-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)cyclop ent-1-en-3-one)’®
The following were synthesized using Methods C, D, or E:
3b (4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)-3-phenylpyran-3-en-2-one):

Method C was performed.

IH NMR (500 MHz, CDCls, 292 K, ppm): § 7.74-7.69 (m, 2H), 7.42-7.37 (m, 3H), 4.98 (s,
1H), 1.30 (s, 12H). 3C NMR (126 MHz, CDCls, 292 K, ppm): & 173.4, 144.4, 140.2, 130.5, 129.2,

127.9, 84.9, 72.8, 24.7. HRMS: Cal’d for C16H19BO4 [M+H]*: 287.14547; found: 287.14511.

3c (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(4-(trifluoromethyl)phenyl)furan-2(5H)-
one):

Method E was performed.

1H NMR (500 MHz, CDCls, 292 K, ppm): § 7.81 (d, J = 8.2 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H),
4.99 (s, 2H), 1.27 (s, 12H). 3C NMR (126 MHz, CDCls, 292 K, ppm): § 173.07, 139.20, 134.05,

131.09 (q, J = 32.6 Hz), 129.78, 126.75, 124.90 (q, J = 3.6 Hz) 85.24, 73.16, 24.78. 1°F NMR (282
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MHz, CDCl3, 292 K, ppm): & -62.78. HRMS: Calc’d for C17H1sBF304 [M+H]*: 355.13230; found:

355.13223.

3d (3-(4-methoxyphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2(5H)-one)

Method E was performed.

1H NMR (500 MHz, CDCls, 292 K, ppm): § 7.71 — 7.67 (m, 2H), 6.90 — 6.87 (m, 2H), 4.92

(s, 2H), 3.81 (s, 3H), 1.27 (s, 12H). 3C NMR (126 MHz, CDCls, 292 K, ppm): & 173.82, 139.68,

130.82, 128.40, 123.17, 113.42, 84.85, 72.86, 55.33, 24.78. HRMS: Calc’d for C17H,1BOs [M+H]*:

317.15548; found: 317.15528.

3e (4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)-1-benzyl-3-phenylpyrrolidin-3-en-2-one):

Method C was performed.
o
!3—0
0]

'H NMR (500 MHz, CDCls, 292 K, ppm): § 7.75-7.70 (m, 2H), 7.45-7.29 (m, 8H), 4.73 (s,

2H), 4.00 (s, 2H), 1.26 (s, 12H). 3C NMR (126 MHz, CDCls, 292 K, ppm): 170.0, 137.4, 129.5,
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128.7,128.6, 128.4, 128.3,128.1, 127.6, 127.0, 84.2, 53.1, 46.8, 24.6. HRMS: Cal’d for

C23H27BNO3 [M+H]: 376.20840; found: 376.20806.

3f (1-benzyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(4-(trifluoromethyl)phenyl)-1,5-
dihydro-2H-pyrrol-2-one):

Method D was performed.

1H NMR (500 MHz, CDCls, 292 K, ppm): & 7.84 (d, J = 8.1 Hz, 2H), 7.64 (d, J = 8.2 Hz, 2H),
7.38-7.24 (m, 5H), 4.73 (s, 2H), 4.04 (s, 2H), 1.25 (s, 12H). 13C NMR (126 MHz, CDCls, 292 K,
ppm): § 169.96, 146.26, 137.5, 137.12, 135.94, 130.37 (g, ) = 32.3 Hz), 130.02, 128.87, 128.40,

127.78,124.56 (q, J = 3.8 Hz), 84.58, 53.47, 46.93, 24.73. F NMR (282 MHz, CDCl3, 292 K,

ppm): § -62.59. HRMS: Calc’d for C24H28BFsNO3 [M+H]™: 444.19524; found: 444.19512.

3g (1-benzyl-3-(4-methoxyphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,5-dihydro-

2H-pyrrol-2-one):

Method D was performed.

109



1H NMR (500 MHz, CDCls, 292 K, ppm): § 7.73 — 7.70 (m, 2H), 7.35 — 7.23 (m, 5H), 6.93 —
6.89 (m, 2H), 4.71 (s, 2H), 3.97 (s, 2H), 3.84 (s, 3H), 1.25 (s, 12H). 3C NMR (126 MHz, CDCls, 292

K, ppm): 6 170.65, 137.37, 131.02, 128.78, 128.74, 128.33, 128.14, 127.58, 125.07, 113.12,

84.19, 55.27, 53.14, 46.83, 24.71. HRMS: Calc’d for C2aH2sBNO4 [M+H]™: 406.21842; found:

406.21816.

3i (4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)benzopyran-2-one):
Method C was performed.

0]

]

El;/O
sz<
'H NMR (500 MHz, CDCls, 292 K, ppm): & 8.21 (dd, J=8.0, 0.7 Hz, 1H), 7.51 (t, ) = 7.6 Hz
1H), 7.29 (g, J = 8.1 Hz, 2H), 6.91 (s, 1H), 1.41 (s, 12H). 13C NMR (126 MHz, CDCls, 292 K, ppm): &
160.2, 153.8, 131.3, 128.8, 125.5, 124.3, 120.6, 116.8, 85.1, 24.9. HRMS: Cal’d for C15H17BO4

[M+H]*: 273.12982; found: 273.12928.

3j (4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)-6-methyl-2H-pyran-2-one):

Method C was performed.
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'H NMR (500 MHz, CDCls, 292 K, ppm): § 6.59 (s, 1H), 6.20 (s, 1H), 2.24 (s, 3H), 1.34 (s,
12H). 3C NMR (126 MHz, CDCls, 292 K, ppm): § 162.4, 161.3, 120.5, 105.8, 85.0, 24.5, 19.7.

HRMS: Cal’d for C12H18BO4 [M+H]*: 237.12982; found: 237.12931.

3.6.7 Deboronation Products

General Synthesis 4: (Deboronation — Figure 3.8)

Method D or E (Section 3.4) was performed before the Deboronation Procedure:
Deboronation Procedure

The appropriate alkenyl boronate 3 (generated using Method D or E) was resuspended in
a 4-dram vial with toluene (2.5 mL, 0.2 M in substrate). Saturated aqueous NaHCOs3 (2.5 mL, (1:1
v/v to toluene)) was dispensed into the vial. The reaction mixture was allowed to stir vigorously
at 40 °C overnight. The reaction mixture was then transferred to a separatory funnel using
toluene and H;0. The aqueous phase was acidified using 5% HCI solution to pH = 2, extracted
with ethyl acetate (~10 mL) twice. The combined organic fractions were dried using MgSOa. and
evaporated to dryness before column chromatography using Biotage Selekt instruments (details
in Appendix B). Isolated yields are given in Figure 3.8.

Characterization data

The following are known compounds; spectroscopic data matches previous reports:

4b (3-phenyl-phenylfuran-2(5H)-one),”’
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4c¢ (3-(4-trifluoromethyl)phenylfuran-2(5H)-one),”’
4d (3-(4-methoxyphenyl)-phenylfuran-2(5H)-one),”’

4e (1-benzyl-3-phenyl-1,5-dihydro-2H-pyrrol-2-one).®®
4f (1-benzyl-3-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one):

oS
H

1H NMR (500 MHz, CDCls, 292 K, ppm): & 8.06 (d, J = 8.1 Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H),

CF3

7.38 —7.35(m, 2H), 7.32 - 7.29 (m, 4H), 4.74 (s, 2H), 3.96 (d, J = 2.1 Hz, 2H). 3C NMR (126 MHz,
CDCl3, 292 K, ppm): § 169.48, 137.53, 137.14, 136.00, 135.30, 130.38 (q, ) =32.4 Hz), 128.94,

128.19, 127.82, 127.39, 125.44 (q, J = 3.8 Hz), 124.24 (q, J = 272.1 Hz), 50.02, 46.54. °F NMR

(282 MHz, CDCl3, 292 K, ppm): & -62.65. HRMS: Calc’d for C1gH14F3sNO [M+H]*: 318.11003;

found: 318.10980.

4g (1-benzyl-3-(4-methoxyphenyl)-1,5-dihydro-2H-pyrrol-2-one):

N
Sl
H
1H NMR (500 MHz, CDCls, 292 K, ppm): & 7.98 — 7.86 (m, 2H), 7.38 — 7.33 (m, 2H), 7.32 —

7.28 (m, 3H), 7.07 (t, ) = 2.2 Hz, 1H), 6.97 - 6.91 (m, 2H), 4.73 (s, 2H), 3.88 (d, J = 2.2 Hz, 2H),

3.85 (s, 3H). 3C NMR (126 MHz, CDCls, 292 K, ppm): § 170.26, 159.90, 137.45, 136.27, 133.44,
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128.81, 128.34, 128.13, 127.61, 124.60, 113.90, 55.35, 49.76, 46.44. HRMS: Calc’d for

CisH17NO; [M+Na]*: 302.11515; found: 302.11507.

3.6.8 Synthesis of Alkenyl Ethylpinacol Boronates

General Synthesis 5: (Ethylpinacol Borylation — Figure 3.9)

For isolation, Method D or E (Section 3.6.6) was performed, substituting BoEPin; for B2Pin;
at 0.25 mmol scale. (Method D: B;EPinz: 183.9 mg, 0.50 mmol; Method E: B,EPin,: 147.1 mg,
0.40 mmol).

For yield (Figure 3.9), Method D or E (Section 3.6.6) was performed, substituting B,EPin;
for B,Pinz at 0.20 mmol scale (Method D: B;EPin: 147.1 mg, 0.40 mmol; Method E: BoEPin,: 117.7
mg, 0.32 mmol).

Products were isolated by column chromatography on Biotage Selekt instruments
(chromatograms can be found in Appendix B). Single fractions were utilized to acquire
characterization data as co-elution of starting material, deboronated product and ethylpinacol
was a persistent issue. Further purification attempts led to deboronation.

Characterization data

6b (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl)-3-phenylpyran-3-en-2-one):

o)
OW
B-0
o

IH NMR (500 MHz, CDCls, 292 K, ppm): & 7.74 — 7.71 (m, 2H), 7.39 — 7.36 (m, 3H), 4.98

(s, 2H), 1.74 — 1.63 (m, 8H), 0.88 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): &
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173.69, 140.48, 130.78, 129.45, 129.27, 127.96, 90.15, 73.15, 26.34, 8.83. HRMS: Calc’d for

C20H27BO4 [M+H]*: 343.29752; found: 343.29743.

6c (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-trifluoromethyl)phenylpyran-3-en-2-

one):

IH NMR (500 MHz, CDCls, 292 K, ppm): & 7.86 (d, J = 8.2 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H),
5.01 (s, 2H), 1.75— 1.63 (m, 8H), 0.88 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, CDCls, 292 K,
ppm): § 173.17, 139.40, 134.21, 131.09 (q, J = 32.8 Hz) 129.91, 124.87 (q, J = 3.8 Hz), 124.18 (q,
J = 271.9 Hz) 90.46, 73.34, 26.36, 8.82. 1°F NMR (282 MHz, CDCls, 292 K, ppm): & -62.82. HRMS:

Calc’d for C21H26BF304 [M+H]*: 411.19490; found: 411.19477.

6d (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-methoxy)phenylpyran-3-en-2-one):

1H NMR (500 MHz, CDCls, 292 K, ppm): & 7.76 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H),
4.94 (s, 2H), 3.83 (s, 3H), 1.74 — 1.64 (m, 8H), 0.89 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, CDCls,

292 K, ppm): § 174.01, 160.49, 139.78, 131.00, 123.37, 113.41, 90.06, 73.11, 55.43, 26.37, 8.88.
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HRMS: Calc’d for C21H29BOs [M+H]*: 373.21808; found: 373.21795.

6e (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-phenylpyrrolidin-3-en-2-one):

(@)
of gy
}3—0
(@]
14 NMR (500 MHz, CDCls, 292 K, ppm): 8 7.73 = 7.70 (m, 2H), 7.42 — 7.27 (m, 8H), 4.72
(s, 2H), 4.00 (s, 2H), 1.75 — 1.58 (m, 8H), 0.84 (t, J = 7.5 Hz, 12H). 3C NMR (126 MHz, CDCls, 292
K, ppm): o) 170.59, 147.62, 137.58, 132.64, 129.71, 128.91, 128.54, 128.36, 127.66, 127.16,

89.47,53.47, 46.89, 26.29, 8.85. HRMS: Calc’d for C27H3sBNOs [M+H]*: 432.27045; found:

432.27037.

6f (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4-

trifluoromethyl)phenylpyrrolidin-3-en-2-one):

1H NMR (500 MHz, CDCls, 292 K, ppm): & 7.83 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.3 Hz, 2H),
7.37-7.28 (m, 5H), 4.72 (s, 2H), 4.03 (s, 2H), 1.75 — 1.58 (m, 8H), 0.83 (t, J = 7.4 Hz, 12H). 13C
NMR (126 MHz, CDCls, 292 K, ppm): 170.10, 146.50, 137.32, 136.13, 130.33 (q, J = 32.4 H2),

130.12, 128.92, 128.38, 127.78, 124.55 (q, ) = 3.7 Hz), 124.4 (q, J = 271.9 Hz), 89.75, 53.64,

115



46.94, 26.30, 8.81. 1%F NMR (282 MHz, CDCls, 292 K, ppm): § -62.67. HRMS: Calc’d for

C2gH33BF3NO3z [M+H]*: 500.25784; found: 500.25744.

6g (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4-methoxy)phenylpyrrolidin-3-

en-2-one):

(o
B-O

o

IH NMR (500 MHz, CDCls, 292 K, ppm): & 7.77 - 7.74 (m, 2H), 7.36 — 7.27 (m, 5H), 6.91 —
6.88 (m, 2H), 4.71 (s, 2H), 3.97 (s, 2H), 3.83 (s, 3H), 1.71— 1.59 (m, 8H), 0.86 (t, J = 7.4 Hz, 12H).
13C NMR (126 MHz, CDCls, 292 K, ppm): 6 170.84, 146.88, 137.61, 131.18, 130.03, 128.82,
128.42,127.61, 125.32, 113.12, 89.37, 55.39, 53.40, 46.87, 26.31, 8.89. HRMS: Calc’d for

Ca28H36BNO4 [M+H]*: 462.28102; found: 462.28077.

3.6.9 Suzuki Coupling

Suzuki Cross-Coupling of Alkenyl Boronates: (Figure 3.6)

Cross-coupling products were prepared by borylation using one of Method A, B, or C (1.0
mmol scale with respect to alkenyl pivalate precursor unless otherwise noted), followed by
evaporating the reaction mixture to dryness, and then subjecting the crude product to Arylation

Procedure 1.
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Arylation Procedure 1:

The crude boronate ester was dissolved in toluene [10 ml], filtered through a pad of Celite,
washed three times with saturated NaCl [10 ml], dried with MgSQ, filtered, and then evaporated
to drynessin a 20 mL vial with a septum cap. The vial was brought into the glovebox, and charged
with Pd(OAc)2 (4.5 mg, 0.02 mmol), XPhos (14.3 mg, 0.03 mmol), KsPO4 (425.7 mg, 2.0 mmol),
bromobenzene (157.0 mg, 1.0 mmol) and toluene (5 mL, 0.2 M in alkenyl carboxylate). The vial
was brought outside the glovebox, degassed H,O [1 mL] was injected through the septum, and
the reaction mixture stirred at 80 °C for 18 hours. The solution was then filtered through a pad of
celite and evaporated to dryness. The crude product was then isolated by column
chromatography using hexanes/ethyl acetate on a Biotage Selekt instrument (see Appendix B).
5a 1-phenyl-5,5-dimethylcyclohex-1-en-3-one

O
This product is prepared by borylation via Method B (3.3 mmol scale) followed by the

cross-coupling procedure described above. NMR spectral data is consistent with that previously

reported.?’ Yield: 297.8 mg (45%, yellow oil).

5h 1-phenylcyclopent-1-en-3-one

0]

@
&
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This product is prepared by borylation via Method A followed by the cross-coupling
procedure described above. NMR spectral data is consistent with that previously reported.*’

Yield: 48.9 mg (24%, yellow solid).

5i 4-phenylbenzopyran-2-one

@)

This product is prepared by borylation via Method C followed by the cross-coupling
procedure described above. NMR spectral data is consistent with that previously reported.*’
Yield: 35.1 mg (16%, brown solid). The protodeboronation product (i.e. coumarin) was also

obtained.”® Yield: 46.7 mg (32%).
5j 4-phenyl-6-methyl-2H-pyran-2-one

O

This product is prepared by borylation via Method C followed by the cross-coupling
procedure described above. NMR spectral data is consistent with that previously reported.”®

Yield: 59.0 mg (32%, beige solid).
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5e 4-phenyl-1-benzyl-3-phenylpyrrolidin-3-en-2-one

3.33:1

This product was attempted to be prepared by borylation via Method C followed by the
cross-coupling procedure described above. Upon isolation using automated chromatography,
we observe a 3.33 : 1 mixture of 5e and 4e. NMR spectral data for 5e is consistent with that

previously reported.?’ Yield: 151.7 mg (49% based on observed product ratio, yellow oil).

4b 3-phenylfuran-2(5H)-one
O
U
H

This product was prepared by borylation via Method C (0.500 mmol scale), followed by
filtration of the crude reaction solution through Celite. The organic phase [5 mL total volume
toluene] was then washed with 3 x 5 mL saturated NaHCOs, and the organic layer dried over
MgSOs before concentration in vacuo. The crude product was then isolated by column

chromatography using hexanes/ethyl acetate on a Biotage Selekt instrument. NMR spectral data

is consistent with that previously reported.®’ Yield: 52.8 mg (66%, yellow solid).
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4e 1-benzyl-3-phenylpyrrolidin-3-en-2-one

o
H
This product was prepared by borylation via Method C (0.500 mmol scale), followed by
filtration of the crude reaction solution through Celite. The organic phase [5 mL total volume
toluene] was then washed with 3 x 5 mL saturated NaHCOs, and the organic layer dried over
MgSOs before concentration in vacuo. The crude product was then isolated by column

chromatography using hexanes/ethyl acetate on a Biotage Selekt instrument. NMR spectral data

is consistent with that previously reported.®® Yield: 53.9 mg (43%, yellow oil).

Synthesis of 5d (Equation 1):

Method E (Section 3.4) was performed substituting B,EPin; for B,Pin; at 0.25 mmol scale (Method
E: B2EPin,: 147.1 mg, 0.40 mmol), before the Arylation Procedure 2:
Arylation Procedure 2:

Under a N2 atmosphere, a 1 dram vial was charged with the borylated (EPin) lactone from
Methods E, Pd(OAc), (1.1 mg, 0.005 mmol), XPhos (3.6 mg, 0.008 mmol), K3PO4 (106.9 mg, 0.50
mmol) and bromobenzene (39.4 mg, 26.8 uL, 0.25 mmol). Toluene (1.25 mL, 0.2 M) was
dispensed into the vial and sealed with a septum cap. On the bench, 1.25 mL degassed H.O was
dispensed into the vial and the reaction mixture was allowed to stir vigorously at 80°C for 18
hours. The reaction mixture was then transferred to a separatory funnel using toluene and H;O,
the aqueous layer was extracted with toluene twice [10 mL]. The combined organic fractions were

dried using MgSO0u, filtered, and evaporated to dryness. To remove the ethylpinacol generated in

120



this reaction, B,EPin; was reformed by the crude product being combined with B,(OH)4 (18.0 mg,
0.20 mmol), NaOAc (18.5 mg, 0.23 mmol), and a scoop of sodium sulfate as a drying reagent in a
50 mL round bottom flask. Toluene (3.0 mL, 0.08 M) was used to resuspend the reaction mixture,
and the round bottom flask was fitted with a condenser and swept with N,. Under N3, the reaction
mixture was allowed to stir vigorously overnight at 120 °C. The reaction mixture was allowed to
cool before filtering and evaporating to dryness before column chromatography using a Biotage
Selekt instrument (chromatogram in Appendix B) to yield 5d (36.7 mg, 55% yield). Spectroscopic

data matches that previously reported.®
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Chapter 4: The development of novel cross-coupling scaffolds

for C—0 activation chemistry

This chapter, excluding sections 4.1 and 4.5, have been reproduced from:

Gaube, G.; Mutter, J.; Leitch, D.C. A “Neat” Synthesis of Substituted 2-Hydroxy-pyrido[1,2-

a]pyrimidin-4-ones, Canadian Journal of Chemistry, 2024, 102, 206-213, (DOI: 10.1139/cjc-
2023-0150), and adapted with permission from Canadian Science Publishing.
4.1: Preface

Contributions: James Mutter conducted initial evaluation of three methods as well as the
synthesis of 2d under supervision of Gregory Gaube. All other experimental work and

characterization was conducted by Gregory Gaube.

4.2 Abstract

We report the synthesis of a series of substituted 2-hydroxy-pyrido[1,2-a]pyrimidin-4-
ones through a condensation of 2-aminopyridines and diethyl malonate. This method is
contrasted with three reported general procedures for the preparation of these compounds,
revealing that simple, neat synthesis conditions are suitable for a number of derivatives, including
halogenated compounds suitable for further functionalization. Environmental, safety, and

economic factors were considered in exploring this effective and robust synthetic method.

4.3 Introduction

Nitrogen-containing heterocycles are an indispensable component of many functional
organic compounds.™ Both saturated and unsaturated nitrogen-containing heterocycles are not
only ubiquitous in agrochemicals,* and natural products,® but they are critical moieties in many

biologically active compounds for anticancer,® antibacterial,” and antiviral purposes,®® conferring

129



significant pharmacological value.’® This is reflected in the number of FDA approved small
molecule pharmaceuticals that contain N-heterocycles. A 2014 review stated that 59% of FDA
approved pharmaceuticals contained at least one N-heterocycle,!? with a more recent 2020
review revealing a significant jump to 75%.'% Thus, methods to prepare and functionalize N-
heterocycles remain an important part of organic synthesis research.
Pyrido[1,2-a]pyrimidin-4-ones (PPDs) are a specific class of N-heterocycle, with an
aromatic bicyclic structure containing nitrogens at the 1 and 5 positions, as well as a carbonyl at
the 4 position. They were first synthesized in 1924, but have only been recognized as an
important scaffold more recently.}42? Specific examples of approved active pharmaceutical
ingredients based on a PPD pharmacophore include permirolast,?® an anti-allergen medication,
and risdiplam,?* a treatment for spinal muscular atrophy (Figure 4.1). Additional studies indicate

PPDs have potential as compounds for cancer treatment,?® and diabetes.?®
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Figure 4.1: Current and potential active pharmaceutical ingredients containing a

pyrido[1,2-a]pyrimidin-4-one subunit (highlighted in blue).?3-%¢

Herein we evaluate three literature syntheses for substituted 2-hydroxy-PPDs, and report
a simple and generally applicable neat synthesis of these compounds using commercially
available substituted 2-aminopyridines and diethyl malonate without the need for
chromatography. While numerous methods have been reported in the literature for a given target
2-hydroxy-PPD, there are relatively few reports detailing procedures applicable to the synthesis
of multiple 2-hydroxy-PPD molecules. When we applied these literature syntheses to a series of
substituted 2-aminopyridines, we found the product yields to be inconsistent. In addition, the
poor solubility, high polarity, and high boiling points of these compounds means typical
purification methods, such as recrystallization, column chromatography, and distillation, are often

unsuitable. The method reported herein, building from specific prior reports of using neat diethyl
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malonate,'319-2! proceeds without the need for such additional purification, relying instead on
simple reslurrying of the isolated solid to dissolve soluble impurities. As a result, we have accessed

various substituted 2-hydroxy-PPDs with potential for further functionalization.

4.4 Results and Discussion:

As part of our efforts to develop new catalytic methods for heterocycle functionalization,
we sought a versatile and robust method to access various 2-hydroxy-PPDs. When synthesizing
the otherwise unsubstituted 2-hydroxy-PPD 2a, literature reports are consistent that using 2-
aminopyridine and a malonate derivative to effect two successive amidation reactions is an
efficient method.?>?83%-33 However, in our hands we found yields to be inconsistent when we
applied these methods to access 2-hydroxy-PPDs beyond the scope explored in the original
reports, especially for substituted derivatives with potential for further functionalization through
SnAr and/or cross-coupling. With a goal to establish conditions that could be broadly applied to a
library of commercially available 2-aminopyridine building blocks, we began by evaluating three

methods (A-C) to access five 2-hydroxy-PPDs (2a-c, 2g, 2i; Figure 4.2).
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Figure 4.2: Three reported methods (A-C) applied to the synthesis of five substituted 2-hydroxy-PPDs; reactions

performed at 2.0 g scale (mass of 2-aminopyridine substrate).

Initially, we explored a reported two-step method for the formation of 2a, similar to
Method A shown above (step 2 reaction temperature = 160 °C, and open to atmosphere);®
however, we observed inconsistent results with respect to yield of desired product. A common
issue when performing the second step is little/no cyclization to generate 2a. To overcome this,
we modified the procedure to run under N2 (Appendix C— Figure C1) and then also at an elevated
reaction temperature. We only observe appreciable cyclization when performing the second step
2200 °C (Appendix C — Figure C2). With these modifications, Method A was then applied to
convert all five 2-aminopyridines. While this method provided sufficient yield for the

unsubstituted (2a) and tolyl derivatives (2b-2c), no halide containing species (2g or 2i) was
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successfully synthesized using this method. Furthermore, the use of high-boiling diphenyl ether
as solvent (b.p. = 258 °C) complicated isolation once the reaction was complete.

Method B, which uses ethanol as a polar protic solvent at reflux, was then attempted.3!
However, we again observed incomplete or no cyclization, with the initial monoamidation
product as the major/sole species. While we were able to successfully isolate the unsubstituted
(2a) and the 6-chloro product (2i), Method B was not able to furnish the other three 2-hydroxy-
PPD products.

Method C, which employs a more elaborate malonate ester substrate bis(2,4,6-
trichlorophenyl)malonate (BTCM), was the most broadly successful approach.r” Originally
reported by Kappe,3* this procedure enables the difficult second amidation by replacing the ethyl
esters with activated 2,4,6-trichlorophenol esters; the higher reactivity of BTCM also enables the
cyclization to occur at room temperature. However, BTCM is considerably more expensive and
mass inefficient compared to diethyl malonate. Its synthesis uses phosphorus oxychloride (POCIs)
to activate malonic acid. POCIz is highly hazardous, with safety incidents involving reaction
quenching reported in the literature.> While Method C does provide the best results across the
five 2-hydroxy-PPD targets, we sought a more economical and safe method to access these
compounds that is consistent with the principles of green chemistry.3® In particular, the reaction
mass intensities ([mass of input reagents and solvents] / [mass of product]) for PPD formation of
Methods A-C in our hands are 45, 36, and 18, respectively (note this does not include the
synthesis of BTCM). Industry targets for step mass intensity are 10-30, with lower values being
preferred. For a reaction mass intensity, which does not include the mass of solvents used for

workup or purification, an ideal value is < 10.
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Our experience with Methods A-C inspired us to explore an alternative pathway for
preparation of 2-hydroxy-PPDs. With respect to Method A, elevated temperatures (>200 °C) and
N2 atmosphere were required to facilitate the second amidation. Rather than use diphenyl ether
as a solvent for the second amidation, we simply used a larger excess of diethyl malonate (5 equiv)
and directly heated the reaction mixture to high temperature. Notably, the original synthesis of
2a, reported by Chichibabin, employed a similar approach of using malonate esters as both
reactant and solvent.’®> More recent efforts have used neat reaction conditions to access specific
PPD derivatives,'?! but there is no comprehensive assessment of this approach for a wide array
of substituted derivatives.

With reactor block temperatures of 230 °C (diethyl malonate b.p. = 199 °C), we
standardized the reaction time to 3 h to compare reactivity across the set of 2-aminopyridines
(1a-q). This also enabled reaction set-up, execution, and clean-up to be completed within a single
day, and avoided the need to run high temperature reactions unattended (i.e. overnight). Diethyl
malonate proves to be an effective solvent as well as reactant, providing synthetically useful yields
of 2-hydroxy-PPDs 2a-q on (multi)gram scale (Figure 4.3). This includes halogenated derivatives
2f-q, which provide synthetic handles for further functionalization via SxAr or metal-catalyzed
coupling. Notably, we do observe diminished yield in the case of 2e, 2i, and 2q, all of which have
a substituent at the 6-position. This is likely due to increased steric hindrance adjacent to the
pyridyl nitrogen slowing the rate of cyclization. Importantly, on larger scale the excess diethyl
malonate distilled at the end of the reaction can be reused in future experiments, significantly
improving the overall mass efficiency of this process. We demonstrated this by synthesizing 2b

using recycled diethyl malonate without compromising the yield (Appendix C — Figure C4).
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Figure 4.3: Synthesis of 2a-q (except 2| and 20) from 1a-q using diethyl malonate. All reactions performed at 18.5

mmol scale relative to (substituted) 2-aminopyridine, isolated yields. °Open to air.

Finally, we do observe some limitations of the current method. Firstly, 8-fluoro-2-hydroxy-
4H-pyrido[1,2-a]pyrimidin-4-one (20) results in a complex mixture. We suspect the reason for this
is that the starting material 2-amino-4-fluoropyridine (10) is an excellent candidate for SnAr
chemistry; however, we note we can synthesize the analogous chloro (2g) and bromo (2k)
products using the general procedure. Secondly, in an attempt to prepare 7-bromo-2-hydroxy-4H-
pyrido[1,2-a]pyrimidin-4-one (2l) from the corresponding 2-amino-5-bromopyridine (1l), we
observe a mixture containing 2l (Appendix C — Figure C27 for *H NMR spectrum). Attempts to

separate these materials via column chromatography were unsuccessful due to the poor solubility
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and high polarity of 2I. To circumvent these purification issues, we derivatized the generated 2I
with p-toluenesulfonyl chloride. A simple workup allowed us to remove the major impurity and
isolate the desired tosylated product (3I) with 30% overall yield over two steps without the need
for chromatography (Figure 4.4). Notably, the general method is successful in the synthesis of the

analogous 5-chloro (2h) and fluoro (2p) products.

B
=
NH, 9] TsCI (1 equiv) o
11: 1 equiv reflux, 3 h Bra_~ N)i NEt; (2.2 equiv) B\~ N)j\
—_— —_—
+ neat, N PN | DCM (0.2 M) NS NoTs
o o N™ "OH rt, 18 h

2| 31, 30%
EtO)J\/U\OEt

crude, impure
5 equiv

Figure 4.4: Synthesis of 2| from 1l using diethyl malonate and subsequent tosylation to yield 3I.

We also note that the low solubility and high melting points contributes to the limited
characterization of the products. This has been evident in literature as characterization of any
previously reported compounds is generally limited to *H NMR spectroscopy.t>?%3032 While we
report *H NMR spectra for all compounds, we have had limited success acquiring 3C NMR spectra
(see Sl, Section 4 for more details). These products also generally have melting points higher than
standard melting point apparatuses can reach.?’ Despite these barriers, we report *H NMR
spectra, and HR-MS data for all compounds synthesized, which includes 5 new compounds (2g,
2i, 2k, 2m, 2q).

4.5 Functionalization of PPDs
In order to evaluate the activity of these PPD compounds in Pd catalyzed C-O activation

chemistry we needed to install the required functional groups for screening. Literature syntheses
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of risdiplam utilize a tosylate functional group to functionalize the 2 position and then utilizes a
halide to functionalize the backbone 7 position separately.?* Future screening work on this motif
should include the tosylated PPD structure, 3a, with Pd(OAc), and PCys as a 1: 2 in situ Pd catalyst
system (with 2 equivalents K,CO3 base) as a positive control. We have demonstrated in Eq. 1 that
3a can be synthesized at the gram scale. As carboxylates are the primary consideration of this
thesis, it was imperative to demonstrate that these PPD motifs could be functionalized
accordingly. Eq. 2 demonstrates that we were also able to synthesize the pivalated unsubstituted
PPD 4a at the gram scale. Both 3a and 4a are novel compounds, full characterization can be found

in Section 4.7.

0, ol NEtz(2.2 equiv.)

Qﬁ 5 bdiais Qﬁ

1.0 equiv. 1.1 equiv. 1.90 g, 97% y|e|d

1.0 g, 6.07 mmol 3a

NEt; (1.2 equiv.) O
DCM (0.15 M
@ + o )y AN
DMAP (0.1 equiv.) |
\ N

N~ "OPiv
1.0 equw. 1.2 equiv. 1.79 g, 61% yield

1.5 g, 9.25 mmol 4a

By synthesizing 3a and 4a we have demonstrated that the library of PPD molecules
generated in Section 4.4 can be functionalized for screening in the future. 3a and 4a will provide
the basis for initial screening experiments (detailed in Section 5.2.4).

4.6 Conclusions

By exploiting the use of diethyl malonate as both solvent and reactant, we have

demonstrated the synthesis of substituted 2-hydroxy-PPDs, several of which are new compounds.

By evaluating three reported methods and taking inspiration from Chichibabin’s original
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preparation, we have shown that neat reaction conditions are suitable as a generally applicable
method. This procedure provides synthetically useful yields in a short turnaround time, with
excellent mass efficiency (reaction mass intensity < 10) and a straightforward method to recover
and reuse the unreacted diethyl malonate. We then demonstrated that these molecules could be
functionalized in order to add them to our screening library. As the importance of nitrogen-
containing heterocycles and PPDs in particular continues to grow, robust methods to access key

scaffolds will remain critical.
4.7 Experimental

4.7.1 General Considerations:

Unless otherwise noted, all reactions were performed using standard Schlenk techniques under
N,. All starting materials were purchased from commercial suppliers and used without further
purification. All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer
or a Bruker AVANCE Neo 500 MHz spectrometer. All *H and 3C NMR chemical shifts are calibrated
to residual protio-solvents (ds-DMSO: 2.50 ppm, CDCls: 7.26 ppm). All NMR spectroscopic data is
processed using Bruker TopSpin 4.10. High-resolution mass spectrometry (HRMS) were obtained
using a Bruker maXis Impact Quadrupole Time-of-Flight LC/MS System, or Thermo Scientific
Ultimate 3000 ESI-Orbitrap Exactive Plus. All spectra associated with this work can be found in

Appendix C.
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4.7.2 Method A-C Procedures:

Method A:

This procedure was adapted from the literature with modifications.?® These reactions
were run at 2.0 g scale relative to the (substituted) 2-aminopyridine, masses are shown below
relative to the unsubstituted 2-aminopyridine (1a).

A round-bottom flask was charged with diethyl malonate (8.5 g, 8.1 ml, 53 mmol, 2.5
equiv) and 2-aminopyridine (2.0 g, 21.2 mmol, 1 equiv). The reaction was left to stir overnight at
140 °C for 24 h. The mixture was then cooled to room temperature and purified via flash
chromatography. Diphenyl ether (22.5 g, 21.0 mL) was added to a round bottom flask along with
the intermediate product to stir at 200 °C for 24 h. Diphenyl ether was removed via distillation
under reduced pressure. The crude product was suspended in hot hexanes and then washed with
diethyl ether to yield the cyclized product (0.722 g, 21% yield). Reaction mass intensity = [mass

of input materials] / [mass of product] = 45.

0O O

7N 1. EtOMOEt (2 equiv.), 140 °C, 24 h

R |

0
PN » 7 N
NH, 2. Diphenyl ether (1 M), 200 °C, 24 h PN |
N~ OH

1a-c,g,i

2a-c,g,i
Figure 4.5: General reaction procedure for Method A
Method B:
This procedure was adapted from the literature.3! These reactions were run at 2.0 g scale
relative to the (substituted) 2-aminopyridine, masses are shown below relative to the

unsubstituted 2-aminopyridine (1a).
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An round bottom flask was charged with diethyl malonate (10.2 g, 9.7 ml, 63.6 mmol, 3
equiv) and 2-aminopyridine (2.0 g, 21.2 mmol, 1 equiv) and suspended in ethanol (16.6 g, 21.0
mL, 1 M). The reaction was fitted with a still head to continuously extract the ethanol and refluxed
for 3 -6 h. The mixture was then cooled to obtain the crude precipitate, which was washed with
hexanes to yield the cyclized product (0.795 g, 23% yield). Reaction mass intensity = [mass of

input materials] / [mass of product] = 36.

P i
Rf\ |N EtO OEt (2 equiv.) SN
\)\ > R— |
NHz  ethanol (1 M), 90 °C, 3-6 h \A\N on
1a-c,g,i 2a-c,g,i

Figure 4.6: General reaction procedure for Method B
Method C:

This procedure was adapted from literature.’” These reactions were run at 2.0 g scale
relative to the (substituted) 2-aminopyridine, masses are shown below relative to the
unsubstituted 2-aminopyridine (1a).

A round bottom flask was charged with bis(2,4,6-trichlorophenol)malonate (19.6 g, 42.4
mmol, 2 equiv), a (substituted) 2-aminopyridine (2.0 g, 21.2 mmol, 1 equiv), and acetone (16.5 g,
21.0 mL, 1 M). The solution was left to stir for 18 h at room temperature. Under reduced pressure,
the solution was concentrated. The crude product was suspended in hot hexanes to yield the
cyclized product (2.14 g, 62% yield). Reaction mass intensity = [mass of input materials] / [mass

of product] = 18.
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Figure 4.7: General reaction procedure for Method C

4.7.3: Synthesis of Substituted 2-hydroxy-PPDs

Caution: This procedure requires very high temperatures, please refrain from using oil-based
heating as the temperatures required for this reaction exceed the flash point of standard oil-based
heating mediums.

A round bottom flask was charged with diethyl malonate (5 equiv) and the desired 2-
aminopyridine derivative (1 equiv). A condenser fitted to an N; line was attached to the reaction
flask. The reaction mixture was then brought to reflux using an aluminum heat block (Tpiock = 230
°C) and stirred for 3 h. At this point, the reaction flask was removed from the aluminum heat block
and allowed to cool below the boiling point of diethyl malonate. Once reflux had ceased, the
condenser was replaced with a distillation apparatus, the reaction flask returned to the heat
block, and excess diethyl malonate distilled from the flask at ambient pressure. The reaction
mixture was then allowed to cool to room temperature. Once cool, hexanes was added to the
reaction mass, and brought to reflux with vigorous stirring. The residual solid was suspended in

refluxing hexanes for 1-18 h. The resulting solid was filtered, washed with diethyl ether, and dried
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in vacuo, giving the desired 2-hydroxy-PPD product as a solid. All NMR spectroscopy on 2-hydroxy-
PPDs was conducted in ds-DMSO.

Poor solubility of these compounds hindered the acquisition of 3C NMR spectra with
acceptable signal-to-noise in several cases. Notably, this is a common issue with 2-hydroxy-PPDs,
as to the best of our knowledge there is only one known compound with reported 3C NMR
chemical shifts.?’

2-Hydroxy-4H-pyrido[1,2-a]lpyrimidin-4-one (2a). 2-Aminopyridine 1a (1.74 g, 18.5
mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the general
procedure to form 2a as a beige solid. Isolated yield: 2.35 g, 78%.2% *H NMR (300MHz, (CD3),SO,
292 K, ppm): 6 12.03 (s, 1H), 8.93 (dd, J = 6.9, 0.7 Hz, 1H), 8.09 (dtd, J = 8.7, 6.9, 1.6 Hz, 1H), 7.41
(dt,/=8.8,1.3,0.8 Hz, 1H), 7.33 (td, /= 6.9, 1.3 Hz, 1H), 4.97 (s, 1H).2® HRMS: Calc’d for CsH7N,0>
[M+H]*: 163.05020; found: 163.04973. Reaction mass intensity = [mass of input materials] / [mass
of product] = 7.

2-Hydroxy-9-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (2b). 2-Amino-3-methylpyridine
1b (2.00 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using
the general procedure to form 2b as a pale yellow solid. Isolated yield: 2.39 g, 73%. 'H NMR
(500MHz, (CD3)2S0, 292 K, ppm): 6 11.48 (s, 1H), 8.80 (d, /= 7.0, 1.6 Hz, 1H), 7.84 (d, J = 6.9 Hz,
1H), 7.17 (t, J = 7.0 Hz, 1H), 5.40 (s, 1H), 2.44 (s, 3H). HRMS: Calc’d for CgH9N,O, [M+H]*:
177.06585; found: 177.06539.

2-Hydroxy-8-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (2c). 2-Amino-4-methylpyridine
1c(2.00 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the

general procedure to form 2c as a beige solid. Isolated yield: 1.82 g, 56%.2° 'H NMR (300MHz,
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(CD3)2S0, 292 K, ppm): 6 11.97 (s, 1H), 8.85 — 8.77 (d, 1H), 7.24 — 7.13 (m, 2H), 4.84 (s, 1H), 2.46
(s, 3H).30 13C NMR (126 MHz, (CDs3)2S0, 292 K, ppm): §162.9, 155.8, 154.1, 147.3, 128.3, 117.7,
115.0, 80.8, 21.1. HRMS: Calc’d for CoHoN,0O2 [M+H]*: 177.06585; found: 177.06602.

2-Hydroxy-7-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (2d). 2-Amino-5-methylpyridine
1c (2.00 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the
general procedure to form 2c as a pale yellow solid. Isolated yield: 2.49 g, 76%. *H NMR (300MHz,
(CD3)2S0, 292 K, ppm): 6 11.92 (s, 1H), 8.77 (s, 1H), 7.97 (dd, J = 8.9, 2.1 Hz, 1H), 7.35 (d, J = 8.9
Hz, 1H), 4.95 (s, 1H), 2.37 (s, 3H). HRMS: Calc’d for CoHsN,O2 [M+H]*: 177.06585; found:
177.06582.

2-Hydroxy-6-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (2e). 2-amino-6-methylpyridine
le (2.00 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using
the general procedure to form 2e as a brown solid. Isolated yield: 1.05 g, 32%. *H NMR (300MHz,
(CD3)2S0, 292 K, ppm): & 10.59 (s, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.67 (t, J = 7.9 Hz, 1H), 6.98 (d, J =
7.4 Hz, 1H), 3.60 (s, 1H), 2.41 (s, 3H). HRMS: Calc’d for CoHoN20, [M+H]*: 177.06585; found:
177.06559.

9-Chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2f). 2-Amino-3-chloropyridine 1f
(2.38 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the
general procedure to form 2f as a beige solid. Isolated yield: 2.13 g, 59%. *H NMR (300MHz,
(CD3)2S0, 292 K, ppm): 6 11.90 (s, 1H), 8.85 (dd, J = 7.1, 1.5 Hz, 1H), 8.18 (dd, J = 7.4, 1.5 Hz, 1H),
7.19 (t, J = 7.3 Hz, 1H), 5.54 (s, 1H). HRMS: Calc’d for CsHsCIN20, [M-H]: 194.99668; found:

194.99669.
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8-Chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2g). 2-amino-4-chloropyridine 1g
(2.38 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using a
modified general procedure (open to air instead of N, atmosphere) to form 2g as a brown solid.
Isolated yield: 1.53 g, 42%. *H NMR (300MHz, (CD3),S0, 292 K, ppm): 6 12.02 (s, 1H), 8.87 (d, J =
7.5 Hz, 1H), 7.49 (d, J = 2.2 Hz, 1H), 7.36 (dd, J = 7.5, 2.3 Hz, 1H), 5.15 (s, 1H). 13C NMR (126 MHz,
(CD3)2S0, 292 K, ppm): 6 165.3, 156.5, 149.1, 145.4, 130.0, 118.3, 116.1, 82.3. HRMS: Calc’d for
CgHsCIN20, [M+H]*: 197.01123; found: 197.01035.

7-Chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2h). 2-Amino-5-chloropyridine 1h
(2.38 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using a
modified general procedure (open to air instead of N, atmosphere) to form 2h as a pale yellow
solid. Isolated yield: 2.83 g, 78%.3° *H NMR (300MHz, (CD3)2S0, 292 K, ppm): 6§ 12.07 (s, 1H), 8.89
(d, ) = 2.4 Hz, 1H), 8.10 (dd, J = 9.4, 2.5 Hz, 1H), 7.44 (dd, J = 9.4, 0.7 Hz, 1H), 5.19 (s, 1H). HRMS:
Calc’d for CgHeCIN20, [M+H]*: 197.01123; found: 197.01068.

6-Chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2i). 2-Amino-6-chloropyridine 1i
(2.38 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the
general procedure to form 2i as a brown solid. Isolated yield: 1.40 g, 39%. *H NMR (300MHz,
(CD3)2S0, 292 K, ppm): & 10.98 (s, 1H), 8.04 (d, J = 8.2 Hz, 1H), 7.86 (t, J = 8.0 Hz, 1H), 7.23 (dd, J
= 7.8, 0.7 Hz, 1H), 3.63 (s, 1H). HRMS: Calc'd for CsHsCIN,O, [M+H]*: 197.01123; found:
197.01049.

9-Bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2j). 2-amino-3-bromopyridine 1j
(3.20 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the

general procedure to form 2j as a brown solid. Isolated yield: 1.64 g, 37%. *H NMR (300MHz,
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(CD3)2S0, 292 K, ppm): 6 11.79 (s, 1H), 8.89 (d, J = 7.0 Hz, 1H), 8.34 (d, J = 7.3 Hz, 1H), 7.11 (t, J =
7.2 Hz, 1H), 5.53 (s, 1H). HRMS: Calc’d for CsHsBrN,O, [M-H]: 238.94616; found: 238.94626 .

8-Bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2k). 2-amino-4-bromopyridine 1k
(3.20 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the
general procedure to form 2k as a beige solid. Isolated yield: 1.46 g, 33%. *H NMR (300MHz,
(CD3)2S0, 292 K, ppm): 6 12.00 (s, 1H), 8.77 (d, J = 7.4 Hz, 1H), 7.64 (d, J = 2.1 Hz, 1H), 7.47 (dd, J
= 7.4, 2.1 Hz, 1H), 5.15 (s, 1H). HRMS: Calc'd for CsHsBrN.O, [M+H]*: 240.96072; found:
240.96112.

6-Bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2m). 2-amino-6-bromopyridine
1m (3.20 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using
the general procedure to form 2m as a pale yellow solid. Isolated yield: 2.00 g, 45%. 'H NMR
(300MHz, (CD3),S0, 292 K, ppm): 6 11.00 (s, 1H), 8.07 (d, J = 8.2 Hz, 1H), 7.75 (t, J = 7.9 Hz, 1H),
7.36 (d, J = 7.7 Hz, 1H), 3.63 (s, 1H). HRMS: Calc’d for CsHeBrN2O2 [M-H]: 238.94616; found:
238.94632.

9-Fluoro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2n). 2-Amino-3-fluoropyridine 2n
(2.07 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the
general procedure to form 2n as a beige solid. Isolated yield: 1.77 g, 53%. 'H NMR (500MHz,
(CD3)2S0, 292 K, ppm): & 11.99 (s, 1H), 8.70 (d, J = 7.1 Hz, 1H), 7.87 (t, J = 8.7 Hz, 1H), 7.29 — 7.08
(m, 1H), 5.51 (s, 1H). 29F-NMR (283 MHz, (CD3):S0, 298 K) & -126.7. HRMS: Calc’d for CsHsFN,0,
[M+H]*: 181.04079; found: 181.04073.

7-Fluoro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2p). 2-Amino-5-fluoropyridine 2p

(2.07 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the

146



general procedure to form 2p as a beige solid. Isolated yield: 2.07 g, 65%. *H NMR (500MHz,
(CD3)2S0, 292 K, ppm): 6 11.97 (s, 1H), 8.92 - 8.87 (m, 1H), 8.19 -8.11 (m, 1H), 7.49 (dd, ) = 9.6,
5.0 Hz, 1H), 5.20 (s, 1H). 2F-NMR (283 MHz, (CD3),S0, 298 K) 6 -135.1. HRMS: Calc’d for CsHsFN,0;
[M+H]*: 181.04079; found: 181.04072.

6-Fluoro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2q). 2-Amino-6-fluoropyridine 2q
(2.07 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the
general procedure to form 2q as a beige solid. Isolated yield: 1.26 g, 38%. *H NMR (500MHz,
(CD3),S0, 292 K, ppm): 6 10.85 (s, 1H), 8.16 — 7.72 (m, 2H), 7.04 — 6.65 (m, 1H), 3.64 (s, 1H). 1°F-
NMR (283 MHz, (CD3),SO0, 298 K) & -69.5. HRMS: Calc’d for CsHsFN,0, [M+H]*: 181.04079 ; found:

181.04076.

4.7.4 Synthesis of Functionalized PPDs

Procedure for synthesis of 4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl 4-methylbenzenesulfonate
(3a):

2-Hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2a, 1g, 6.17 mmol) was charged in a round
bottom flask with 30 mL DCM. Triethylamine (1.37 g, 1.89 mL, 13.57 mmol) was then added via
syringe and the solution was allowed to stir. 4-Toluenesulfonyl chloride (1.29 g, 6.78 mmol) was
dissolved in 10 mL DCM, and transferred to an addition funnel attached to the previously charged
round bottom flask. The 4-toluenesulfonyl chloride solution was allowed to add dropwise, and
the reaction was allowed to stir overnight at room temperature. The reaction was quenched with
H,0 [20 mL], and the aqueous layer was extracted three time with DCM [20 mL]. The combined
organic fractions were dried with MgS04 and filtered before evaporating to dryness. The resulting

brown oil was then triturated with cold hexanes to yield a beige powder that was filtered and
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washed again with cold hexanes [40 mL] to yield the final product 3a (1.90 g, 97% yield). *H NMR
(500MHz, CDCls, 292K, ppm): 6 9.04 (d, J = 7.0 Hz, 1H), 7.98 (d, J = 8.3 Hz, 2H), 7.86 — 7.81 (m,
1H), 7.57 (d, J = 8.6 Hz, 1H), 7.37 (d, ) = 8.2 Hz, 2H) 7.22 (t, J = 7.0 Hz, 1H), 6.11 (s, 1H), 2.46 (s,
9H). 13C NMR (126 MHz, (CDCls, 292 K, ppm): & 162.15, 159.32, 150.50, 145.88, 138.21, 133.79,
129.90, 128.97, 128.06, 126.09, 116.39, 91.69, 21.91. HRMS: Calc’d for CisH12N204S [M+H]":
317.05906; found: 317.05883.

Procedure for synthesis of 7-bromo-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl 4-
methylbenzenesulfonate (3I):

A mixture containing 7-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one  was
synthesized using the general procedure above for synthesis of substituted 2-hydroxy-PPDs. This
was completed using 2-amino-4-bromopyridine 1l (3.20 g, 18.5 mmol), and diethyl malonate
(14.8 g, 14.0 mL, 92.5 mmol). The collected solid (2.58 g, see Appendix C: Figure C30 for *H NMR)
was charged into a round bottom flask with 53 ml DCM and triethylamine (2.2 equiv, 3.31 mL)
was added dropwise. 4-Toluenesulfonyl chloride (1.0 equiv, 2.04 g) was added slowly to the stirred
solution and allowed to stir overnight. The solution was washed with H,0 and subsequently dried
with MgS04 and dried in vacuo. The resulting solid was resuspended in toluene, and dried on a
Genevac EZ-2 to produce a light-brown solid 3l (2.20 g, 30% yield over two steps). 'H NMR
(500MHz, CDCls, 292K, ppm): 6 9.16 (d, J = 2.2 Hz, 1H), 8.01 — 7.92 (m, 2H), 7.85 (dd, ] = 9.4, 2.2
Hz, 1H), 7.45 (d, J = 9.3 Hz, 1H), 7.38 (d, J = 8.1 Hz, 2H), 6.13 (s, 1H), 2.47 (s, 3H). 3C NMR (126
MHz, (CDCls, 292 K, ppm): 6 162.2, 158.4, 149.1, 146.1, 141.6, 133.7, 130.1, 129.0, 128.3, 127.1,

111.8,92.5, 22.0. HRMS: Calc’d for C15sH11BrN204S [M+H]*: 394.96957; found: 394.96962.
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Procedure for synthesis of 4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl pivalate (4a):
2-Hydroxy-4H-pyrido[1,2-a]lpyrimidin-4-one (2a, 1.5 g, 9.25 mmol) was charged in a round
bottom flask with 4-dimethylaminopyridine (113.0 mg, 0.925 mmol) and 70 mL DCM.
Triethylamine (1.12 g, 1.55 mL, 11.1 mmol) was then added via syringe and the solution was
allowed to stir. Pivaloyl chloride (1.34 g, 1.37 mL, 11.1 mmol) was then added slowly dropwise
and the reaction was allowed to stir overnight at room temperature. The reaction was quenched
with saturated sodium bisulfite [20 mL], washed with H,0 [40 mL], and the aqueous fractions
were extracted three time with DCM [20 mL]. The combined organic fractions were dried with
MgSQO, and filtered before evaporating to dryness. The resulting brown oil was then triturated
with cold hexanes to yield a colourless powder that was filtered and washed again with cold
hexanes [40 mL] to yield the final product 4a (1.79 g, 61% yield). *H NMR (500MHz, CDCls, 292K,
ppm): 6 9.10 (d, J = 7.1 Hz, 1H), 7.86 — 7.82 (m, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.23 (dt, J = 0.9, 7.8
Hz, 1H), 6.19 (s, 1H), 1.41 (s, 9H). 3C NMR (126 MHz, (CDCls, 292 K, ppm): & 175.64, 163.94,
159.57,150.94, 137.62, 127.99, 126.15, 116.00, 94.23, 39.55, 27.09. HRMS: Calc’d for C13H14N203

[M+H]*: 247.10772; found: 247.10754.
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Chapter 5: Conclusions and Future Outlook

5.1: Conclusions

The objective of this thesis was to create a foundational understanding of C—O activation
of carboxylates with Pd. Alkenyl carboxylates served as a suitable starting point for these studies
as they are less toxic, mass efficient and economic sources of non-aromatic functionality that can
be easily accessible by O-acylation of ketones. As every aspect of a reaction affects the efficiency
of a desired outcome, this thesis tackled this problem via three routes. Firstly, in Chapter 2, |
investigated the mechanism behind a Suzuki-like reaction previously reported by the Leitch Lab.
Pd sources, ligation, and solvents were all found to alter the outcome of the reaction. Specifically,
through this multi-pronged investigation previously unseen intermediates were identified. A
singly ligated Pd centre bound to the alkene of the substrate was uncovered, leading to a
proposed hypothetical mechanism. This chapter provides the blueprint as to how future reactions

with alkenyl carboxylates can be developed.

Chapter 2 j\
CySP\ Pd ’O
o ~
Pd(PCys), W PCYs
Toluene o
60C, 24h T~

t, 30min-18h Pd(OAc)
P(0-OMePh),
(HO),B

10:1 v/v Acetone/Water

<" S0Ac / \
S [Pd"

1H NMR E OAc ESI-MS

O:/— '
SIPNMR N\ - 4/19F NMR

Figure 5.1: Graphical abstract for Chapter 2 - An Experimental Evaluation of a Base-Free, Open to Air, Pd Cross-

J\

Coupling Reaction
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Secondly, Chapter 3 expanded on this known reactivity of alkenyl carboxylates, taking
inspiration from the work developed in Chapter 2. Mechanistically, Miyaura borylation was a
rational next phase in C-O activation chemistry as many of the same fundamental steps are
shared with the Suzuki-like chemistry developed by the Leitch Lab. This proved fruitful, and
several borylation reactions were developed and optimized using high-throughput
experimentation. The generated alkenyl pinacol boronates proved to be variably stable and
therefore undependable coupling partners. This was taken advantage of to develop a two-step
deoxygenation procedure through this borylation chemistry. By altering the pinacol ester used,
this stability issue could be overcome, which allowed for the reactivity one would desire from a

boron substituent (such as cross-coupling).

Chapter 3 Q
]
Pd(OAc), AN
XPhos
o] B,X, (o) Toluene Br
¢ X = Pin, EPin e ©/
L /| - /|
~~ OR 7 Methods ~7 "BX
R = OAc, OPiv
Sat. NaHCO; 0
-
H\
~"" H

Figure 5.2: Graphical Abstract for Chapter 3 - Base-Free Palladium-Catalyzed Borylation of Enol Carboxylates and

Further Reactivity Toward Deboronation and Cross-Coupling
Lastly, Chapter 4 focussed on the synthesis of substituted pyrido[1,2-a]pyramid-4-one
(PPD) molecules. As literature methods proved to be unreliable when expanded beyond the scope
initially conceived for, we developed a robust and solvent-free procedure to access these

molecules. This reaction produced 16 unique PPD molecules, with CHs, Cl, Br, and F handles in
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four different positions within the structure. As these molecules demonstrate solubility issues,
non-standard 'H and 3C NMR settings were utilized to characterize these molecules. The
unsubstituted PPD molecule was then successfully functionalized as a critical first step towards

using this motif as a model structure to demonstrate C—O activation chemistry with Pd.

Chapter 4

5 equiv. Selective Q
| N diethyl malonate> ij\ functionalization -~ N)j\
= NG
reflux, 3h N~ "OR

NH,

16 examples R = OTs, OPiv

Figure 5.3: Graphical Abstract for Chapter 4 - The Development of Novel Cross-Coupling Scaffolds for C—O Activation

Chemistry

Overall, this thesis has furthered the development of C—0 activation of carboxylates in Pd-
catalyzed cross-coupling chemistry. This thesis provides fundamental mechanistic insights into
how to activate these strong C—O bonds, which then allowed for the development of alternative
reactions, and finally, novel substrates were synthesized that could be utilized in all the previously
mentioned chemistry. While all these chapters are unique in their approach, they all serve as
essential legs in the metaphorical chair that is C—O activation with Pd chemistry. One leg does not
make up this field, but all together they provide a suitable seat from where to begin examination

of the next steps.
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5.2 Future Directions
5.2.1 Suzuki Like Chemistry

After our experimental evaluation of the Suzuki-like chemistry created by the Leitch Lab,
the next step in understanding this reaction would be to compute our hypothesized mechanism.
Computations are often used as an additional point of validation for mechanistic studies;™
however we were unable to complete these as they require a trained user. Special care would
need to be taken in order to incorporate solvation effects as the co-solvent system
(acetone/water) is experimentally a key feature of this reaction.

In addition to recreating our mechanism, one would also like to see specific experiments
computed. As the main issue with this reaction is that it is exceptionally quick, examining specific
steps in isolation would allow for a more complete understanding. One such example would be
deuterium incorporation at the a position of the dimedone substrate. This would likely cause a
change visible through a secondary kinetic isotope effect (KIE),®’” as we hypothesize that the
either of the changes in hybridization from sp? to sp® and then back to sp? (Figure 5.4) would likely
be the principal factor causing a change in rate. Isolation of the deuterated dimedone substrate
proved to be an elusive task, but something a future researcher could execute. Comparison of

observed to calculated KIE values would help support our proposed mechanism.

[Pd]—OPiv
[Pd]—Ar pqt H Ar . [Pd] Ar
. _OPiv [Pdl  y.OPiv Hez 1 'OPiv

.

O kq[H]/ k, [D] © ko [H]/ k2 [D]

Figure 5.4: Addition of Pd to alkenyl carboxylate resulting in sp? to sp® hybridization: ki [H] / k1 [D], epimerization,

then hybridization from sp3 to sp?: k2 [H] / k2 [D].
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In addition to computational studies, further synthetic experiments could be performed.
One specifically is the alteration from the in situ Pd(OAc); and P(o-OMePh); (1 : 1.5 equiv.)
combination to a single component Pd(P(o-OMePh)s), source (Figure 5.5). This Pd precatalyst is
not currently available commercially; however, a recent publication from MilliporeSigma detailed
the synthesis of a series of doubly ligated Pd(0) complexes,® all of which contain phosphine based
ligands. While the P(o-OMePh); complex was not detailed, PtBus, PCys, and P(o-tol)s complexes
were synthesized - leading one to believe that this could be an adequate starting point for this
synthesis. The change in equivalents of Pd and ligand may affect the reaction outcome
detrimentally as we found in Chapter 2, however if the yield is only minorly perturbed in favour

of a single-component catalyst, that may prove acceptable.

\OQ QO .

0 0
7\ F%k Pd.
e A ¢ > e g e

5 O F F

Pd(P(0-OMePh)s),

T

n

Figure 5.5: Pd(OAc),, Pd(P(o-OMePh)s),, and Pd(TFA),

Another complex that is worthwhile exploring for this chemistry is Pd(trifluoroacetate),
(Pd(TFA),). This commercially available Pd precatalyst should work similarly to Pd(OAc),, as our
hypothesized mechanism requires the substitution of the OAc ligand for the P(0-OMePh)s ligand.
One would postulate that the additional F present in the TFA would improve stability of the

dissociated anionic ligand, allowing for a less energetically hindered substitution. The additional
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F present would also allow for supplementary °F NMR studies that may help to uncover

decomposition pathways or unknown by-products.

5.2.2 Oxidative Addition of Alkenyl Carboxylates

One route in understanding mechanisms is to break down the mechanism into single
steps, studying each step individually, before piecing together the complete picture. Much work
has gone into understanding fundamental organometallic steps,®'°> and oxidative addition is an
accessible reaction to address as we often begin our reactions with this step. During work with
Dr. Nahiane Pipaon Fernandez, it was discovered that the oxidative addition of an alkenyl
carboxylate and Pd(PCys), was reversible (Figure 5.6).%° This spurred efforts to synthesize the

oxidative addition products of numerous alkenyl carboxylates.

0 @)
dg-toluene and DMA (2:1)
(0.5 mL)
/PCy3 - - + Pd(PCYs)z
N, 80 °C OPiv
CysP OPiv Capillary: PPhg in
dg-toluene

Figure 5.6: Reversible oxidative addition of alkenyl carboxylate and Pd(PCy;),.

The following compounds were monitored for oxidative addition activity with Pd(PCys); in
ds-toluene, and/or Ce¢Ds: 1-pivalyloxycyclopent-1-en-3-one (1a),'” 3-oxocyclohex-1-en-1-yl
pivalate (1b),8 5,5-dimethyl-3- oxocyclohex-1-en-1-yl pivalate (1c),® 4-pivalyloxy-3-phenylpyran-
3-en-2-one (1d),}” 4-pivalyloxy-1-benzyl-3-phenylpyrrolidin-3-en-2-one (1e),}” 4-pivalyloxy-6-
methyl-2-pyrone (1f),*” 2-oxo-2H-chromen-4-yl pivalate (1g).!° These reactions were conducted

in J-Young tubes and monitored for up to seven days by 3P NMR (Section 5.3.1).
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Pd(PCys),
(0.018 mmol, 1 equiv.)

-

Solvent (0.03 M (to Pd))

OPiv rt- 80 °C
ia - 1g 1-168h
1.1 or 4 equiv.
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Figure 5.7: Oxidative addition experiments conducted using Pd(PCys), on a series of alkenyl carboxylates. Reactions

were monitored using 3'P NMR.

Because the species generated were only monitored by 3P NMR the verification of each
of these oxidative addition complexes remains to be completed. However, 3'P NMR has confirmed
that in all cases, conditions were found where a single phosphorus-containing species was
formed. Attempts to crystallize the resulting reaction mixtures yielded one compound suitable
for X-ray diffraction analysis: the oxidative addition complex with 4-pivalyloxy-3-phenylpyran-3-

en-2-one (Figure 5.8).
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a) 0

O
o Pd(PCys), (1 equiv.) 0 )
] d8-toluene (0.03 M) Pd'PCyS
OPiv 50°C, 24 h Cy3P' ~OPiv
1.1 equiv.

b)

Figure 5.8: a) Oxidative addition conditions for 4-pivalyloxy-3-phenylpyran-3-en-2-one with Pd(PCys); in d®-toluene.
b) Solid-state molecular structure of lactone oxidative addition complex. Ellipsoids plotted at 50% probability

(cyclohexyls shown as wireframe). Hydrogens and toluene solvate not shown for clarity.

Next steps in this project would be to further characterize these compounds and seek to
isolate them at a scale that would allow for reversibility studies to be conducted. By viewing this
reversibility through the lens of multiple alkenyl carboxylates, the generality of this Pd C—O bond
activation could be unveiled. These experiments could be monitored by variable temperature (VT)
NMR; however issues with solubility with deuterated solvents were present when previously
attempted. Pressurized sample infusion (PSI) electrospray ionization (ESI) mass spectrometry
could also be performed to allow for online monitoring. Continuous monitoring through flow

infrared (IR) spectroscopy could also be attempted as the change in C-0 bonding would likely be
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diagnostic. Finally, determining whether these formed compounds were all catalytically active in
Suzuki chemistry, and at what temperatures, would also aid in verifying a more-traditional Pd(0)

/ Pd(ll) pathway that these compounds may promote.

5.2.3 Borylation of Alkenyl Carboxylates

The dominant issue in borylation chemistry, as uncovered in Chapter 3, is that the boron
handle that is essential for cross-coupling often becomes an impediment during isolation. While
cross-coupling with new boron handles such as BEPin; is successful,?’ these isolation issues
persist and form a logical next step in this project; namely, designing new B2X,-type compounds
for Miyaura borylation. One solution is to attempt to synthesize a B,PPiny, B,CPPin,, and/or
B,CHPin; (Figure 5.9). For all cases, where ethyl pinacol was reacted with tetrahydroxydiboron to
make B2EPin,,?° the propyl, cyclopentyl, or cyclohexyl pinacol derivatives,?! would be reacted
instead. These pinacol derivatives are all known compounds, and their synthesis does not deviate
from what was conducted for the ethyl pinacol in B2EPin,. B2PPin;, and B,CHPin; are unreported
compounds. B2CPPinz has been reported;?? however, its use as a B,Pin, replacement in Miyaura

borylation has not been reported (to the best of my knowledge).

o o o O o o
BB, B-B B-B
O o o © O ©

B2PPin2 BchPinz BzCHPinz
Figure 5.9: Potential B,X; compounds to synthesize: B,PPin;, B,CPPin;, B,CHPin,.
B2PPin, would have the similar or better propensity to block the open p orbital of the

boron of B,EPin, — often the cause of deboronation. This extended chain on the propyl pinacol

162



could alter where the problematic by-product eluted for column chromatography, however one
could anticipate streaking on the column as a persistent issue. B,CPPin, and B,CHPin; would be
bulky alternatives to B,EPin,, however without the linear alkyl chains, the tendency to block the
open p-orbital of the boron may be diminished. However, these may be more suitable to
overcome the coelution issue. Not only would one think that this difference of a closed chain
would alter the elution on the column, but diminished solubility may enable removal by filtration.

We have successfully synthesized B,CHPin, using literature precedent.?’ We have isolated
the compound at gram scale. Full characterization can be found in Section 5.3.2. We have also

confirmed its structure by X-ray crystallography (Figure 5.10).

a)
OH NaOAc (2.6 equiv.) o O
B,(OH), + % >~ B-B
HO Toluene (0.2 M) o e}
i . N, atm.
1 equiv. 2 equiv. Dean-Stark App.
b)

N

Figure 5.10: a) Synthesis of B,CHPin,, a novel B,X; compound, b) Solid-state molecular structure of B,CHPin,.
Ellipsoids plotted at 50% probability. One of two disordered rotational orientations shown. Hydrogens not shown for

clarity.
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Once these B;X; compounds are synthesized, catalytic reactions would need to be
performed. The ®"PDAB-Pd-MAH and PCys in situ system (detailed in Chapter 3) would be a clear

place to begin catalytic studies, as this system has been amenable to two B2X, compounds so far.

5.2.4 High Throughput Screening of Pivalated PPD for Suzuki Reactivity

Chapter 4 concludes with the synthesis of unsubstituted PPD molecules functionalized
with tosylate and pivalate groups. These molecules could serve as an initial platform for
expanding the Leitch Lab’s C—O activation of carboxylate chemistry. As these molecules can be
considered aromatic, initial screening should focus more on the 100 °C reactivity highlighted in
the Leitch Lab’s initial report.?® This is likely due to these compounds undergoing coupling through
a more traditional Pd(0) / Pd(Il) Suzuki catalytic cycle, with the oxidative addition of these
aromatic C—O carboxylate bonds requiring higher temperatures.?* The arylated product of the
unsubstituted PPD scaffold is a known structure,?® and could be accessed via the chemistry used
to synthesize risdiplam from the tosylated structure,?® or from the unfunctionalized starting
material as well.?> Pd(OAc), and PCys that are used to synthesize risdiplam would likely be
screening candidates, but expanding the screened ligand scope would be favourable. One
particular set of ligands that we have under screened in previous years is the phenanthroline
ligands (Figure 5.11). The Larhed group have utilized these phenanthroline ligands for oxidative
Heck chemistry,2’~2° but they have also completed some mass spectrometry work that highlights
that diphosphine ligands (such as dppp — Figure 5.11), as well as the aforementioned
phenanthroline ligands, are capable of forming cationic Pd complexes in the presence of alkenes
and pseudo-halides.?® These ligands are often di-substituted typically at the 2, 9 positions or the

4, 7 positions, offering tunability of these nitrogen based ligands. These phenanthroline ligands,
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along with mono- (such as tri(o-tolyl)phosphine — Figure 5.11) and diphosphine ligands would

make an excellent start for a screening ligand set.

S, P L
FasANcanneliepe

1,3-bis(diphenylphosphino)propane
(dppp)

phenanthroline tri(o-tolyl)phosphine

Figure 5.11: Unsubstituted phenanthroline ligand, 1,3-bis(diphenylphosphino)propane - a diphosphine ligand, and

tri(o-tolyl)phosphine a monophosphine ligand.
5.2.5 Sonogashira Coupling

After Miyaura borylation, we sought other reactions where C-0 activation of carboxylates
could be feasible. One option is Sonogashira coupling,3'-33 where if oxidative addition to the
correct C—O bond could be ensured, the rest of the reaction mechanisms could be viable.
However, complicating this was the two different types of Sonogashira coupling, either with, or

without a Cu source (Figure 5.12a and b).3*

a) Sonogashira Reaction b) Cu-Free Sonogashira Reaction
- R-X
R R-X B
0]
- D L
R LofPd<" R
L [Pdll] n[pdll]/ n[ ] ~ n[ ]\X
\ X — R’
\ R’ >—<
P———— . .
X — ) Ln[Pd"] L.[ed"
——R n \R’ n[ ]\R7
>\ X fBase+HX W
H——FR’ H—==—R' Base Base + H——FR’ Base + HX

Figure 5.12: a) Sonogashira reaction mechanism with Cu, b) Sonogashira reaction mechanism without Cu
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Based on both these mechanisms, initial screening should start with either temperatures
high enough to ensure the required oxidative addition, or an oxidative addition complex where a
ligated Pd source is already part of the starting material. While the Leitch Lab has used the
cyclohexanone oxidative addition product because of its ease of use,'®?4 perhaps a product that
strictly reacted under more traditional Pd(0) / Pd(ll) conditions in the Suzuki-like chemistry, such
as the substituted y-lactone (isolated in Section 5.2.2), would be a more suitable choice.

One issue with this reaction would be choosing a base. Since the carboxylate handle has
a built-in leaving group, the bases tested must not be nucleophilic. Amine bases also have a
number of side reactivity issues that will need to be outcompeted if chosen.?® This will limit the
toolbox of the bases used in traditional Sonogashira coupling, likely causing us to turn to bases
such as N,N-diisopropylethylamine (DIPEA), 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) or 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN).

J-Young tube experiments could be an accessible place to start with this reaction
combining alkynes, bases, copper sources and the aforementioned oxidative addition complex.
One could also use high throughput experimentation to screen for product formation, altering

many factors at the same time in order to find a suitable combination.

5.2.6 Expansion of Suzuki-like Chemistry

Expanding the Suzuki-like reactivity that the Leitch Lab uncovered in 2020 to alternative
alkenyl carboxylate electrophiles would be an excellent addition to this chemistry. Through
Chapter 2 we have demonstrated that at room temperature this reaction likely goes through a
cationic Pd(Il) only mechanism. At elevated temperatures a more traditional Pd(0) / Pd(ll) catalytic

cycle is more likely. Both types of reactivity are valid and require evaluation. With this in mind, a
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screening project was designed with multiple electrophiles that may exhibit different reactivity to
the electrophiles detailed in that seminal paper. Two classes of electrophiles were created to
group electrophiles with similar structures within the scope. Those two categories are: 1) acyclic
electrophiles which either have a terminal or linear alkene or 2) cyclic electrophiles which have
an internal alkene in a ring (Figure 5.13). These starting materials have all been sourced or

synthesized (Section 5.3.3).

)L X OAc oPi
OAc X -UFiv
OAc \g/\/

Acyclic Electrophiles

0]
OAc
OAc [ j\ OAG ij\(OAC

Cyclic Electrophiles
Figure 5.13: Acyclic and cyclic electrophiles sourced or synthesized for future screening project
To explore the effect of ligand structure on catalysis, a series of both phosphorus and
nitrogen-based ligands that will stabilize a cationic Pd(ll) center are suggested. While our previous
studies indicate that monodentate phosphines are effective,?® the Larhed group observed
reactivity with both bidentate and nitrogen-containing ligands.3%3¢ A key aspect of this
multivariate design is that we can correlate ligand identity to successful reactions with our
multiple electrophiles. With this knowledge we hope to be able to correlate class selectivity

between variables.
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5.3 Experimental
5.3.1 Oxidative Addition of Alkenyl Carboxylates

All air-free manipulations for this section were performed in a nitrogen-atmosphere using
a MBraun Glovebox. Pd(PCys), was purchased from Strem Chemicals and stored under inert
atmosphere at -30 °C. Solvents were purchased from Sigma-Aldrich. All NMR spectra were
acquired on a Bruker AVANCE Neo 500 MHz spectrometer. All applicable NMR spectra for this
section can be found in Appendix D.

General Procedure:

An alkenyl carboxylate (0.020 mmol or 0.072 mmol — see table 5.1 for specific masses)
was charged into a 1 dram vial and brought into the glovebox. The same vial was charged with
Pd(PCys)2 (12.0 mg, 0.018 mmol) and 0.6 mL (0.03 M) of either ds-toluene or C¢De. The reaction
mixture was transferred to a J-Young tube, sealed and brought out of the glovebox. A *H and 3!P
NMR was acquired at time = 0, as well as every 24 hours for up to 7 days. Between analysis the J-

Young tube was submerged in an oil bath set to the desired temperature.
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Pd(PCys),

(0.018 mmol, 1 equiv.)

Solvent (0.03 M (to Pd))

\i

OPiv rt - 80 °C
1a-1g 1-168h
1.1 or 4 equiv.
@] 0 o) 0]
/
i OPiv OPiv ;
1a OPiv 1c 1d OPiv
(0]
O 0
N o™ |
J OPiv
i OPiv
1e OPiv 1f 19
Alkenyl Alkenyl Experiment
Alkenyl .
Carboxylate | Carboxylate Solvent Temperature | Duration
carboxylate
Entry /mmol /mg /days

1 1a 0.072 13.1 d-Tol rt-80°C 5
2 1a 0.020 3.3 d-Tol rt-80°C 6
3 1a 0.072 13.1 d-Tol rt 5
4 1a 0.072 13.1 CeDg rt-100°C 7
5 1a 0.020 3.3 CsDs rt-100°C 7
6 1b 0.072 14.1 d-Tol rt-80°C 5
7 1c 0.072 16.1 d-Tol rt-80°C 5
8 1c 0.020 4.0 d-Tol rt-80°C 7
9 1d 0.072 18.7 d-Tol rt-80°C 5
10 1d 0.020 5.1 d-Tol rt-80°C 5
11 1d 0.072 18.7 d-Tol rt 5
12 le 0.072 26.1 d-Tol rt-80°C 5
13 le 0.020 7.2 d-Tol rt-80°C 5
14 1f 0.072 15.1 d-Tol rt-80°C 5
15 1g 0.072 17.7 d-Tol rt-80°C 5
16 1g 0.020 4.4 d-Tol rt-80°C 6
17 1g 0.072 17.7 d-Tol rt 6

Table 5.1: Reaction conditions for oxidative addition monitoring experiments
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5.3.2 Borylation of Alkenyl Carboxylates

1-(1-hydroxycyclohexyl)cyclohexan-1-ol was synthesized according to the procedure detailed in
Section 3.6.5 from cyclohexanone (3.86 g, 39.33 mmol) and characterized according to
literature.3’

Synthesis of B,CHPin,:

OH NaOAc (2.6 equiv.)
HO Toluene (0.2 M)

) ) N, atm.
1 equiv. 2 equiv. Dean-ZStal‘k App.

B-B

o. .0

A round bottom flask was charged with 1-(1-hydroxycyclohexyl)cyclohexan-1-ol (1.6 g,
8.1 mmol), tetrahydroxydiboron (362.9 mg, 4.05 mmol), sodium acetate (863.5 mg, 10.53
mmol), and 40 mL toluene. The round bottom flask was fitted to a Dean-Stark apparatus and
flushed with N». Under constant N, atmosphere, the flask was lowered into an oil bath set to
130 °C and allowed to stir overnight. The reaction mixture was then filtered through celite, and
dried under reduced pressure to yield the product as a colourless powder. *H NMR (500MHz,
CDCls, 292K, ppm): 6 1.82 —1.39 (m, 32H), 1.29 — 1.05 (m, 12H), HRMS: Cal’d for C2sH40B204

[M+H]+: 415.31855; found: 415.31873.

5.3.3 Expansion of Suzuki-like Chemistry

The following compounds were purchased commercially from Sigma-Aldrich: 1-

methylvinyl acetate.
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The following compounds were synthesized according to literature: 1-phenylvinyl
acetate,®® styryl acetate,®® 1-acetyloxycyclohex-1-en-3-one,*® 1-acetyloxycyclopent-1-en-3-one,*°
cyclohex-1-en-1-yl acetate.*

The following compounds were synthesized according to literature by David C. Leitch:

ethyl 2-acetoxycyclohex-1-ene-1-carboxylate,® (E)-3-oxobut-1-en-1-yl pivalate.*?
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Appendix A: An experimental evaluation of an open to air,

base-free, Pd-catalyzed reaction of enol carboxylates and aryl

boronic acids.

Al General Information

All solvents and common organic reagents were purchased from commercial suppliers and
used without further purification. Pd(OAc)2 and Pd(PCys), was purchased from Strem Chemicals
and used as received. PdPhBr(P(o-OMePh)s) and [PdPh(u-OAc)(P(.-OMePh)s3)]> were prepared
according to literature.! Pd,dbaseCHCls was prepared using the Zalesskiy and Ananikov method.?
Phenyl trifluoromethanesulfonate was synthesized using literature procedures,® and
characterized. 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate,” (4-
Boronobenzyl)triphenylphosphonium  hexafluorophosphate,® and 3'-bromo-5-oxo-1,2,5,6-
tetrahydro-[1,1'-biphenyl]-3-yl acetate’ were synthesized using literature procedures. All
phosphine ligands were purchased from Strem Chemicals and used as received. Anhydrous
solvents (SureSeal) were purchased from MilliporeSigma and used as received.

All air-free manipulations were performed under a dry nitrogen atmosphere using an
MBraun glovebox.

All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a
Bruker AVANCE Neo 500 MHz spectrometer. All *H and 3C NMR chemical shifts are calibrated to
residual protio-solvents and all 3'P NMR chemical shifts are calibrated to external standards. All
NMR spectroscopic data is processed using Bruker TopSpin 4.07.

Gas-Chromatography Mass-Spectrometry (GC-MS) analysis was conducted on a Finnigan

Trace GC Ultra with DSQ mass spectrometer.

175



Electrospray-lonization Mass-Spectrometry (ESI-MS) analysis was conducted on a Waters
Acquity triple quadrupole detector. The capillary voltage was held at 3 kV, cone voltage at 13 V,
extraction cone voltage at 2 V, and RF lens at 0.3 V. The desolvation gas flow rate 150 L/h, cone
gas flow 150 L/h, source temperature 70 °C, desolvation temperature 150 °C. The mass range was
set to m/z 50-1200; scan duration was 1 second; LM and HM resolution were set to 15.0. The
mass range was narrowed and the LM and HM resolutions increased to 17.0 to obtain isotope

pattern information.

A2 Preliminary Studies

CysP, Ag(OTH) CysP. ot

Br THF or dg-acetone 4 1.2 equiv. :
©/ +  PA(PCyy)s - Pd 2equiv. Pd
N, atm. PCy, PCys

1.2 equiv. 1 equiv.

In an N; atmosphere, a 1-dram vial was charged with Pd(PCy3)2 (0.015 mmol, 10.0 mg)
and bromobenzene (0.018 mmol, 1.88 puL). The solvent was dispensed into the 1-dram vial and
transferred to a J-Young tube. The reaction was monitored overnight. After 18 h Ag(OTf) (0.018
mmol, 5.0 mg) was weighed into a 1-dram vial, and the contents of the J-young tube was
transferred into the 1-dram vial, and transferred back into the J-Young tube, the reaction was
analyzed using *H and 3P NMR. Where the dominant 3!P NMR peak matched that of the product

of phenyl triflate and Pd(PCys), detailed in 2.6.2.
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Figure Al: Comparison of Pd speciation by 3!P NMR spectroscopy: a) phenyl triflate in de-
acetone, b) reaction of phenyl triflate with Pd(PCys), in ds-acetone, c) two-step reaction of

bromobenzene and Pd(PCys),, followed by ligand exchange with Ag(OTf) in de-acetone.

A3 Analysis of Pd(ll) vs Pd(0)/Pd(Il) Mechanisms

A3.1 Additional GC MS data

(0] X mol% [Pd] 0
? B(OH),  ymol% P(0-OMePh), ‘ O
+ > +
©/ solvent 0.5 M O
OAc O

additive
rt, zh
1 equiv. 1.5 equiv. ayield b yield

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (50.0 mg,
0.27 mmol), phenyl boronic acid (50.2 mg, 0.41 mmol), [Palladium] (x mol%), P(o-OMePh)s (y
mol%), additive and solvent (0.5 M). The vial was capped and allowed to stir for z h. At the
appropriate time, an aliquot was taken for GC-MS analysis to determine the yield of b (shown as

mol% relative to 1 equivalent of starting material) and the reaction was dried on a Genevac EZ-2
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ow ; efore yield of a was determined using - In 3 wit ,3,5-
(L BP, 30 °C) bef jeld of d ined i 'H-NMR in CDCI ith 1,3,5

trimethoxybenzene as an internal standard.

Xxmol% y mol% ayield/ byield/
Entry [Pd] (Pal Plo.OMePh). Solvent zh y o :10[%
1 Pd(OAc), 4 6 10:1 Acetone/water (v/v) 1 29 2.8
2 Pd(OAc), 4 6 10:1 Acetone/water (v/v) 18 63 9.4
3° Pd(OAc), 4 6 10:1 Acetone/water (v/v) 1 0 0.3
4° Pd(OAc), 4 6 10:1 Acetone/water (v/v) 18 79 10.7
5° Pd(P(o -OMePh);(Br)(Ph) 6.7 - THF 18 0 0.3
6° Pd(P(o -OMePh)s(Br)(Ph) 6.7 - d-acetone 18 0 0.1
7 Pd(P(o -OMePh);(OTf)(Ph) 6.7 - THF 18 0 0.4
gbe Pd(P(o -OMePh);(OTf)(Ph) 6.7 - d-acetone 18 0 0.3
9 Pd,(P(0-OMePh,),(Ph),(u-OAc), 2.5 - 10:1 Acetone/water (v/v) 18 87 6.1
10 Pd,dba; 4 6 10:1 Acetone/water (v/v) 18 66 12.8
11 Pd(PCys), 6 - Acetone 1 67 3.4
12 Pd(PCys), 6 - Acetone 18 90 3.1
13 Pd(OAc), 4 - 10:1 Acetone/water (v/v) 18 0 5.2
14 - - - 10:1 Acetone/water (v/v) 18 0 0
15¢ Pd(OAc), 4 6 10:1 Acetone/water (v/v) 18 - 6.6
16 - 10:1 Acetone/water (v/v) 18 - 0

Table A1: Yields of a and b determined using *H-NMR with 1,3,5-trimethoxybenzene as an internal standard and
GCMS respectively. *1 equiv. phenyl triflate added, °PNMR tube experiment, N, atmosphere, performed at 0.24
mmol (0.4 M), 1 equiv. phenyl boronic acid. ¢[Pd] formed in situ using Ag(OTf). “no alkenyl carboxylate added.

A3.2 Additional ESI MS data

(0] B(OH), 0
20 mol % Pd(OAc),
N 30 mol % P(0-OMePh), ‘
Acetone/H,0 (10:1 v/v, 5.5 mMT
OAc o ® r2t under air O ®
1 equiv PFs~PPhg PPhy
1.5 equiv

To a stirred solution of Pd(OAc); (2.5 mg, 0.011 mmol) in 7.0 mL solvent (10:1
acetone/water (v/v)), sequentially the following was added: P(o-OMePh); (5.8 mg, 0.017 mmol)
in 1 mL solvent, (4-boronobenzyl)triphenylphosphonium hexafluorophosphate (44.6 mg, 0.082
mmol) in 1 mL solvent, and finally 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (10.0 mg, 0.055
mmol) in 1 mL solvent to obtain a final concentration of 5.5 mM in alkenyl carboxylate. Additions
were only completed when new speciation formation had plateaued. Specific species (see Figure

A3 for example) were subject to collision induced dissociation (CID) to aid in identification.
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Figure A2: Mass spectrum of the reaction mixture after 24 h with relevant peaks identified.
Inset: magnified portion of the spectrum (m/z 450-510).
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Figure A3: Collision-induced dissociation of m/z 496 results in observation of [LPd(Ar)]* species
at a collision energy of 8 V..
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A3.3 Simulated Spectra

Isotope patterns were simulated using ChemCalc free-to-use software (chemcalc.org),®

and were overlayed with the experimental data (Figure A4)
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Figure A4: Proposed catalytic cycle displaying three overlay spectra of simulated (green) and
collected isotope patterns (blue).
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A4 Characterization Data

1-(4’-cyanophenyl)-5,5-dimethylcyclohex-1-en-3-one:
1-(4’-cyanophenyl)-5,5-dimethylcyclohex-1-en-3-one was synthesized as detailed in

Section 2.6.2.
i L G B 8 ‘
i uvg“ﬁg/i NY. Vo "
(0]

M ] 1

"I N T |
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Figure A5: *H NMR spectrum (500 MHz, CDCls, 292 K) of 1-(4’-cyanophenyl)-5,5-
dimethylcyclohex-1-en-3-one
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Figure A6: 13C NMR spectrum (126 MHz, CDCls, 292 K) of 1-(4’-cyanophenyl)-5,5-
dimethylcyclohex-1-en-3-one
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1-phenyl-5,5-dimethylcyclohex-1-en-3-one:

1-phenyl-5,5-dimethylcyclohex-1-en-3-one was synthesized and characterized in CDCl3
according to literature.” *H NMR spectra are presented in both THF and acetone-ds below. Oxygen
adjacent CH; of THF calibrated to 3.05 ppm.
'H-NMR: (500 MHz, THF, 292 K, ppm): § 6.94-6.90 ((dd, 3Jx-1 = 8.1, “Ju.n = 1.5), 2H), 6.74-6.69 (m,
3H), 5.66 (s, 1H), 2.00 (s, 2H), 1.58 (s, 2H), 0.43 (s, 6H).
'H-NMR: (500 MHz, acetone-ds, 292 K, ppm): 6 7.63-7.59 (m, 2H), 7.44-7.38 (m, 3H), 6.28 (s, 1H),

2.69 (s, 2H), 2.25 (s, 2H), 1.09 (s, 6H).
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Figure A7: 'H NMR spectrum of 1-phenyl-5,5-dimethylcyclohex-1-en-3-one
(500 MHz, THF, 292 K)

N 21603

1l

T
tppm]

182



COOOS O

9296

9171

9144

7186

7035

o | —sesmr
—— 20009

— 15788

— 04330

i

—

.

21107

3.1971

i :
i T ) . - - L

8 6 4 2 [ppm]

Figure A8: Enlarged *H NMR spectrum of 1-phenyl-5,5-dimethylcyclohex-1-en-3-one
(500 MHz, THF, 292 K)
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Figure A9: 'H NMR spectrum of 1-phenyl-5,5-dimethylcyclohex-1-en-3-one
(500 MHz, acetone-ds, 292 K)
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Appendix B: Base-Free Palladium-Catalyzed Borylation of Enol

Carboxylates and Further Reactivity Toward Deboronation and

Cross-Coupling

B1 General Information

All solvents and chemicals were purchased from commercial suppliers and used without
any further purification. All air-free manipulations were performed under a nitrogen atmosphere
using an MBraun glovebox. Palladium (IlI) acetate, bis(tricyclohexylphosphine) palladium (0),
Dichloro 1,1'-bis(diphenylphosphino)ferrocene palladium (ll) dichloromethane, P(o-OMePh)s,
XPhos, SPhos, and dppf were purchased from Strem Chemicals and stored under inert
atmosphere. B;Pin, was purchased from AK Scientific and stored under inert atmosphere.

High-throughput screening experiments were performing using sealable aluminum
reaction blocks obtained from Analytical Sales Inc. Heating/stirring was achieved using rare-earth
magnetic tumble stirrers obtained from V&P Scientific.

All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a
Bruker AVANCE Neo 500 MHz spectrometer. All H and 3C chemical shifts are calibrated to
residual protio-solvents. All data is processed using Bruker TopSpin 4.07. HRMS data was acquired

on a Thermo Scientific Ultimate 3000 ESI-Orbitrap Exactive Plus.
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B2 Additional Experimental Data

o]
)j\ [Pd] (10 mol%)
OAc/ “oluene (0.19 M) ©19M) | o)
OPiv 100 °C, 18 h - B
1a, 2b-g 1.5 equiv 3a, 3b-go
(0.06 mmol) 0.09 mmol

Pd(PCys3),

No cat.

Figure B1: Additional data for Pd(PCys). and no catalyst borylation experiments
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OPiv 11 equi 100 °C, 18 h
1 equiv. -1 equiv
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Method F: 51% Method F: 2%
Method G: 17% Method G: 8%

g-© . B-©
\ OPiv: Method C: 43% 3h (‘)
33 O Method F: 62%
Method G: 25%
QL Q OPiv: Method C: 90%
. )
OPiv: Method C:86% O ) Me::og (F; ?:1200//0
I o Method F: 8% o ethod G: 40%
B Method G: 48% B
3b O 3 O

O OPiv: Method C: 76% 0 OPiv: Method C: 71%

Ph Method F: 25% Method F: 34%

BnN | Method G: 10% « | Method G: 29%
B

5© 3O
3e O 3j O

Figure B2: Methods F and G using Pd(PCys)2(OAc),. Method C: (10 mol% Pd(PCys),,
toluene (0.2M), 18h, 100 °C) shown for reference)
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B3 Purification Chromatograms

All column chromatography was conducted on Biotage Selekt instruments utilizing Biotage

Sfar prepacked columns. Hexanes and ethyl acetate were used as the mobile phase.

B3.1 Deoxygenated Compounds
4b (3-phenyl-phenylfuran-2(5H)-one)

0]
L
H
mAU 5 30
15000
10000
5000 30%
0 : - - T 11 l'l L1 T “
0 5 10 15 20 25 30 v
Signal Wavelength Threshold
® ). All (Collect) 200 - 400 nm 30 mAU
® uv1 (Collect) 254 nm 30 mAU
® U2 (Collect) 280 nm 30 mAU
Gradient
Solvent A: n-Hexane Solvent B: Ethyl acetate
0-0% Ethyl acetate in n-Hexane 2¢cv
0-30% Ethyl acetate in n-Hexane 30cv

Run Parameters

Column Type: Biotage® Sfar 10g
Column ID: 2316011149

Flow Rate: 40 mL/min Sample Mass: 100

Equilibration: On

Collect All: Off UV Baseline Correction: Standard
Channel: 1

Comments: loaded with toluene

Figure B3: Column chromatography results for 4b
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9 CF3

J
H

mAU
140007 * v
12000
10000
8000
6000 |
4000
2000

30

4c (3-(4-trifluoromethyl)phenylfuran-2(5H)-one)

Signal Wavelength

® ). Al (Collect)
® yUv1 (Collect) 254 nm
® Uv2 (Collect) 280 nm
Gradient

Solvent A: n-Hexane

0-0% Ethyl acetate in n-Hexane

220 - 400 nm

Threshold
40 mAU
40 mAU
40 mAU

Solvent B: Ethyl acetate

2

0-30% Ethyl acetate in n-Hexane

0v

Run Parameters

Column Type: Biotage® Sfar 109
Column ID: 2316011197

Flow Rate: 40 mL/min
Equilibration: On

Collect All: Off

Channel: 2

Comments: loaded with toluene

Sample Mass: 100

UV Baseline Correction: Standard

Figure B4: Column chromatography results for 4c
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4d (3-(4-methoxyphenyl)-phenylfuran-2(5H)-one)

)

0]

N

0%
0 5 10 15 20 25 30 35 40 v
Signal Wavelength Threshold
® ). All (Collect) 220 - 400 nm 40 mAU
® yv1 (Collect) 254 nm 40 mAU
® U2 (Collect) 400 nm 40 mAU
Gradient
Solvent A: n-Hexane Solvent B: Ethyl acetate
0-0% Ethyl acetate in n-Hexane ocv
0-0% Ethyl acetate in n-Hexane 4cv
0-40% Ethyl acetate in n-Hexane 3ocv
40-40% Ethyl acetate in n-Hexane 2¢cv
40-40% Ethyl acetate in n-Hexane Icv Auto extended

Figure B5: Column chromatography results for 4d
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4e (1-benzyl-3-phenyl-1,5-dihydro-2H-pyrrol-2-one)
(0]

100%

T 0%
0 2 4 6 8 10 12 14 16 18 20 22 v

Signal Wavelength Threshold

® ) Al (Collect) 200 - 400 nm 40 mAU

® V1 (Collect) 254 nm 40 mAU

® UV2 (Collect) 280 nm 40 mAU
Gradient

Solvent A: n-Hexane Solvent B: Ethyl acetate
0-0% Ethyl acetate in n-Hexane 1cv
0-27% Ethyl acetate in n-Hexane 137¢v
27-40% Ethyl acetate in n-Hexane 13¢v
40-40% Ethyl acetate in n-Hexane 0.2¢v
40-40% Ethyl acetate in n-Hexane oscv
40-100% Ethyl acetate in n-Hexane 1cv
100-100% Ethyl acetate in n-Hexane 45¢v Auto extended

Figure B6: Column chromatography results for 4e
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4f (1-benzyl-3-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one)

Signal Wavelength Threshold

® ).All (Collect) 200 - 400 nm 40 mAU

® uv1 (Collect) 254 nm 40 mAU

® Uv2 (Collect) 280 nm 40 mAU
Gradient

Solvent A: n-Hexane Solvent B: Ethyl acetate
0-0% Ethyl acetate in n-Hexane 1V
0-45% Ethyl acetate in n-Hexane 15¢v
45-45% Ethyl acetate in n-Hexane 2cv
45-60% Ethyl acetate in n-Hexane Qv
60-60% Ethyl acetate in n-Hexane 1cv

Figure B7: Column chromatography results for 4f
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4g (1-benzyl-3-(4-methoxyphenyl)-1,5-dihydro-2H-pyrrol-2-one)

(0]
(o)
AN
N
H

200007

15000 -

10000 - 1 '

5000 - ) ‘\
0 o = .=..-=!.-null'rflfjidlmh-un-=---
0 1 2 3 4 5 6 7 8 9 10 11 12 13 o

Signal Wavelength Threshold

® Al (Collect) 200 - 400 nm 40 mAU

® yv1 (Collect) 254 nm 40 mAU

® yv2 (Collect) 280 nm 40 mAU

Gradient

Solvent A: n-Hexane Solvent B: Ethyl acetate

0-0% Ethyl acetate in n-Hexane 1cv

0-50% Ethyl acetate in n-Hexane ncv

50-50% Ethyl acetate in n-Hexane 2¢v

50-50% Ethyl acetate in n-Hexane 0.5¢cv

50-100% Ethyl acetate in n-Hexane 0.5¢cv Auto extended

Figure B8: Column chromatography results for 4g
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B3.2 Ethylpinacol Borylated Compounds
6b (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl)-3-phenylpyran-3-en-2-one)

O
U
B- (0]
O
mAU
3000 - 4 . 6.8 '1 .1' 52 . 7 .
2500
2000
1500 50%
1000 «30%
500 «19%
0 5%
0 2 4 6 8 0 12 14 16 18 20 22 24V
Signal Wavelength Threshold
® ).All (Collect) 200 - 400 nm 40 mAU
LANY! 254 nm
® Uv2 (Collect) 280 nm 40 mAU
Gradient
Solvent A: n-Hexane Solvent B: Ethyl acetate
5-5% Ethyl acetate in n-Hexane 4cv
5-19% Ethyl acetate in n-Hexane 6.8 CV
19-19% Ethyl acetate in n-Hexane 1.1Qv Isocratic hold
19-30% Ethyl acetate in n-Hexane 52¢v
30-50% Ethyl acetate in n-Hexane 7cv

Figure B9: Column chromatography results for 6b
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6c (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-trifluoromethyl)phenylpyran-3-en-2-

one)

CF;

Signal Wavelength
® ).All (Collect) 220 - 400 nm
® yv1 (Collect) 254 nm

® yv2 (Collect) 400 nm
Gradient

Solvent A: n-Hexane

14

16

18 20 22

Threshold
40 mAU
40 mAU
40 mAU

Solvent B: Ethyl acetate

5-5% Ethyl acetate in n-Hexane 4acv

5-25% Ethyl acetate in n-Hexane 9.7¢v

25-25% Ethyl acetate in n-Hexane 24¢v Isocratic hold
25-30% Ethyl acetate in n-Hexane 23¢v

30-50% Ethyl acetate in n-Hexane 7cv

Figure B10: Column chromatography results for 6¢
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6d (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-methoxy)phenylpyran-3-en-2-one)

0]

60007
5000
4000
3000
2000
1000

O -

EN

Signal

T T
4 6 8 10 12 14

Wavelength

® ).All (Collect) 200 - 400 nm
® yv1 (Collect) 254 nm
® yv2 (Collect) 280 nm

Gradient

Solvent A: n-Hexane

16 18 20 22 24 26 (v

Threshold
40 mAU
40 mAU
40 mAU

Solvent B: Ethyl| acetate

5-5% Ethyl acetate in n-Hexane 4cv
5-18% Ethyl acetate in n-Hexane 6CV
18-18% Ethyl acetate in n-Hexane 42cv Isocratic hold
18-30% Ethyl acetate in n-Hexane 6CV
30-50% Ethyl acetate in n-Hexane 7cv

Figure B11: Column chromatography results for 6d
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6e (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-phenylpyrrolidin-3-en-2-one)

O
"
B-O
O
mAU 4 7.9 9.7 10.9 s530M02 9.6
~ . _J h_ . \_J v w hd
70%
1308
«30%
415%
ey 5%
0 5 10 15 20 25 30 35 40 45 v
Signal Wavelength Threshold
® ;.All (Collect) 200 - 400 nm 40 mAU
LANY! 254 nm
® Uv2 (Collect) 280 nm 40 mAU
Gradient
Solvent A: n-Hexane Solvent B: Ethyl acetate
5-5% Ethyl acetate in n-Hexane 4cv
5-15% Ethyl acetate in n-Hexane 79¢v
15-15% Ethyl acetate in n-Hexane 9.7¢v Isocratic hold
15-30% Ethyl acetate in n-Hexane 109 ¢cv
30-45% Ethyl acetate in n-Hexane 53¢v
45-45% Ethyl acetate in n-Hexane 0.1¢v Isocratic hold
45-50% Ethyl acetate in n-Hexane 1.7¢v
50-50% Ethyl acetate in n-Hexane 0.2¢v
50-70% Ethyl acetate in n-Hexane 9.6Cv Auto extended

Figure B12: Column chromatography results for 6e
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6f (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4-

trifluoromethyl)phenylpyrrolidin-3-en-2-one)

O
CF;
N
o
B-0
@)

mAU 5.7 37 062 6.9 7
- \_ hd v st s v
2500+
2000+
1500 50%
1000 +
«30%
el 3%
0 T 5%
0 4 6 8 10 12 14 16 18 20 22 24 26 28 o
Signal Wavelength Threshold
® Al (Collect) 200 - 400 nm 40 mAU
®uvi 254 nm
® uv2 (Collect) 280 nm 40 mAU
Gradient
Solvent A: n-Hexane Solvent B: Ethyl acetate
5-5% Ethyl acetate in n-Hexane 4cv
5-16% Ethyl acetate in n-Hexane 5.7¢v
16-16% Ethyl acetate in n-Hexane 37V Isocratic hold
16-17% Ethyl acetate in n-Hexane 06Cv
1717% Ethyl acetate in n-Hexane 2¢v Isocratic hold
17-30% Ethyl acetate in n-Hexane 6.9CV
30-50% Ethyl acetate in n-Hexane Qv

Figure B13: Column chromatography results for 6f
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6g (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4-methoxy)phenylpyrrolidin-3-
en-2-ones)

9 O
N
"
B-0O
O
mAU 4 83 10.3 6 7 8.9
2000 - R1 R2
1500
1000 - .
s00- - 0%
0 = . -;;;:: T T P P e, — 1
0 S 10 15 20 25 30 35 40 o
Signal Wavelength Threshold
® ).All (Collect) 220 - 400 nm 40 mAU
® uv1 (Collect) 254 nm 40 mAU
® uv2 (Collect) 400 nm 40 mAU
Gradient
Solvent A: n-Hexane Solvent B: Ethyl acetate
5-5% Ethyl acetate in n-Hexane 4cv
5-20% Ethyl acetate in n-Hexane 83¢v
20-20% Ethyl acetate in n-Hexane 103V Isocratic hold
20-30% Ethyl acetate in n-Hexane 6CV
30-50% Ethyl acetate in n-Hexane 7cv
50-50% Ethyl acetate in n-Hexane 89¢cv Auto extended

Figure B14: Column chromatography results for 6g
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B3.3 Arylated Compounds
5a 1-phenyl-5,5-dimethylcyclohex-1-en-3-one:

O

mAU 4 18 4 0910
v w -

\Hh

o\

BARRERRE AR AR ROORERRERRE AR R

20000
15000

10000

5000 -

L T T T T T T T T TR

0 2 4 6 8 10 12 14 16 18 20 22 24 26QV

Signal Wavelength Threshold

® ;.All (Collect) 200 - 400 nm 40 mAU

® yv1 (Collect) 254 nm 40 mAU

® yv2 (Collect) 280 nm 40 mAU
Gradient

Solvent A: n-Hexane Solvent B: Ethyl acetate
5-5% Ethyl acetate in n-Hexane Qv
5-30% Ethyl acetate in n-Hexane 18 Qv
30-30% Ethyl acetate in n-Hexane 4cv
30-30% Ethyl acetate in n-Hexane 0.9 ¢cv
30-30% Ethyl acetate in n-Hexane 1oy Auto extended
30-30% Ethyl acetate in n-Hexane 03¢V
30-30% Ethyl acetate in n-Hexane 0.7¢v

Figure B15: Column chromatography results for 5a.
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5h 1-phenylcyclopent-1-en-3-one:

O

O

mAU 5 24 2
-~ -

2500 4 R1 ﬂ

2000 -

1500 -

1000 - /\

500 - \\\
N

O- T Ll ls*

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28CV

' 30%

Signal Wavelength Threshold

® ). All (Collect) 200 - 400 nm 40 mAU

® yv1 (Collect) 280 nm 40 mAU

® yv2 (Collect) 254 nm 40 mAU
Gradient

Solvent A: n-Hexane Solvent B: Ethyl acetate
5-5% Ethyl acetate in n-Hexane 2cv
5-30% Ethyl acetate in n-Hexane 24V
30-30% Ethyl acetate in n-Hexane 2V

Figure B16: Column chromatography results for 5h.
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5i 4-phenylbenzopyran-2-one:

mAU 2 14 4 5
-~ o - v
R1 ‘R2
20000 - i
15000
10000 - l : «45%
so00- A’ﬁ
0: u:;.“-uulnn------lli-!-¢I!£:~l------uum-J —45%
0 2 4 6 10 12 16 18 20 22 24 v
Signal Wavelength Threshold
® ) Al (Collect) 200 - 400 nm 40 mAU
® Uv1 (Collect) 254 nm 40 mAU
® yv2 (Collect) 280 nm 40 mAU

Gradient

Solvent A: n-Hexane

Solvent B: Ethyl acetate

5-5% Ethyl acetate in n-Hexane 2¢v

5-45% Ethyl acetate in n-Hexane 14 cv

45-45% Ethyl acetate in n-Hexane 4cv

45-45% Ethyl acetate in n-Hexane 5cv Auto extended

Figure B17: Column chromatography results for 5i.



5j 4-phenyl-6-methyl-2H-pyran-2-one:

@

@)

Signal Wavelength
® ).All (Collect) 200 - 400 nm
® yv1 (Collect) 280 nm

® yv2 (Collect) 254 nm
Gradient

Solvent A: n-Hexane

4

Threshold
40 mAU
40 mAU
40 mAU

Solvent B: Ethyl acetate

5-5% Ethyl acetate in n-Hexane 2¢v

5-50% Ethyl acetate in n-Hexane v

50-50% Ethyl acetate in n-Hexane 4cv

50-50% Ethyl acetate in n-Hexane 1.5¢v

50-50% Ethyl acetate in n-Hexane 0.5V Auto extended

Figure B18: Column chromatography results for 5j.
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5e 4-phenyl-1-benzyl-3-phenylpyrrolidin-3-en-2-one co-elution with 1-benzyl-3-
phenylpyrrolidin-3-en-2-one:

©ﬁw + ©»N&H©

b

100004 R1 | R2
8000 H 70%
6000+ : 450%
4000 :
o 5
O T T T I T T ] i l::IAII;;illliiil;iilllllll B ;::: TTTITH 5%
0 4 6 B8 10 12 14 16 18 20 22 24 26 28CQV
Signal Wavelength Threshold
® ). All (Collect) 200 - 400 nm 40 mAU
®uv 254 nm
o yv2 280 nm
Gradient
Solvent A: n-Hexane Solvent B: Ethyl acetate
5-5% Ethyl acetate in n-Hexane 2¢v
5-50% Ethyl acetate in n-Hexane 1wV
50-50% Ethyl acetate in n-Hexane 2¢v
50-50% Ethyl acetate in n-Hexane 0.2¢v
50-50% Ethyl acetate in n-Hexane 1.8¢v Auto extended
50-70% Ethyl acetate in n-Hexane 4cv
70-70% Ethyl acetate in n-Hexane 2¢cv

Figure B19: Column chromatography results for 5e.
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4b 3-phenylfuran-2(5H)-one:

O

O

mAU
-
10000+
8000+
6000
4000+

+100%

412%

0 2 4 6 8 10 12 14

Signal Wavelength
@ )\-All (Collect) 200 - 400 nm
® yv1 (Collect) 254 nm
® yv2 (Collect) 220 nm

Gradient

Solvent A: n-Hexane

1'
2000 ‘
0 ‘l:ll IlZIIl‘I-“II |1u|17|1811'9ﬁmﬁ"———_—‘—

1
16

T T T T T
18 20 22 24 26 CV

Threshold
40 mAU
40 mAU
40 mAU

Solvent B: Ethyl acetate

12-12% Ethyl acetate in n-Hexane 1Cv

12-100% Ethyl acetate in n-Hexane 14 Cv

100-100% Ethyl acetate in n-Hexane 6 CV

100-100% Ethyl acetate in n-Hexane 53¢V Auto extended

Figure B20: Column chromatography results for 4b.
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4e 1-benzyl-3-phenylpyrrolidin-3-en-2-one:

)

H
mAU
1 14 6 1.4 2.6 6.3
- w v +100%
4000
3000 4 60%
2000
1000+
. e 1%
o_ T T II Illjl ! II III II . II III " II Il T T
0 4 6 8 10 12 14 16 18 20 22 24 26 28 30 CV
Signal Wavelength Threshold
@ )\-All (Collect) 200 - 400 nm 500 mAU
® yv1 (Collect) 254 nm 300 mAU
® yv2 (Collect) 280 nm 300 mAU
Gradient
Solvent A: n-Hexane Solvent B: Ethyl acetate

15-15% Ethyl acetate in n-Hexane 1Cv

15-60% Ethyl acetate in n-Hexane 14 ¢cv

60-100% Ethyl acetate in n-Hexane 6 CV

100-100% Ethyl acetate in n-Hexane 1.4Cv

100-100% Ethyl acetate in n-Hexane 2.6CV

100-100% Ethyl acetate in n-Hexane 6.3 CV Auto extended

Figure B21: Column chromatography results for 4e.
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5d (3-(4-methoxyphenyl)-4-phenylfuran-2(5H)-one)

(@)
Q)

Fsp

30

Signal

® ).All (Collect)
® yv1 (Collect)
® yv2 (Collect)

Gradient

Solvent A: n-Hexane

IEEEEEN N
1

10 15

Wavelength
200 - 400 nm
280 nm
280 nm

Threshold
40 mAU
40 mAU
40 mAU

Solvent B: Ethyl acetate

0-0% Ethyl acetate in n-Hexane

2cv

0-40% Ethyl acetate in n-Hexane

ELal

Figure B22: Column chromatography results for 5d
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B4 NMR Spectra

B4.1 Starting Materials
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Figure B23: *H NMR spectrum (500 MHz, CDCls, 292 K) of 2b
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Figure B24: 13C NMR spectrum (126 MHz, CDCls, 292 K) of 2b
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Figure B25: *H NMR spectrum (500 MHz, CDCls, 292 K) of 2¢
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Figure B26: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 2¢
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Figure B27: °F NMR spectrum (282 MHz, CDCls, 292 K) of 2¢
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Figure B28: 'H NMR spectrum (500 MHz, CDCls, 292 K) of 2d
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Figure B30: *H NMR spectrum (500 MHz, CDCls, 292 K) of 2e
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Figure B31: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 2e
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Figure B32: 'H NMR spectrum (500 MHz, CDCls, 292 K) of 2f
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Figure B33: 13C NMR spectrum (126 MHz, CDCls, 292 K) of 2f
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Figure B34: °F NMR spectrum (282 MHz, CDCls, 292 K) of 2f
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Figure B36: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 2g
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Figure B37: *H NMR spectrum (500 MHz, CDCls, 292 K) of 2h
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Figure B38: 13C NMR spectrum (126 MHz, CDCls, 292 K) of 2h
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Figure B40: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 2i
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Figure B39: 'H NMR spectrum (500 MHz, CDCls, 292 K) of 2i
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B4.2 Alkenyl Pinacol Boronates

All borylated compounds were characterized without undergoing work-up or purification.

All efforts to purify these compounds results in substantial deboronation.
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Figure B41: *H NMR spectrum (500 MHz, CDCls, 292 K) of 3b
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Figure B42: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 3b

216



16373
=_ 176208

78203
=_ 78040

CF3

—— 49905

— 12757

i
b

:
8

Figure B43: 'H NMR spectrum (500 MHz, CDCls, 292 K) of 3¢
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Figure B44: 13C NMR spectrum (126 MHz, CDCls, 292 K) of 3¢
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Figure B45: °F NMR spectrum of 3¢ (282 MHz, CDCls, 292 K)

After borylation, 3d is isolated as a mixture with 4d in a 2.4 : 1 ratio. Efforts to purify further
results in additional deboronation (increase in 4d). 4d characterization can be found in Section

3.6.7.
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Figure B46: 'H NMR spectrum of 3d : 4d (2.4:1) (500 MHz, CDCls, 292 K)
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Figure B47: 33C NMR spectrum (126 MHz, CDCls, 292 K) of 3d : 4d (2.4:1)

[ppm]

After borylation, 3e is isolated as a mixture with 4e in a 3.33 : 1 ratio. Attempts to further purify
3e resulted in additional protodeboronation (increase in 4e). 4e characterization can be found in

Section 3.6.7.
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Figure B48: 'H NMR spectrum (500 MHz, CDCls, 292 K) of 3e : 4e (3.33:1)
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Figure B49: 3C NMR spectrum (126 MHz, CDCl3, 292 K) of 3e : 4e (3.33:1)

After borylation 3f is isolated as a mixture with 4f in a 2.5 : 1 ratio. Efforts to purify further
results in additional deboronation (increase in 4f). 4f characterization can be found in Section

3.6.7.
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Figure B50: *H NMR spectrum (300 MHz, CDCls, 292 K) of 3f : 4f (2.5:1)
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Figure B51: 33C NMR spectrum (126 MHz, CDCls, 292 K) of 3f : 4f (2.5:1)
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Figure B52: F NMR spectrum (282 MHz, CDCls, 292 K) of 3f : 4f (2.5:1)
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After borylation, 3g is isolated as a mixture with 4gin a 4.7 : 1 ratio. Efforts to purify further
results in additional deboronation (increase in 4g). 4g characterization can be found in Section

3.6.7.
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Figure B53: *H NMR spectrum (500 MHz, CDCls, 292 K) of 3g : 4g (4.7:1)
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Figure B54: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 3g : 4g (4.7:1)
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Figure B56: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 3i
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Figure B58: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 3j
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B4.3 Deboronated Compounds
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Figure B60: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 4f
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Figure B62: *H NMR spectrum (500 MHz, CDCls, 292 K) of 4g
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Figure B63: 13C NMR spectrum (126 MHz, CDCls, 292 K) of 4g

B4.4 Alkenyl Ethylpinacol Boronates

Alkenyl BEPin compounds were subject to column chromatography to obtain purified

samples for characterization (Section B3).
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Figure B64: *H NMR spectrum (500 MHz, CDCls, 292 K) of 6b
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Figure B66: *H NMR spectrum (500 MHz, CDCls, 292 K) of 6¢
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Figure B68: 1°F NMR spectrum (282 MHz, CDCls, 292 K) of 6¢
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Figure B70: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 6d
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After borylation and column chromatography, 6e is isolated as a mixture with 4eina 5.1 : 1 ratio
(as well as co-eluting ethylpinacol). Efforts to purify further results in additional deboronation

(increase in 4e). 4e characterization can be found in Section 3.6.7.
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Figure B71: *H NMR spectrum (500 MHz, CDCls, 292 K) of 6e : 5e (5.1:1)
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13C NMR spectrum (126 MHz, CDCls, 292 K) of 6e : 5e (5.1:1)
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Figure B73: *H NMR spectrum (500 MHz, CDCls, 292 K) of 6f (with co-eluting ethylpinacol)
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Figure B74: 13C NMR spectrum (126 MHz, CDCls, 292 K) of 6f (with co-eluting ethylpinacol)
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Figure B75: 1°F NMR spectrum of 6f (282 MHz, CDCls, 292 K) of 6f

After borylation and column chromatography, 6g is isolated as a mixture with 2gina 7.7 : 1
ratio. Efforts to purify further results in deboronation to generate 4g. 2g characterization can be
found in Section 3.6.3.
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Figure B77: 3C NMR spectrum (126 MHz, CDCls, 292 K) of 6g (+ 10% 2g)
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B4.5 Suzuki Coupling Products
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Figure B79: *H NMR spectrum (500 MHz, CDCls, 292 K) of 5h?
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Consistent with the ratio of 3e to 4e after borylation catalysis, we observe a 3.33 : 1 ratio of 5e
to 4e after Suzuki coupling. 4e characterization can be found in Section 3.6.7. These two
compounds co-elute during column chromatography.
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Figure B82: 'H NMR spectrum (500 MHz, CDCls, 292 K) of 5e : 4e (3.33:1)!
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Figure B83: 'H NMR spectrum (500 MHz, CDCls, 292 K) of 4b3
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Appendix C: The Development of Novel Cross-Coupling

Scaffolds for C—0O Activation Chemistry — Supplementary

Material

C1. General Information

Caution: This procedure requires very high temperatures, please refrain from using oil-based
heating as the temperatures required for this reaction exceed the flash point of standard oil-
based heating mediums.

All reactions were performed using standard Schlenk techniques under N». All starting materials
were purchased from commercial suppliers and used without further purification. All NMR
spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a Bruker AVANCE
Neo 500 MHz spectrometer. All 'H and 3C NMR chemical shifts are calibrated to residual protio-
solvents. All NMR spectroscopic data is processed using Bruker TopSpin 4.10. High-resolution
mass spectrometry (HRMS) were obtained using a Bruker maXis Impact Quadrupole Time-of-

Flight LC/MS System, or Thermo Scientific Ultimate 3000 ESI-Orbitrap Exactive Plus.
C2. Reaction Optimization:

C2.1 Atmosphere Optimization:

In two separate round-bottom flasks, 2-aminopyridine (1 equiv) was suspended in diethyl
malonate (5 equiv). One flask was exposed to air while the other was under inert N, atmosphere
using standard Schlenk techniques. The solutions were brought up to reflux using an aluminum
heat block (Twiock = 230 °C) and left to stir for 18 h. Excess diethyl malonate was removed via
distillation to obtain the crude solid which was suspended in hot hexanes, this was then filtered,

and washed with diethyl ether to yield the cyclized product.
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0
=N 230 °C, 18 h =
| _ + EtOMOEt — CNL |
NH, neat XN OH
2a

1a 5 equiv.

1 equiv. N,: 78 %
2 g, 21.25 mmol atm: 43 %

Figure C1: Reaction dependence on atmosphere
C2.2 Temperature Optimization with Method A:

A round-bottom flask (RBF) was charged with diethyl malonate (2.5 equiv) and a
(substituted) 2-aminopyridine (1 equiv). The reaction was left to stir overnight at 140 °C for 24
h. The mixture was then cooled to room temperature and purified via flash chromatography.
Diphenyl ether (0.5 M) was then charged into an RBF along with the intermediate product to stir
at 160 °C for 24 h. In increments of 10 °C every 24 h, temperature was increased until product

was formed. Yield was determined by H-NMR in d-dmso.

= IN 1. DEM (2 equiv.), 140 °C, 24h> = N)j\
~ -
NH, 2. Diphenyl ether (1 M), 18 h ™ \N OH
1a 2a
Temp /°C Yield 2a
160 0
170 0
180 0
190 0
200 31

Figure C2: Temperature optimization of Method A
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C3. General Reaction and Diethyl Malonate

C3.1 General Reaction:
A round bottom flask is charged with diethyl malonate (5 equiv) and the desired 2-

aminopyridine derivative (1 equiv — see Figure C6 for all attempted starting materials). A
condenser fitted to an N2 line was attached to the reaction flask. The reaction mixture was then
brought to reflux using an aluminum heat block (Teiock = 230 °C) and stirred for 3 h. At this point,
the condenser was replaced with a distillation apparatus, and excess diethyl malonate was
distilled from the flask at ambient pressure. The reaction mixture was then allowed to cool to
room temperature before the residual solid was suspended in refluxing hexanes for 1-18 h.* The
resulting solid was filtered, washed with diethyl ether, and dried in vacuo, giving the desired 2-
hydroxy-PPD product as a solid. All NMR spectroscopy was conducted in d-DMSO.

*Reactions were refluxed in hexanes for 1 hour, except when the reaction mixture solidified into
one solid mass. In these cases, the reaction was left to stir vigorously for up to 18 h until a
suspension was obtained.

NH, 2 NH, NH, —
1a 1b 1c 1d o 16 e

SN Cl

| SN SN S
= | — | — | N
NHz @ NH, NH, N NH
Clq¢ 1g 1h 1i 2
Br
| ~N XN Br XN
= | — | — | N
NHz gy NH, NH, A NH
Br 4j 1k 11 im 2
F
| SN SN PN
= | = | — | N
NHy NH, NH, N\
I:1n 10 1p 1q 2

Figure C3: All attempted (substituted) 2-aminopyridines
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Any successful reported 3C spectra were obtained using a Bruker AVANCE Neo 500 MHz
spectrometer. UDEFT experiments were used with number of scans (ns) exceeding 2000, and J-
coupling between C and H (CNST2) set to 160.

C3.2 Recycling Diethyl Malonate:

Excess diethyl malonate is distilled during the above general reaction procedure. This

diethyl malonate was collected and used instead of fresh starting material in the same general

reaction procedure (see Figure C7).

O O
~N reflux, 3 h
| = + EtOMOEt ﬁ
NH2 neat N2
1b 92.5 mmol

18.5 mmol Fresh diethyl malonate 73%

Recycled diethyl malonate: 78%

Figure C4: Reaction yield using fresh and recycled diethyl malonate
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C4. PPD Characterization Data (*H, 3C, and *°F NMR)

2a 2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one

2.50 DMSO
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Figure C5: 'H NMR spectrum (300 MHz, (CD3),SO, 292 K) of 2a: 2-hydroxy-4H-pyrido[1,2-

alpyrimidin-4-one
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2b 2-hydroxy-9-methyl-4H-pyrido[1,2-a]pyrimidin-4-one
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1 (ppm)

Figure C6: 'H NMR spectrum (300 MHz, (CD3),SO0, 292 K) of 2b: 2-hydroxy-9-methyl-4H-

pyrido[1,2-a]pyrimidin-4-one
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2c 2-hydroxy-8-methyl-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C7: 'H NMR spectrum (300 MHz, (CD3)2S0, 292 K) of 2¢: 2-hydroxy-8-methyl-4H-

pyrido[1,2-a]pyrimidin-4-one
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Figure C8: 13C NMR spectrum (126 MHz, (CDs3),S0, 292 K) of 2c: 2-hydroxy-8-methyl-4H-

pyrido[1,2-a]pyrimidin-4-one
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2d 2-hydroxy-7-methyl-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C9: 'H NMR spectrum (300 MHz, (CD3)2S0, 292 K) of 2¢: 2-hydroxy-7-methyl-4H-

pyrido[1,2-a]pyrimidin-4-one
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2e 2-hydroxy-6-methyl-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C10: *H NMR spectrum (300 MHz, (CD3),SO, 292 K) of 2e: 6-methyl-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2f 9-chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C11: *H NMR spectrum (300 MHz, (CD3),SO, 292 K) of 2f: 9-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2g 8-chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C12: *H NMR spectrum (300 MHz, (CD3)>S0, 292 K) of 2g: 8-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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Figure C13: 13C NMR spectrum (126 MHz, (CD3)2S0, 292 K) of 2g: 8-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one

253



2h 7-chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C14: *H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2h: 7-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2i 6-chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C15: *H NMR spectrum (300 MHz, (CD3),SO, 292 K) of 2i: 6-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2j 9-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C16: *H NMR spectrum (300 MHz, (CD3),S0O, 292 K) of 2j: 9-bromo-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2k 8-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C17: *H NMR spectrum (300 MHz, (CD3),SO, 292 K) of 2k: 8-bromo-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2m 6-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C18: *H NMR spectrum (300 MHz, (CD3)2S0, 292 K) of 2m: 6-bromo-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2n 2-hydroxy-9-fluoro-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C19: *H NMR spectrum (300 MHz, (CD3)2S0O, 292 K) of 2n: 9-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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Figure C20: *°F NMR spectrum (283 MHz, (CD3)2S0, 292 K) of 2n: 9-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2p 2-hydroxy-7-fluoro-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C21: *H NMR spectrum (300 MHz, (CD3)2S0O, 292 K) of 2p: 7-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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Figure C22: °F NMR spectrum (283 MHz, (CD3)2S0, 292 K) of 2p: 7-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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2q 2-hydroxy-6-fluoro-4H-pyrido[1,2-a]pyrimidin-4-one
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Figure C23: *H NMR spectrum (300 MHz, (CD3)2S0, 292 K) of 2q: 6-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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Figure C24: °F NMR spectrum (283 MHz, (CD3)2S0, 292 K) of 2h: 6-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one
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C5. Tosylation Characterization Data (*H and C NMR)

3a 4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl 4-methylbenzenesulfonate
2-Hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2a, 1g, 6.17 mmol) was charged in a round
bottom flask with 30 mL DCM. Triethylamine (1.37 g, 1.89 mL, 13.57 mmol) was then added via
syringe and the solution was allowed to stir. 4-Toluenesulfonyl chloride (1.29 g, 6.78 mmol) was
dissolved in 10 mL DCM, and transferred to an addition funnel attached to the previously charged
round bottom flask. The 4-toluenesulfonyl chloride solution was allowed to add dropwise, and
the reaction was allowed to stir overnight at room temperature. The reaction was quenched with
H,0 [20 mL], and the aqueous layer was extracted three time with DCM [20 mL]. The combined
organic fractions were dried with MgS04 and filtered before evaporating to dryness. The resulting
brown oil was then triturated with cold hexanes to yield a beige powder that was filtered and

washed again with cold hexanes [40 mL] to yield the final product 3a (1.90 g, 97% vyield).
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Figure C25: *H NMR spectrum (500 MHz, CDCls, 292 K) of 3a: 4-oxo-4H-pyrido[1,2-a]pyrimidin-

2-yl 4-methylbenzenesulfonate
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Figure C26: 3C NMR spectrum (126 MHz, (CD3)2S0, 292 K) of 3a: 4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl 4-methylbenzenesulfonate

21 7-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one

Using the above general procedure described in Section 4, 2-amino-5-bromopyridine 1l
(3.20 g, 18.5 mmol), was coupled with diethyl malonate (14.0 g, 92.5 mmol) to form a mixture
containing 2l (See Figure S28). The presence of the desired product 21 was confirmed with HRMS:

Cal’d for CgHsBrN,O; [M+H]+: 240.96072; found: 240.96053.
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Figure C27: *H NMR spectrum (300 MHz, (CD3),SO, 292 K) of 11 and 2I: (7-bromo-2-hydroxy-4H-
pyrido[1,2-a]pyrimidin-4-one)

31 7-bromo-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl 4-methylbenzenesulfonate

The collected solid (2.58 g, see Figure 528 for *H-NMR) was charged into a round bottom
flask with 53 ml DCM and triethylamine (2.2 equiv, 3.31 mL) was added dropwise. 4-
Toluenesulfonyl chloride (1.0 equiv, 2.04 g) was added slowly to the stirred solution and allowed
to stir overnight. The solution was washed with H,0 and subsequently dried with MgSOsand dried
in vacuo. The resulting solid was resuspended in toluene, and dried on a Genevac EZ-2 to produce

a light-brown solid 31 (2.20 g, 30% yield over two steps).

267



CDCI3
1.58 H20

6.13
2.47

nnnnnnnnnnnnn

V ——_—— N

g

1103

o _|

29 2047
1.01{

(<))

[y 324

T T T T T T T
.0 5.5 5.0 4.5 4.0 3.5 3.0

f1 (ppm)

Figure C28: *H NMR spectrum (300 MHz, (CD3)2S0, 292 K) of 31: 7-bromo-4-oxo-4H-pyrido[1,2-

9.0 8.5

a]pyrimidin-2-yl 4-methylbenzenesulfonate
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Figure C29: 3C NMR spectrum (126 MHz, (CD3)2S0, 292 K) of 31: 7-bromo-4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl 4-methylbenzenesulfonate

C6. Pivalation Characterization Data (*H and *3C NMR)

2-Hydroxy-4H-pyrido[1,2-a]lpyrimidin-4-one (2a, 1.5 g, 9.25 mmol) was charged in a
round bottom flask with 4-dimethylaminopyridine (113.0 mg, 0.925 mmol) and 70 mL DCM.
Triethylamine (1.12 g, 1.55 mL, 11.1 mmol) was then added via syringe and the solution was
allowed to stir. Pivaloyl chloride (1.34 g, 1.37 mL, 11.1 mmol) was then added slowly dropwise
and the reaction was allowed to stir overnight at room temperature. The reaction was
guenched with saturated sodium bisulfite [20 mL], washed with H,0 [40 mL], and the aqueous

fractions were extracted three time with DCM [20 mL]. The combined organic fractions were
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dried with MgS0O4 and filtered before evaporating to dryness. The resulting brown oil was then
triturated with cold hexanes to yield a colourless powder that was filtered and washed again
with cold hexanes [40 mL] to yield the final product 4a (1.79 g, 61% vyield).

4a 4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl pivalate
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Figure C30: *H NMR spectrum (500 MHz, (CD3)2SO, 292 K) of 4a: 4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl pivalate
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Figure C31: 13C NMR spectrum (126 MHz, (CD3)2S0, 292 K) of 4a: 4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl pivalate
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Appendix D: Conclusions and Future Work — Supplementary

Material

D1. Oxidative Addition Monitoring of Alkenyl Carboxylates

General Procedure:

o O
Pd(PCys),
. (0.018 mmol, 1 equiv.) ' |
A g A PCy
\ \\ , 3
OPiv Solventrgo_.gg I(}/IC(to Pd)) Py’
CysP OPiv
1a-1g 1-168 h Y3

1.1 or 4 equiv.

& @m xf;m w

1a OPiv OPiv
'
pi OPiv
1e OPiv OPiv 19

On the bench, an alkenyl carboxylate (0.020 mmol or 0.072 mmol — see Table D1 for
specific masses) was weighed into a 1 dram vial and brought into the glovebox. The same vial was
charged with Pd(PCys), (12.0 mg, 0.018 mmol) and 0.6 mL (0.03 M) of either ds-toluene or CgDe.
The reaction mixture was transferred to a J-Young tube, sealed and brought out of the glovebox.
A H and 3P NMR was acquired at time = 0, as well as every 24 hours for up to 7 days. Between

analysis the J-Young tube was submerged in an oil bath set to the desired temperature.
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Alkenyl Alkenyl Alkenyl Experiment
Carboxylate | Carboxylate Solvent Temperature | Duration
carboxylate
Entry /mmol /mg /days
1 1a 0.072 13.1 d-Tol rt-80°C 5
2 1a 0.020 3.3 d-Tol rt-80°C 6
3 1a 0.072 13.1 d-Tol rt 5
4 1a 0.072 13.1 CeDsg rt-100°C 7
5 1a 0.020 3.3 CeDsg rt-100°C 7
6 1b 0.072 14.1 d-Tol rt-80°C 5
7 1c 0.072 16.1 d-Tol rt-80°C 5
8 1c 0.020 4.0 d-Tol rt-80°C 7
9 1d 0.072 18.7 d-Tol rt-80°C 5
10 1d 0.020 5.1 d-Tol rt-80°C 5
11 1d 0.072 18.7 d-Tol rt 5
12 le 0.072 26.1 d-Tol rt-80°C 5
13 le 0.020 7.2 d-Tol rt-80°C 5
14 1f 0.072 15.1 d-Tol rt-80°C 5
15 1g 0.072 17.7 d-Tol rt-80°C 5
16 1g 0.020 4.4 d-Tol rt-80°C 6
17 1g 0.072 17.7 d-Tol rt 6

Table D1: Reaction conditions for oxidative addition monitoring experiments
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Figure D1: 3'P NMR monitoring of Entry 1 (4:1 1a : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at 50
°C,c)48 hat50°C,d) 72 hat50°C,e) 72 hat50 °Cthen 24 hat60 °C,f) 72 hat50 °Cthen 24 h
at 60 °C then 24 h at 80 °C
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Figure D2: 3'P NMR monitoring of Entry 2 (1.1:1 1a : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at 50
°C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 48 h at 60 °C, f) 72 h at 50 °C then 72 h
at 60 °C, g) 72 h at 50 °C then 72 h at 60 °C then 24 h at 80 °C
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Figure D3: 3P NMR monitoring of Entry 3 (4:1 1a : Pd(PCys), ds-toluene); a) t =0, b) 24 h at rt,
c)48hatrt,d)72hatrt,e) 96 hatrt,f) 120 h at rt
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Figure D4: 3P NMR monitoring of Entry 4 (4:1 1a : Pd(PCys)2, CsDs) ); a) t=0, b) 24 h at 50 °C, c)
48 hat 50 °C,d) 72 hat 50 °C, e) 72 h at 50 °C then 24 h at 60 °C, f) 72 h at 50 °C then 24 h at 60
°Cthen 24 h at 80 °C, g) 72 h at 50 °C then 24 h at 60 °C then 24 h at 80 °C then 24 h at 100 °C,
h) 72 h at 50 °C then 24 h at 60 °C then 24 h at 80 °C then 48 h at 100 °C
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Figure D5: 3P NMR monitoring of Entry 5 (1.1:1 1a : Pd(PCys)2, CsDe) ); a) t=0, b) 24 h at 50 °C, c)

48 hat 50 °C,d) 72 hat 50 °C, e) 72 h at 50 °C then 24 h at 60 °C then 24 h at 80 °C, f) 72 h at 50

°Cthen 24 h at 60 °C then 24 h at 80 °C then 24 h at 100 °C, g) h) 72 h at 50 °C then 24 h at 60 °C
then 24 h at 80 °C then 48 h at 100 °C
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Figure D6: 3'P NMR monitoring of Entry 6 (4:1 1b : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at 50
°C,c)48 hat50°C,d) 48 hat 50 °Cthen 24 h at 60 °C, e) 48 h at 50 °C then 48 h at 60 °Cf) 48 h

at 50 °C then 48 h at 60 °C then 24 h at 80 °C
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Figure D7: 3'P NMR monitoring of Entry 7 (4:1 1c : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at 50
°C,c)48 hat50°C,d) 72 hat50°C,e) 72 hat50 °Cthen 24 h at 60 °C, f) 72 h at 50 °C then 24 h
at 60 °C then 24 h at 80 °C
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Figure D8: 3P NMR monitoring of Entry 8 (1.1:1 1c : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at 50
°C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 48 h at 60 °C, f) 72 h at 50 °C then 72 h
at 60 °C, g) 72 h at 50 °C then 72 h at 60 °C then 24 h at 80 °C
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Figure D9: 3'P NMR monitoring of Entry 9 (4:1 1d : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at 50
°C,c)48 hat50°C,d) 72 hat50°C,e) 72 hat50 °Cthen 24 hat60 °C,f) 72 hat 50 °C then 24 h
at 60 °Cthen 24 h at 80 °C
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Figure D10: 3P NMR monitoring of Entry 10(1.1:1 1d : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at
50°C,c)48 hat50°C,d) 72 hat50°C, e) 72 h at 50 °C then 24 h at 60 °C, f) 72 h at 50 °C then

48 h at 60 °C
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Figure D11: 3P NMR monitoring of Entry 11 (4:1 1d : Pd(PCys),, ds-toluene); a)t=0, b) 24 h at
rt,c)48hatrt,d)72hatrt,e)96 hatrt, f) 120 h at rt
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Figure D12: 3P NMR monitoring of Entry 12 (4:1 1e : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at 50
°C,c)48 hat50°C, d) 48 h at 50 °C then 24 h at 60 °C, e) 48 h at 50 °C then 48 h at 60 °C, f) 48 h

at 50 °C then 48 h at 60 °C then 24 h at 80 °C
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Figure D13: 3P NMR monitoring of Entry 13 (1.1:1 1e : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at
50°C, c) 48 hat 50 °C, d) 48 h at 50 °C then 24 h at 60 °C, e) 48 h at 50 °C then 48 h at 60 °C, f)
48 h at 50 °C then 48 h at 60 °C then 24 h at 80 °C
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Figure D14: 3P NMR monitoring of Entry 14 (4:1 1f : Pd(PCys),, ds-toluene); a) t=0, b) 24 h at 50
°C,c)48 hat50°C, d) 48 h at 50 °C then 24 h at 60 °C, e) 48 h at 50 °C then 48 h at 60 °C, f) 48 h

at 50 °C then 48 h at 60 °C then 24 h at 80 °C
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Figure D15: 3P NMR monitoring of Entry 15 (4:1 1g : Pd(PCys), ds-toluene); a) t=0, b) 24 h at 50
°C,c)48 hat50°C,d) 72 hat50°C,e) 72 hat50°Cthen 24 hat60 °C,f) 72 hat 50 °C then 48 h

at 60 °C
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Figure D16: 3P NMR monitoring of Entry 16 (1.1:1 1g : Pd(PCys),, ds-toluene) ); a) t=0, b) 24 h at
50°C,c)48 hat50°C,d) 72 hat50°C, e) 72 h at 50 °C then 48 h at 60 °C, f) 72 h at 50 °C then
72 hat 60 °C, g) 72 hat 50 °C then 72 h at 60 °C then 24 h at 80 °C

8)

f) GTG-2022-101E 2 1 C:\Users\gregg OneDrive Documents NME_( 44[
A A \L
e)
d) TG-2022-101 1 C:\U: gregg\OneDrive \Documents \NMR_Comy C
A l
GT6-2022-101B 2 1 C:\Users'\gregq\OneDrive\Documents mnimml‘[

b) 6TG-2022-101A 2 1 C:\Users\gregg\OneDrive\Documents\NIR_Comp_
a) 6T6-2022-101 2 1 C:\Users\gregg\OneDrive\Documents\NMR_CompL_

A n L
T . T . T T r T T T T T T T T T T T
50 40 30 20 [ppm]

Figure D17: 3P NMR monitoring of Entry 17 (4:1 1g : Pd(PCys)2, ds-toluene); a) t =0, b) 24 h at
rt,c)48 hatrt,d)72hatrt,e) 120 hatrt, f) 144 hatrt, g) 168 h at rt
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D2. Borylation of Alkenyl Carboxylates
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Figure D18: *H NMR spectrum (300 MHz, CDCls, (292 K) of B,CHPin;
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Figure D19: FT-IR spectrum of B.CHPin»
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Figure D20: Solid-state molecular structure of B,CHPin,. Ellipsoids plotted at 50% probability.

One of two disordered rotational orientations shown. Hydrogens not shown for clarity.
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So the chemistry's set
And I'm not the saddest cheerleader to forget the American word
For the gang in the head
That dwindles to no members when
The mystery's met
The sky looks threatened, heading home in the dust
Singing, "Life is for getting

Good enough for the frivolous"

-Gordon Edgar Downie, The Tragically Hip
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